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Abstract. Establishing the geological structure of complex sedimentary sections in oil- and gas-bearing areas of
Ukraine, specifically their lithological and stratigraphic division, is quite challenging and often ambiguous when in-
terpreting the sequence of sedimentary rock layers. The aim of the work was to study the possibility of lithological and
stratigraphic division of a geological section based on the results of natural gamma-ray spectrometry in the interval of
the boundaries between the Tournaisian and Visean deposits within the Plyskiv-Lysohorskyi outcrop of the crystalline
basement of the Dnipro-Donets Basin. The methodology for studying the boundaries between the Tournaisian and Vi-
sean deposits was based on the results of the distribution of the concentration of radioactive isotopes of natural gamma
radiation obtained directly during the drilling of exploration and prospecting wells. In addition, core material was taken
from the Visean and Tournaisian stages of the Lower Carboniferous coal deposits, and its lithological and petrographic
study was carried out by macroscopic description of core samples, preparation and description of thin sections, as well as
X-ray structural and gamma-spectrometric analyses of the material composition of the sample collection. In general, the
quantitative presence of natural radioactive elements was determined. Based on the results of these comprehensive ge-
ological and geophysical studies, it was established that the distribution of natural radioactive elements in the intervals
of deposit occurrence depends on the lithological composition of the rocks and, accordingly, changes in the conditions
of the sedimentation, which causes changes in the distribution of radioactive elements. Therefore, this particular feature
of the structure can be used to trace the boundaries of lithotype distribution in horizons of different stratigraphic thick-
nesses. Considering that the radioactivity of polymictic rocks was characterised by a significant cumulative effect, and
was caused by the increased radioactivity of the rock matrix skeleton and the clay material that fills the intergranular
space. Therefore, it is advisable to determine clay content using gamma-ray spectrometry results based on the concen-
tration of potassium-40 or gamma logging data. The introduction of such approaches not only facilitates the identifica-
tion of boundaries between deposits but also enables the reconstruction of the physical and geological conditions under
which the sedimentation of different lithotypes of rock was deposited
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Introduction

The decline in hydrocarbon production from geological
sections of exploration and appraisal structures was affect-
ed by both objective and subjective factors. One of these
objective factors is the polymictic structure of terrigenous
deposits in oil- and gas-bearing formations. Additionally,
the reservoir rock matrix has a significant impact on the
results of geophysical well logging (GWL). The study of
such complex reservoir rocks using a standard GWL is dif-
ficult in some cases, particularly during the interpretation
of gamma-ray logging (GR) and neutron methods. In most
cases, when core material is available, the concentration
of uranium, radium, thorium and potassium in rock is tra-
ditionally determined by chemical methods in laboratory
conditions and usually in small volumes. Since chemical
methods are labour-intensive and require significant costs
and large amounts of chemical reagents, there is a need for
alternative methods.

In particular, geophysical methods were proposed for
determining radioactive elements in rock matrices, which
allow for high-speed and unambiguous detection of radi-
oactive elements, particularly uranium, thorium and po-
tassium, in wells. In addition, spectrometry methods will
allow the composition of complex structures to be deter-
mined in a lithological-stratigraphic section, and clayey
and carbonate layers to be identified in intervals of pol-
ymictic coal deposits, followed by the selection of core
material. Such studies contribute to the discovery of ad-
ditional promising hydrocarbon accumulation sites with-
in the Visean and Tournaisian deposits, which will make
it possible to increase their reserves. In the process of oil
exploration and development in the Dzhunhar basin, it was
proposed to use natural gamma-ray spectral logging to as-
sess reservoir productivity. It was the method of lithologi-
cal identification of gamma-ray spectrometry that allowed
for an increase in the accuracy of the distribution of forma-
tions along the geological section, to conduct an accurate
interpretation of the formation lithology, and to assess the
composition of the sedimentary environment.

The work of B. Shen et al. (2021) showed the possibility
of using elemental logging in wells on the western edge of
the Ordos Basin in the Changqing oil field and proved the
presence of radioactive elements uranium, thorium, and
potassium. The analysis of the principles of natural gamma
ray and elemental logging measurement was performed to
establish reference approaches for the separation of forma-
tions during drilling and to determine the formation lithol-
ogy itself. In the article by W. Li et al. (2022), an approach
was proposed for establishing the boundaries of sand res-
ervoirs based on a created petrophysical distribution mod-
el with facies control. The model was created based on
the volume of the sand body to identify excessively large
sand bodies. This method allows to create a more realistic
three-dimensional geological model of beach shoal sands in
coastal areas. Their result shows that the property models
better reflect the characteristics of the petrophysical distri-
bution of the horizons only. A slightly different approach to
lithology and reservoir identification was used by L. Xia et
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al. (2021), where a quantitative method was used to com-
pare and distinguish a section with complex lithology in
the Bohai Sea exploration area. The proposed method can
realise the quantitative identification of reservoir litholo-
gy and effectively eliminate the deviations caused by many
factors in lithology identification, thereby ensuring the
accuracy of the separation of complex lithology sections.

The article by W. Wu et al. (2023) investigated the in-
fluence of Milankovitch cycles on sedimentation in fine-
grained deep-water rocks of the lower Es3 subdivision of
the FY1 well in the Dongying Basin (China). The authors
identified stratigraphic cyclicity associated with precession
and eccentricity using spectral analysis of geochemical and
logging data. It was established that warm and humid cli-
matic phases favoured the accumulation of organic mat-
ter, forming promising intervals for shale oil. In the work,
the effectiveness of cyclostratigraphy for the accurate
identification of productive zones in continental basins
was confirmed. In the work of Q. Zhong et al. (2024), a re-
construction of the sedimentation process of fine-grained
sedimentary rocks was carried out, studies were conduct-
ed that provide a benchmark for the classification of facies
and characteristics of their distribution, and an assessment
of optimal zones for shale oil reservoirs in graben lake ba-
sins was performed.

In the process of sedimentation, when sedimentation
conditions change, radioactive elements are distributed,
which is reflected in the pattern of changes in the mineral
composition of rocks, as well as in the physical and geolog-
ical conditions of their occurrence. The aim of the study
was to substantiate and establish the possibility of using
gamma spectrometry to assess the nature of the transition
zone and trace the boundary between sediments on the ex-
ample of the Visean and Tournaisian stages. Accordingly,
the objective was to evaluate the possibility and informa-
tiveness of using natural gamma-ray spectrometry to es-
tablish the boundaries of the division between the Visean
and Tournaisian deposits within the Plyskiv-Lysohorskyi
outcrop of the crystalline basement of the Dnipro-Donetsk
Basin axial zone.

Materials and Methods

Considering that the distribution of natural radioactive
elements depends on the mineralogical composition of
rocks and their physical and geological conditions during
sedimentation, a study was conducted on the possibili-
ty of using gamma spectrometry to establish the transi-
tion zone and boundary between lithotypes using the
example of the Visean and Tournaisian stages within the
Plyskiv-Lysohorskyi outcrop of the crystalline basement
(Fig. 1) of the Dnipro-Donets Basin.

The study of the geological structure and prospects
for oil and gas content within the Plyskiv-Lysohorskyi
outcrop is inextricably linked to oil and gas exploration
in the northwestern part of the Dnipro-Donetsk Basin
as a whole (Hrol & Lurie, 2021). The Plyskiv-Lysohorskyi
outcrop of the crystalline basement extends along the
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basin in a long ridge oriented latitudinally, measuring
more than 50 km by 20 km (Lukin et al., 2020). Its forma-
tion occurred under complex geological conditions, char-
acterised by multidirectional movement of the basement
blocks, which significantly influenced the development of
the sedimentary complex (Lazaruk, 2012; Lazaruk, 2023).
Within the Plyskiv-Lysohorskyi outcrop of the crystalline

basement, the supersalt sedimentary complex almost
completely inherits the tectonic structure of the crystal-
line basement. The Sofiika-Yaroshivka uplift zone can be
traced here, within which there are separate Vasylivka,
Sofiivka, Berezhivka, and Yaroshivka uplifts, and a whole
series of small-amplitude closed and semi-closed domes
can be distinguished.
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Figure 1. Overview map of the study area

Source: created by the authors with the use of M. Ivaniuta (1998)

To study the lithological and stratigraphic structure
of wells drilled within the Plyskiv-Lysohorskyi outcrop of
the crystalline basement, core material was taken from the
Lower Visean and Tournaisian stages for lithological and
petrographic studies, including a macroscopic description
of samples, as well as preparation and description of thin
sections (Bezrodna & Gozhyk, 2018), X-ray structural anal-
ysis of the material composition of the studied lithotypes
(Danylchenko et al., 2019), and evaluation of the results of
gamma-spectrometric analysis (Vyzhva et al., 2023) for the
content of natural radioactive elements. A radiometric de-
vice, a spectrometer, was used to record radioactive emis-
sions. It was used to study the spectral characteristics of
radioactive radiation and determine the type and concen-
tration of radionuclides (*K, »*U(Ra), #**Th). The procedure
for measuring instrumental spectra involves recording
the number of pulses n during the exposure time t in the
spectrometer channels and further calibration of its energy
scale. The exposure time was selected taking into account
the permissible pulse frequency error in the correspond-
ing channels. During the interpretation of the obtained

spectra, the radiation energy of charged particles and
y-quanta was determined by the position of the total ab-
sorption peaks on the energy scale, which is placed along
the abscissa axis in accordance with the calibration data.
It should be noted that in addition to the main lines of the
source under study, secondary peaks may appear in the
spectra, which arise as a result of side processes of interac-
tion of radiation with the detector material and its shield-
ing. In such cases, to accurately identify the peaks of total
energy absorption, the spectrum under study was com-
pared with the spectra of reference monoenergetic sources
with similar energy characteristics (Vyzhva et al., 2020).

To establish the transition zone between lithological
rock types, GR and electrical methods were used. The GR
method measured the intensity of radioactive radiation of
rocks in wells using a y-radiation indicator. Geiger-Muller
counters or more efficient and modern scintillation coun-
ters were used as indicators. To determine the boundaries
of the formation with an increased radioactive background
with acceptable accuracy, we focused on the moment of the
rise of the GR curve in the foot and its decline in the roof of
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the formation boundaries. As for the electrical methods for
determining the boundaries of formations and their thick-
nesses based on the apparent resistivity curves, they are
based on the study of the distribution of artificial station-
ary and quasi-stationary electric fields in rocks. Typically,
the resistivity of the environment surrounding a downhole
device (probe) is determined by the observed values of the
potential U, the potential difference AU, or the electric field
strength E, created by a current source with a strength of I. To
establish a relationship between the resistivity of the medi-
um under study and the measured electric field characteris-
tics (U,AU and E), the current strength I, and the geometric
dimensions of the downhole probe, it was necessary to de-
termine the potential value in the medium where the point
source of current is located (Kurgansky & Tishayev, 2011).

The content of natural radioactive elements K, U(Ra),
Th was determined within the collection of selected core
material from the intervals of the Visean and Tournaisian
deposits and compared with the data of GR and electrical
methods. The lithological and petrophysical analysis focus-
es primarily on studying the lithological characteristics of
rocks, as well as the physical and physicochemical process-
es that produce their physical properties, such as porosity,
electrical conductivity, density, elasticity, etc. In addition,
the analysis covers petrophysical parameters that describe
the participation of rocks in geological and physical and
chemical processes permeability, porosity coefficient, spe-
cific electrical resistance, elastic wave velocity, and oth-
ers. In practice, the use of lithological and petrophysical
methods makes it possible to divide rocks into strata, series
and suites, to correlate simultaneously formed geological
formations, and to identify promising areas for oil and gas
exploration.

Results and Discussion

According to the results of the description of the thin sec-
tions, the lithological varieties of rocks had the follow-
ing characteristics. Argillites could be divided into marly,
red-coloured and chlorite-calcareous types according to
the type of cement. The main part of the clayey material

consisted of brown illite, sericite and sometimes hydrobi-
otite. The quartz content was 5-40%, quartzite — 5-20%,
and chlorite - 1-3%. Alevrolitic argillite with remains of
siliceous organisms was formed in a slightly acidic envi-
ronment at shallow depths, where no coarse-grained ma-
terial could reach. Alevrolitic argillite was carbonaceous,
contained carbonised remains and was formed in coastal
marshes. Monomictic sandstones consisted of well-sorted
quartz fragments cemented by kaolinite, with rare calcite
inclusions in the pores. This type of sandstone was mainly
formed by semi-rounded fragments (75-85%) measuring
0.3-0.6 mm. Quartz predominated (60-63%), with quartzite
(1-5%) and siliceous-clayey and sericite-clayey fragmental
rock were also present. Fragments of orthoclase, oligoclase,
occasionally colourless garnet, biotite and muscovite were
noted. Polymict sandstones were mainly fine-grained, yel-
lowish-greenish-grey in colour, and consisted of 80-85%
fragmental material. The fragmentary material had the fol-
lowing composition: 25-50% quartz, other fragments were
represented by quartzite, feldspar, as well as clayey-sili-
ceous, quartzite-sericite, sericite-chlorite and clayey-seric-
ite rock varieties. In addition, particles of orthoclase, oligo-
clase, albite, muscovite, biotite and chlorite were found in
polymictic sandstones.

Rare were isolated grains of colourless garnet and zir-
con. Gravelites mainly consisted of fragments ranging in
size from 3 to 8 mm (50-59%). The fragmental material was
represented by limestones, marls, sandstones, siltstones
and shales. Polymict gravelites consisted of fragments
of quartz, quartzite, quartzite shale, chlorite argillites,
limestones and, occasionally, fragments of effusive rocks.
Limestones were grey with a pinkish tinge. The rock con-
sisted mainly of calcite, dolomite, impurities of ferrous
carbonate and a small amount of hematite-clay substance.
As shown in Table 1, the distribution of radioactive ele-
ments in the rock types of the geological section within the
Plyskiv-Lysohorskyi outcrop followed a general pattern,
ranging from maximum values in argillites to minimum
values in limestones, with a gradual change in siltstones
and sandstones.

Table 1. Content of natural radioactive elements in the geological section
of the Plyskiv-Lysohorskyi outcrop in the central part of the Dnipro-Donets Basin

Lithology K, % U(Ra), 104% Th, 104%
Argillite 2.6-3.1 5.1-5.7 11.5-14.0
Siltstone 1.6-2.4 4.3-5.7 9.4-12.0

Monomictic sandstone 0.2-0.7 0.2-2.0 2.6-7.0
Polymict sandstone 2.5-2.7 2.7-3.7 5.0-8.6
Gravelite 0.6 1.3 2.1
Polymict gravelite 1.8 2.3 2.6
Siltite argillite 0.5-1.0 2.5-2.7 10.5-11.6
Carbonaceous silty argillite 0.3-0.68 4.7-6.5 16.5-25.7
Sandstone gravelly 0.2-0.4 1.5-1.6 4.5-14.0
Gravelite 0.2 0.7-0.8 5.0-5.6
Limestone 0.4-0.9 3.2-11.0 1.2-5.5

Source: developed by the authors
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The content of radioactive elements (K, #5U(Ra),
%2Th) did not vary depending on the structure of the ge-
ological section of the deposits. However, there was a sig-
nificant difference between lithological types in terms of
radioactive elements. Siltstone and carbonaceous argil-
lites had significantly lower potassium content and higher
U(Ra) and Th content compared to flinty argillite, which
could be explained by the conditions of sedimentation,
in particular, the transition from deep-sea to continental
conditions of formation. The content of “K, ?’U(Ra), **Th
in siltstones within different deposits of the outcrop had a
similar concentration but lower values compared to argil-
lites. In most cases, the radioactivity of sandstones varied
depending on the mineralogical composition of the rock
matrix and cement of the rock. Polymictic sandstones, due
to the presence of feldspars and mica, were characterised
by a significantly higher potassium content compared to
ordinary sandstones. The content of “K, 3U(Ra), and ***Th
in polymictic sandstones at different deposits remained
almost unchanged. No significant differences in the con-
tent of radioactive elements were observed in gravel sand-
stones, gravelites and limestones. The only exception was
limestones containing carbonaceous matter, which led to
an increased content of ’U(Ra).

Thus, lithological varieties of different mineralogical
composition are distinguished by their content of naturally
occurring radioactive elements. Changes in the distribu-
tion of radioactive elements K, 2**U(Ra), and #2Th main-
ly depended on the conditions of sedimentation, which
made it possible to determine the transition zone and trace
the boundary between stratigraphic horizons. Thus, the
analysis and generalisation of lithological-stratigraphic
varieties, particularly the aleurite-clayey strata, made it
possible to characterise the section as comprising coarse-,
medium-, and fine-laminated rocks with weakly developed
rhythmicity, complicated by variable proportions of lith-
ological types and the emergence of additional layers. It
should be emphasised that these layers slightly disrupted
the overall uniformity of the thickness; however, they did
not constitute reference horizons (benchmarks) within the
articulation zone of the identified strata.

In the examined lithological and stratigraphic section,
no distinct boundary was identified between the Tournai-
sian and Visean strata (in particular, well-preserved basal
conglomerates and other reference horizons, including
angular unconformities). Consequently, the presence of
various types of argillites made it difficult to visually sub-
divide the exposed thickness. In this context, the change
in the lithological composition of the section was gener-
ally moderate, resulting from variations in the qualitative
and quantitative characteristics of the rocks alongside
significant changes in microrhythms. This was confirmed
by experimental studies conducted on core samples ob-
tained from the Tournaisian, transitional, and Visean
rhythmites. The geological parameters obtained indicated
small amplitudes of oscillatory movements and the grad-
ual, impulsive development of transgressions and regres-
sions induced by these movements (Iuras et al., 2023). A

considerable number of species of Tournaisian fauna were
discovered in strata attributed to the Visean age. Given
that floristic remains in submerged coastal areas rarely
provided a reliable basis for age determination, the relative
stability of the terrestrial biocenosis during transgressions
facilitated the prolonged dispersion of such plant remains
across different rock types (Stryzhak, 2021). This, in turn,
further complicated the age determination of sedimentary
rocks within thick geological sections of the Visean and
Tournaisian deposits.

The upper part of the Tournaisian complex was char-
acterised by several distinct mineralogical features. These
included the widespread occurrence of kaolinite across
various rock types, the formation of pyrite concretions of
differing sizes and volumes, and the presence of rock lay-
ers containing siderite, other ferrous carbonates, and oc-
casionally calcite. Lithologically, this interval exhibited
a broad range of strata enriched with large carbonaceous
plant remains, variegated layers with reddish and brownish
hues indicative of oxidising environments typical of con-
tinental formations, and medium- to coarse-grained rocks
(conglomerates, gravellite-like formations, gravels, and
various sandstones) with quartz-kaolinite and quartz-car-
bonate-kaolinite cements, which defined the reservoir
properties of the rocks. Additionally, layers of siliceous
argillites and other siliceous formations were only sparse-
ly distributed. These rocks typically exhibited elevated
contents of radioactive elements adsorbed onto minerals
such as kaolinite, iron hydroxides, and organic matter, as
well as those localised in accessory minerals that enriched
the weathering crust and its eroded products. Most of
these rocks were defined by lenticular, cross-bedded, and
coarse-bedded textures, as well as conglomeratic, regen-
erative structures, and features influencing the volumetric
properties of lithotype porosity.

The lower part of the Visean complex was mineralog-
ically distinguished by the widespread occurrence of cryp-
tocrystalline chemogenic silica. This silica enriched various
types of argillites, aleurolites, and other rocks, enhancing
their strength and reducing porosity. Hydromica (and less
commonly, montmorillonite) with elevated potassium con-
tent predominated, while kaolinite and kaolinite-bearing
rocks played a subordinate role. Finely dispersed pyrite in-
clusions were common, and certain horizons showed en-
richment in minerals such as sphalerite, barite, and chal-
cedony, suggesting episodic inflows of mineralised thermal
waters into the basin. Horizons enriched in calcite were
also noted. The aforementioned strata exhibited wide-
spread accumulation of dispersed organic matter, fine car-
bonaceous detritus, rocks containing siliceous microfauna
within silty argillites and siliceous argillites, and the pres-
ence of limestones and marls.

Most of the studied rocks were characterised by enrich-
ment in radioactive potassium (*°K) and other elements, as
well as by thinly laminated textures and conglomeratic,
pelitic, and lepidoblastic structures (Selley, 2000). The tran-
sitional interval between the Tournaisian and Visean strata
comprises interbedded sedimentary formations analogous
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to the rocks of the corresponding stages. The principal
lithological varieties identified in the geological section
within the Plyskiv-Lysohorskyi outcrop, where the content
of natural radioactive elements was determined, include:
argillites; siliceous and carbonaceous argillite-aleurolites;
aleurolites; monomictic and polymictic sandstones; grav-
elly sandstones; gravelites and polymictic gravelites; and
limestones (Table 1). The concentrations of natural radi-
oactive elements, such as potassium (K), uranium (U(Ra)),
and thorium (Th), were measured using selected core ma-
terial from both Visean and Tournaisian intervals and cor-
related with gamma-ray (GR) and electrical logging data.

Well 8. Core samples were taken from the interval
4,115-4,176 m. In the interval 4,130-4,160 m, the highest
gamma activity recorded in the well interval was observed,
averaging 20 pg/h, with gamma activity in thin interbeds
reaching 40 pg/h. According to the results of lithological
and petrophysical analysis, the rocks were mainly sil-
tite-argillite. However, in the interval 4,115-4,132 m, sil-
tite-argillite and siltstone with clay-siliceous cement of
relatively deepwater origin were observed. In the lower part
of the section, the siltite-argillite changes to fine-grained
sandstone with organic matter residues. The content of
radioactive elements varies within: K - 0.6-1.3%, U(Ra) —
(2-3) x10*%, Th - (8-12) x 10*%.

Below, in the interval 4,136-4,171 m, argillites and silt-
stones contained carbonised plant fragments and a signif-
icant amount of carbonised algae enriched with small and
large crumbs. Accordingly, it could be assumed that they
were formed in slightly acidic coastal shallow marsh con-
ditions. The rocks were characterised by a low K content of
0.1-0.5%, an increase in U(Ra) of (10-15) - 10%, and Th
of (15-30) — 10%. In the interval 4,171-4,176 m, colour-
ful siltite-argillite changed into quartz and gravelly sand-
stones with kaolin-quartz cement. Content of radioactive
elements: in variegated argillites: K — 0,1-0,6%, U(Ra) —
3x10%%, Th ~ (10-18) x 10%. In sandstones and gravelly
sandstones, the content of radioactive isotopes was respec-
tively: K- 0.3%, U(Ra) — 1 x 10*%, Th — 5 x 10-4%.

According to preliminary results, the boundary of the
lithotype boundaries of the Tournaisian and Visean stag-
es was predicted at a depth of 4,148 m. No changes in the
recorded parameters were observed in this interval on the
GR and SW curves (Fig. 1) or gamma-ray spectrometry.
The transition from continental, coastal marsh, relatively
shallow sedimentation conditions to deep-sea conditions
(Lazaruk, 2022) can be traced by changes in the content of
natural radioactive elements, namely, an increase in the
content of radioactive potassium and a decrease in the
content of U(Ra) and Th (Fig. 2).
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Figure 2. Well 8. The interval of exploration of depths 4,115-4,176 m

Source: made by the authors
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The most informative parameter for studies of this
type of rock was the relative value of Th/K. A sharp change
in the value of this parameter was observed only at a depth
of 4,136 m, which could already be attributed to the bound-
ary between the Tournaisian and Visean deposits.

Well 4. The core was taken from the interval 4,041-
4,100 m. As in the section of Well 8, the distribution of ra-
dioactive elements was caused by changes in the mineral-
ogical composition of rocks and geochemical conditions of
sedimentation processes. In the interval of 4,041-4,048 m,
the rocks were represented by siltite-argillite with inclu-
sions of isolated detrital fragments. They were character-
ised by a relatively high K content of (1-1.5)%, a decrease
in U(Ra) of (2-4) to 10*%, and an increased content of
siltstone containing carbon-emitting residues of various
sizes, as well as small layers of carbonaceous siliceous
argillite. The content of radioactive potassium decreased
to 0.2-0.5%, U(Ra) and Th increased to (6-9) x 10% and
(27-30) x 10%, respectively. Accordingly, these rocks were
replaced by fine-grained sandstone with quartz kaolinite
cement and small carbonised fragments with depth. The
average content of radioactive potassium in the section
was 0.2%, U(Ra) — 8 x 10%%, and Th - 30 x 10%. In the in-

terval 4,062-4,069 m, there was a multi-grained sandstone
and gravel with quartz-alumina cement. The content of
U(Ra) decreased sharply to 1.5x 10% and Th - 6 x 10%.

At depths ranging from 4,069 m to 4,100 m, the sed-
imentation process was repeated. The upper interval of
the lithological and stratigraphic section was represented
by siltite-argillite with organic residues, while below it,
there were colourful siltite-argillite, which sometimes con-
tained hydrohematite impurities. Below the section, there
are argillites, sometimes sandy siliceous, which turned
into siltstone with quartz-clay cement enriched with scat-
tered organic matter. These rocks were underlain by me-
dium-grained and gravelly sandstone with kaolin-quartz
cement and sulfide-quartz-barite cement. Accordingly, the
content of radioactive elements in the above lithotypes
was also changed. Thus, in the transition zone, there was
a rhythmic nature of sedimentation processes. The tran-
sition from continental, coastal shallow-water sedimen-
tation conditions to marine conditions was marked by an
increase in the content of radioactive potassium, a sharp
change in the Th/K ratio, which could be taken as the
boundary of the transition from the Tournaisian to the Vi-
sean deposits (Fig. 3).
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Figure 3. Well 4. The interval of exploration of depths 4,041-4,100 m

Source: made by the authors

Well 3. At depths of 4,759-4,767 m, the lithological
and stratigraphic section consisted of siltite argillite with
separate inclusions of carbonaceous material. Below, in

the interval (4,767-4,770) m, there was silty-carbonaceous
argillite with layers of limestone. The rock was character-
ised by average radioactivity values: K — 0.6-0.7%, U(Ra) —
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(4-6) x 10%, Th — (5-16) x 10%. At depths of 4,919-4,936
m, the rock was represented by gravelly sandstones and
gravelites with clayey-quartz kaolinite cement. They were
characterised by a sharp decrease in potassium content — to
(0.1-0.2)% and U(Ra) to 0.5 x 104%, with an average thori-
um content of 9 x 10% (Fig. 4). The change in lithological
composition from coarse-grained gravelly sandstones to
silty-clayey rocks with carbonaceous inclusions character-
ises the transitional thickness from Tournaisian to Visean
deposits. The boundary between these layers was identified
at a depth of 4,765 m and confirmed by a change in sed-
imentation conditions from marine and coastal to conti-
nental, which in turn was reflected in the distribution and
abundance of natural radioactive elements.
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Figure 4. Well 3. The interval of exploration
of depths 4,759-4,767 m

Source: made by the authors

Well 1. The rocks in the depth interval of 4,153-
4,190 m were studied, with comparison of the results of
the GR curve data and the distribution curves of K, U(Ra)
and Th (Fig. 5). Comparing the radioactive parameter
data, it was observed that the increased values of the GC
method were characteristic of rocks in the depth interval
of 4,117-4,212 m. No core was taken in the depth interval
of 4,117-4,153 m. Starting from a depth of 4,153 m and
down to 4,179 m, the rocks were represented by siltstone
with some thin sandstone layers. These rocks were formed
under marsh facies conditions, where the accumulation
of organic matter sharply decreased due to the inflow of

sandy-siltstone material from the shore. Below this sec-
tion, gravelly sandstones with quartz-kaolinite cement
were observed, which transitioned into gravels. The anal-
ysis of the K, U(Ra), and Th distribution curves and the GC
diagram showed that the most abrupt change in sedimen-
tation conditions occurred at a depth of 4,117 m. Below this
level was a transitional rock stratum from the Visean to the
Tournaisian deposits.
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Figure 5. Well 1. The interval of exploration
of depths 4,153-4,190 m

Source: made by the authors

Based on the fact that the Tournaisian rocks in the
studied well sections within Plyskiv-Lysohorskyi outcrop
were subcontinental and shallow, and the Visean rocks
were marine, the boundaries between those stages could
be taken by any coarse clastic rocks, any coarse fragmen-
tary rocks that corresponded to short-term stages of in-
tense erosion and faulting during tectonic impulses, the
cover of the upper, light, gravelly or other sandstone in the
Tuorniasian sequence that had kaolinite or quartz-kaolin-
ite cement, indicating that the rocks were formed near the
coastline separating the continent and the sea, the top of
the upper red or variegated layer in the Tournaisian For-
mation marked the last shallowing, which led to the forma-
tion of rocks in an oxygenated (continental) environment,
the top of the last upper Tournaisian layer of coal-bearing
rocks (argillites rich in large carbonised plant remains,
which were witnesses of the last bog regime, as well as by
a geochemical parameter that indirectly characterised the
predominantly acidic and alkaline conditions of sedimen-
tation and separated strata formed in a substantially acidic
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environment during the subcontinental period of the Tour-
naisian. It was distinguished from strata formed in a sub-
stantially alkaline marine environment of the early Visean.
According to the above, such a feature was the content of
natural radioactive elements (K, U(Ra), Th), which were de-
termined and confirmed in rock samples from wells within
the Plyskiv-Lysohorskyi outcrop.

Thus, by comparing the absolute values of natural ra-
dioactive elements, the upper limit of the subcontinental
and continental acidic regime of sedimentation of siltstone
and clayey rocks was traced, and significantly overlapped
by marine rocks accumulated under alkaline conditions.
Each of the above conventional indicators reflected a
specific geological and stratigraphic process, and there-
fore naturally had a different stratigraphic position (Fed-
ak & Koval, 2020). The difference in the location of these

geological levels determined the thickness of the transi-
tional unit that arose from the change in sedimentation
regimes. Practical calculations and comparison with the
descriptions of the grinds showed the effectiveness of the
method proposed by the authors for diagnosing only pol-
ymictic sandstones. The actual discrepancy of the strati-
graphic position of the boundary in terms of physical
parameters depended on the amplitude of tectonic oscilla-
tory movements in each specific structure (Vysochanskiy et
al., 2022). The overall tectonic activity of the area, starting
from the duration of the dominance of shallow and coastal
sedimentation conditions, persisted until the continental
regime was replaced by the marine regime (Stryzhak et
al., 2020). The comparative position of the stratigraphic
boundary of the Visean and Tournaisian stages within the
Plyskiv-Lysohorskyi outcrop is shown in Table 2.

Table 2. The position of the stratigraphic boundary between the Visean
and Tournaisian stages of the Pliskivsko-Lysogorsk protrusion in the central part of the Dnipro-Donets Basin

Location of the boundary between the Visean and Tournaisian stages by depth, m

Well

According to According to the upper According to the upper According to the clastic  According to
the logging data boundary of the coal bed boundary of the mottled rock rock with kaolin radiometry data
Well 8 4,148 4,135 4,150 4,132 sandstone 4,125
Well 4 4,070 4,058 4,080 4,060 4,050
Well 3 4,765 4,759 - 4,765 breccia 4,765
Well 1 4,162 4,153 - 4,157 4,120

Source: made by the authors

Each of these stratigraphic boundaries was legitimate.
However, given the high relevance of the geochemical pa-
rameter, it was recommended to accept the boundary of the
Visean and Tournaisian stages at depths where there was
a sharp change in the content of natural radioactive ele-
ments, in particular radioactive potassium, as well as the
Th/K ratio. Determining the thickness of the transition lay-
er between stratigraphic horizons was also of great practi-
cal interest (Streltsova & Kruhlyk, 2020). Based on the pat-
terns of tectonic movements, it was possible to predict the
predominant nature of these movements at different stages
of their development. In particular, a regularity was iden-
tified that the thicker the thickness of rocks formed during
the change from a continental to a marine regime, the more
reservoir rocks could be observed in the geological section.

The advantages of using GR in combination with con-
ventional electrical logging techniques for predicting frac-
tured zones in foundation rocks were discussed in the work
of E.O. Amartey et al. (2016). The authors noted that gamma
logging significantly improved the accuracy of identifying
zones characterised by specific resistivity minima, which
could also be caused solely by lithological factors. Accord-
ing to L. Ke et al. (2023), the study of continental deltaic de-
posits characterised by strong lateral heterogeneity, while
identifying the boundaries of such reservoirs, was compli-
cated by rapid changes in rock properties. Accordingly, the
authors proposed a new workflow for the integrated study

of 3D geomodelling of thin-layered reservoirs. This proce-
dure demonstrated good ability to characterise thin inter-
stitial reservoirs only in continental deltaic deposits.
Researcher L. Yemets (2024),based on the results of geo-
logical and technological studies using the Komyshnianske
gas condensate field as an example, demonstrated the pos-
sibilities of rapid lithological and stratigraphic sectioning,
identification of reference horizons, determination of the
nature of reservoir saturation, and determination of hydro-
dynamic and technological characteristics of reservoirs for
testing facilities. All of this allowed obtaining data on the
well section, performing correlation, determining the re-
quired completion depth, identifying reference horizons by
cuttings, assessing the hydrocarbon saturation of reservoir
formations, formation pressures, and selecting the perfora-
tion interval. However, in conditions of limited information,
complex geological structure and the absence of a complete
set of logging studies, additional studies are mandatory.
According to V.B. Volovetskyi et al. (2024), an informa-
tion and software system was developed for the operational
analysis of geophysical logging data from underground gas
storage wells. The developed information and software sys-
tems were used to accumulate, verify, correct and analyse
geological and geophysical information. The data from the
developed databases were used to automate the process of
creating graphical geological materials for each well and
for the underground gas storage facility (UGSF) as a whole.
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The purpose of the systems was to provide an automated
solution for various geological and technological tasks:
systematisation, accumulation, processing of informa-
tion, and its graphical and documented display. The devel-
oped information and software complex allows displaying
the results of lithological analysis of geological sections
of wells and correlation of these sections of UGSF wells.
However, this complex required a large amount of initial
information. The possibilities of using spectral GR to solve
the problems of sequence stratigraphy were discussed in
D. Simicek & O. Babek (2015), where they studied silici-
clastic rocks showing moderately high total radioactivity
and average concentrations of K, U and Th. Heavy minerals
were predominantly U and Th and therefore tent to be con-
centrated in argillites and sandy-muddy facies, while sand-
stone and conglomerate facies had slightly higher K levels
due to higher content of K-feldspars and mica.

Researcher S. Machulina (2022) noted that method-
ological approaches to detecting hidden cycling in car-
bonate deposits were based on a comprehensive analysis
of the results of geophysical surveys of wells and laborato-
ry studies of the core samples collected using a cable core
sampler. For example, in terrigenous deposits, where cy-
clicity was manifested mainly through gradual changes in
the grain composition of rocks, lithological, mineralogical,
petrographic and facies-geotectonic methods were used
to identify sedimentary cycles (cyclites). In contrast, in
thick terrigenous-carbonate and carbonate strata, discrete
boundaries between cycles were usually fixed by thin lay-
ers of clayey rocks or brecciated limestone with inclusions
of other rocks. Such horizons were valuable references for
correlation between wells. The most reliable identification
of large sedimentation cycles in carbonate deposits was
provided by data from geophysical methods of well logging,
including radioactive, acoustic and electrical.

From the above approaches, it is clear that each of
them allows solving certain specific tasks of studying ge-
ological sections. However, the position of the boundary
between stratigraphic units is more clearly established
comprehensively using logging data, the upper boundary
of the coal bed, the upper boundary of the mottled rock,
the debris rock with kaolin and radiometry data. Accord-
ingly, the lithological and stratigraphic dissection of
poorly studied geological sections based on natural gam-
ma-ray spectrometry can be used to trace the boundaries
of the interface between sediments not only of the Visean
and Tournaisian stages, but also of other lithological and
stratigraphic horizons within the oil- and gas-bearing are-
as of Ukraine and the world.

Conclusions

Comprehensive lithological, petrographic, X-ray diffrac-
tion and gamma-ray spectrometric studies established a
close relationship between the mineralogical composition
of rocks, geochemical conditions of sedimentation and
the content of natural radioactive elements (“°K, U(Ra),
Th) within the transition strata of the Tournaisian and
Visean age of the Plyskiv-Lysohorskyi outcrop crystalline

basement. The distribution of natural radioactive ele-
ments in the rocks of the geological section corresponds
to their mineralogical features and sedimentation condi-
tions. The highest concentrations were observed in argil-
lites, especially in siltstone and coaliferous varieties, due
to the increased content of organic matter, kaolinite and
iron hydroxides. The lowest values were in limestone and
gravelly sandstone. The Th/K ratio proved to be the most
sensitive parameter for establishing the stratigraphic
boundary between the Tournaisian and Visean deposits. Its
sharp change allows for more accurate localisation of the
boundary between marine and continental sedimentation
conditions, especially within the transition strata.

The lithological and stratigraphic heterogeneity of the
transitional thickness was manifested in the sharp alterna-
tion of different-grained sandstones, argillites, siltstones
and gravel-like formations, with frequent inclusion of
carbonised organic matter and flint layers. This change in
lithotypes confirmed the oscillatory nature of the sedimen-
tation regime, reflecting the alternation of transgressions
and regressions. The chemical and mineralogical compo-
sition of rocks indicates a gradual transition from acidic,
subcontinental (Tournaisian) to alkaline, marine (Visean)
conditions of sedimentation. In particular, the Tournaisi-
an rocks showed a wider distribution of kaolinite, siderite,
pyrite nodules and flinty argillites, while the Visean rocks
were enriched with chemogenic silica, hydro-mica and
minerals of hydrothermal origin.

Gamma-ray spectrometry proved to be an effective
method of stratigraphic dissection by recording not only
the absolute content of radioactive isotopes, but also
changes in their ratios. In particular, it made it possible
to localise the transition zone between stratigraphic units
in wells 1, 3, 4 and 8, where other methods (macroscopic
description, GC, CS) did not reveal a clear boundary. The
stratigraphic boundary between the Tournaisian and Vise-
an deposits is diffuse and is usually not accompanied by
typical reference horizons (e.g., basal conglomerates or an-
gular unconformities). Its position can be determined only
based on a multifactorial analysis: petrographic, geochem-
ical, mineralogical and radiometric. Thus, the results of the
study confirmed the feasibility of using gamma-ray spec-
trometry in combination with lithological and petrograph-
ic analysis as an effective tool for stratigraphic correlation
in conditions of complex geological structure. This allows
not only to localise the boundary between stratigraphic
units, but also to assess the nature of changes in the sed-
imentary environment, which is important for predicting
the oil and gas content of the area.
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AHOTaLisl. BCTaHOBIEHHS TIeoloriyHOi OymOBM CKJIAZHONOOYLOBAaHMX OCAfOBMX pO3Di3iB  HadTOrasoHOCHMX
TepuTopiit YKpaiHu, a came ix siTonoro-crparurpadiuie po3wieHyBaHHS, € JOBOJII CKJIQJHUM i 4aCTO HEOJHO3HAYHUM
y TpakTyBaHHiI MOCTIZOBHOCTI HAIlapyBaHHS TOBII OCAJOBMX IMOpiA. MeToio po6oTH 6Yy/I0 BUBUEHHS MOXKIMBOCTI
JIiTONMOro-cTpaTurpadiuyHoro po3uaeHyBaHHS TeOJOTiUHOTO PO3pi3y 3a pe3ylbTaTaMM CIEeKTPOMETPii MpUpOmHbOro
raMMa-BUIIPOMiHIOBaHHS B iHTepBaJli TpaHMIIb PO3TOJiTY TYPHEChbKMX Ta Bi3eliCbKMX BigKIaziB, y Mmexax [InMcKiBCbKO-
JIMCOropiBCHKOTO BUCTYITy KPUCTATIYHOTO (yHIaMEeHTy NIpuochoBOi 30HM [IHIMPOBCHKO-/IOHENbKOI 3armaauHM.
MeToaMKa BUBYEHHS IPaHMIIb PO3IIOMITY TYPHECbKIX Ta Bi3eiicbKuX BigKaamiB 6as3yBagacs Ha pe3ylIbTaTax pO3Iomiay
KOHIIEHTpaIlii palioaKTUBHUX i30TOIMIB MPUPOJHBOTO TaMMa-BUIIPOMiHIOBAHHS, OTPUMaHUX 6Ge3MmocepeHbO Y MpoIieci
OypiHHS TOIIYKOBUX i PO3BimyBanmbHMX cBepIoBMH. OKpiM LIbOTO 3 iHTepBatiB Bi3€iiChKOrO Ta TYPHEICHKOTO SIPYCiB
HVDKHbOKAM STHOBYTUIBHMX BigK/IaAiB BimiOpaHO KepHOBMIT MaTepiaj, MpPOBEIEHO Joro JiTojoro-merporpadiuxe
JOCJiIKEHHST MIJITXOM MaKpOCKOITiUHOTO OIMMCY 3pa3KiB KepHy, BUTOTOBJIEHHS i omuc muliiB, a TaKoXX BUKOHAHUI
PEHTTeHO-CTPYKTYPHMIA i raMMa-CIIeKTPOMEeTPUUHMIT aHa/li31 PeUOBOro CKIaay KoJeKIlii 3pa3kiB. Y 1iioMy BM3HaUamach
KiJIbKiCHA HAsIBHICTb MTPMPOIHNX PAIi0aKTUBHIUX €JIeMeHTiB. 3a pe3y/ibTaTaMi TaKMX KOMIIEKCHUX Te0yIoro-reodismyHmx
JOCITiIKeHb 6YJI0 BCTAHOBJIEHO, 1[0 PO3TIOAL IPUPOIHIX PafioakKTUBHMX €JIeMEeHTIiB Y iHTepBaJsiax 3a/siTaHHs BilIKIafiB,
3a7e€XXUTh Bifl JITOMOTIYHOTO CKIAAy TipChbKMUX MOPiA, i BiAMOBiZHO 3MiHM YMOB MpOIeCy OCaAKOHATPOMAaIKeHHS, 1110
00YMOBITIOE 3MiHM B PO3IIONii pajioaKTMBHMX efleMeHTiB. ToMy came I 0cObMBicTb 6yI0BY MOsKe OYTU BUKOPUCTaHA
IUTSI TIPOCITiIKOBYBAHHSI IPAHUIIL PO3TIOAITY JITOTUITIB Y TOPU30HTAX Pi3HMUX cTpaTUrpadivyHMX TOBII. BpaxoByioun Te, 10
PafioaKTUBHICTH MOPiM MOMIMIKTOBOTO CKIAAY XapaKTepU3yIOThCS 3HAUHMM CYMapHMM e(deKTOM ToKasy i 3yMOBJIeHa
MiBUIIEHOI PaJiOaKTUBHICTIO CKeJeTy MaTpUIli MOpOAM i IIIMHMUCTOTO MaTepianay, SIKMil 3alOBHIOE MiK3€pPHOBMUIL
nipoctip. ToMy BM3HAUEHHSI IJIMHUCTOCTI OIITbHO BUKOHYBATYU 3 BUKOPUCTAHHSIM Pe3y/IbTaTiB raMma-cCIieKTpomMeTpii
3a BEJIMUMHOIO KOHLEHTpauii Kamiio-40 a6o 3a JaHMMM ramMma KapoTaky. BIpoBaJskeHHs TaKMX MiIXOHiB y mporueci
iHTepmpeTarllii OKpiM BHUIiJIEHHS TPaHMIb DPO3MOAUTY MDK BiIKIagaMu TaKkoX [TO3BOJSIE BCTAHOBMIOBATU (izuko-
reoJIOrivuHi yMOBH, Y SIKMX ITPOXOAMB MPOLeC 0CaAKOHArpOMa KeHHS Pi3HUX JIITOTUIIIB IipCbKUX MOPif,
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Abstract. The aim of the work was to analyse the regulatory framework for accounting for petroleum product losses
in Ukraine. A comparative and empirical analysis of three methods for determining petroleum product losses from
evaporation was carried out. Calculations were made of petrol standing losses in vertical steel tanks with a nominal volume
of 1,000, 2,000 and 3,000 m3 in different climatic zones of Ukraine. The impact of tank filling level and saturated vapour
pressure on losses was assessed. A comparative analysis showed that the EPA and Konstantynov methods demonstrate a
physically justified reduction in losses with an increase in the filling level, as well as high sensitivity to climatic conditions.
For the VCT-3000 tank, the relative error between calculations for the middle and southern climatic zones according to
the Konstantynov method is 6.9-10.6%, and according to the EPA method — 8.5-12.0%. For the VCT-2000, these figures
are 5.9-9.3% (Konstantynov) and 6.9-10.5% (EPA), and for the VCT-1000, they are 6.9-10.6% and 8.5-12%, respectively.
However, calculations using the standard methodology showed virtually zero sensitivity to the climate zone (relative
error ~0.26%), which contradicts actual operating conditions and leads to potentially significant errors in the assessment
of volatile organic compound losses. This indicates the need to revise the current Ukrainian standards, taking into account
modern physicochemical evaporation models. Additionally, the influence of saturated petroleum product vapour pressure
according to Reid on the amount of losses was analysed. The results of calculations for the middle and southern climatic
zones showed that an increase in saturated vapour pressure from 50 kPa to 80 kPa causes an approximately 1.6-fold
increase in losses for all types of tanks studied. This confirms the high sensitivity of physical and mathematical methods
to the physical and chemical properties of petroleum products, in contrast to the normative approach, which does not
take this parameter into account. The results obtained can be used to develop an adapted combined methodology that
combines the accuracy of international standards with the simplicity of normative accounting
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Introduction

The relevance of reviewing and improving the methodol-
ogy for calculating petroleum product losses from evapo-
ration is determined by factors that affect the efficiency of
energy resource use, environmental safety, and economic
costs. As stated in the study by G.C. Ribeiro et al. (2024),
regular updating of regulatory documents should be con-
sidered a strategically important process that ensures the
accuracy, reliability, and practical value of methods for
assessing emissions from organic liquid storage tanks.
This allows the document to remain an effective tool for
environmental regulation, technological planning, and
sustainable industrial development. Conducting a compar-
ative analysis of existing methods is an important step in
developing modern and scientifically sound standards that
will optimise energy resource management in Ukraine.

International research confirms the scale of the prob-
lem. According to a study by G. You et al. (2024), the oil
refining industry is one of the main sources of industrial
emissions of volatile organic compounds (VOC). Based on
the analysis of 76 samples from eight oil refineries, the
authors determined that losses due to equipment leaks,
storage tanks, wastewater treatment systems, and loading
operations account for the majority of total emissions. In
particular, emissions from storage tanks averaged 0.28 kg of
VOC per tonne of refined oil, and total VOC losses at differ-
ent plants ranged from 0.67 to 2.77 kg/t. Alkanes (ethane,
propane, butane) and aromatic hydrocarbons (benzene,
toluene) were the dominant components. This confirms
that losses during storage in tanks are not only technically
significant, but also have a significant environmental and
regulatory dimension that needs to be taken into account
in national methods for accounting and regulating losses.

A review of petrol loss calculation processes and the
development of emission reduction technologies in the oil
refining industry has highlighted a number of relevant is-
sues. P. Orozco et al. (2023) describe the physical phenom-
ena of petrol evaporation and their negative impact on the
environment and human health. The article examines VOC
emissions at various facilities (petrol stations, oil refiner-
ies), analyses standards and protocols for assessing losses
in coastal reservoirs, and discusses the widespread applica-
tion of these methods. It is emphasised that most studies
are based on industry standards, and some of them take
into account the uncertainty of measurements. In addi-
tion, the use of computational hydrodynamics methods to
assess evaporation losses is described, which significantly
enhances theoretical and experimental models in storage
tanks. The article confirms the importance of modernising
and refining national methods for calculating fuel losses
during storage, aimed at reducing environmental risks,
economic losses and improving regulatory control.

H. Rajabi et al. (2020) noted that during the storage of
petroleum products in vertical tanks with floating or fixed
roofs, hydrocarbons evaporate, leading to the formation of
VOC in the air. These compounds are highly volatile, tox-
ic and capable of forming a secondary pollutant such as
tropospheric ozone, which has a negative impact on both

human health and the environment. The study provides an
overview of VOC emissions arising at various stages of oil
processing and assesses the environmental impact of these
emissions. An important aspect of the study was the crea-
tion of a global emissions inventory system, which provid-
ed a better understanding of the scale and sources of pol-
lution and identified priority areas for regulating emissions
and reducing environmental impact. This study was im-
portant for the development of environmental protection
policies and practices, as it developed a comprehensive
understanding of global VOC emissions from oil refining
and helped in the search for more effective technologies
to reduce these emissions. At the same time, tank losses
account for a significant share of total VOC emissions at oil
depots and fuel and energy complex enterprises.

Given global environmental challenges and Ukraine’s
international commitments to reduce industrial emis-
sions, the issue of regulating and technically controlling
VOC emissions has become particularly relevant (Law
of Ukraine No. 2707-XII, 1992; Directive of the European
Parliament and of the Council No. 2004/42/CE, 2004). At
the same time, in order to harmonise national regulations
with international standards and introduce best practices
in the field of environmental protection, the regulation
of industrial emissions is determined by Directive of the
European Parliament and Council of the European Union
No. 2010/75/EU (2010), which establishes requirements for
integrated prevention and control of emissions.

In addition to the environmental impact, evaporation
causes direct economic losses of fuel, which requires the
implementation of effective technological solutions to
minimise them. F. Beiranvand & H. Najibi (2021) empha-
sised the importance of reducing losses from the evapo-
ration of volatile fuels, which is important from both an
economic and environmental point of view. Evaporation
leads to significant financial losses due to a reduction in
fuel volume and also contributes to atmospheric pollu-
tion with harmful VOC, which can cause the formation of
secondary pollutants, in particular tropospheric ozone. In
addition, the accumulation of fuel vapours creates poten-
tial explosion hazards. The authors proposed an innovative
approach using new mixtures of surfactants that effective-
ly reduce evaporation, which highlights the relevance of
developing and implementing technological solutions to
minimise fuel losses in industry.

In accordance with the Instructions on the Procedure
for Receiving, Transporting, Storing, Dispensing, and Ac-
counting for Oil and Petroleum Products at Enterprises and
Organisations in Ukraine (2008), during the storage of pe-
troleum products, it is necessary to ensure proper account-
ing and control of losses. However, N.V. Liuta et al. (2020)
noted that, unlike most developed countries, Ukraine lacks
a clearly defined system for measuring, accounting for, and
setting limits on petroleum product losses, particularly
those resulting from evaporation during storage. The anal-
ysis of existing methods for regulating petroleum product
losses showed that they do not sufficiently take into ac-
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count the climatic and technological characteristics of dif-
ferent regions, which leads to inaccuracies in calculations
and exceeding permissible losses.

The document Norms of Petroleum Product Losses
During Their Reception, Storage, Dispensing, Transship-
ment and Transportation (2020) establishes the maximum
permissible loss rates that occur during various stages of
petroleum product circulation, in particular during trans-
portation by road, rail, water and pipeline, as well as during
storage. However, as noted in a study conducted by N.V. Li-
uta et al. (2020), the current methodology does not take
into account a number of important factors that have a sig-
nificant impact on the volume of losses, especially during
the storage of petroleum products in tanks, and that it is
precisely these factors ignored by the authors of the meth-
odology that are often decisive in assessing losses from
evaporation. In view of the above, the aim of this work was
to justify the expediency of revising the current regulatory
methodology for assessing petroleum product losses, tak-
ing into account a range of factors that actually influence
the evaporation process, in order to ensure more accurate
determination of such losses and improve the efficiency of
their accounting and storage.

Materials and Methods

In order to identify areas for improvement in Norms of Pe-
troleum Product Losses During Their Reception, Storage,
Dispensing, Transshipment and Transportation (2020),
it became necessary to conduct a scientific comparison
with the methods of the United States Environmental

Protection Agency (EPA) (AP-42 Chapter 7..., 2024) and
Konstantynov (Lisafin & Liuta, 2018). The combined use
of comparative and empirical analysis methods ensured an
objective identification of differences in the approaches,
parameters, calculations and regulatory aspects of these
documents. Comparative analysis made it possible to
compare the structure of calculation formulas, determine
which factors are taken into account, and analyse the depth
of scientific justification of each document.

Empirical analysis was performed based on calcula-
tions of losses for the same object (above-ground vertical
cylindrical tanks (VCT) with a nominal volume of 1,000 m3,
2,000 m® and 3,000 m3) using three methods to verify the
accuracy and reliability of the selected methods in prac-
tical examples. For the purpose of empirical analysis of
standing losses, calculations were made for tanks with a
nominal volume of 1,000 m? (one unit), 2,000 m* (one unit)
and 3,000 m?® (one unit), which were operated in the condi-
tions of the middle and southern climatic zones. The anal-
ysis covered various tank filling levels — from minimum to
maximum (Table 1), all months of the calendar year 2024,
as well as the saturated vapour pressure of stored liquids in
the range from 50 kPa to 80 kPa, and the geometric char-
acteristics of the tanks. To calculate the losses of volatile
fractions of petroleum products using the Konstantynov
method and EPA standards, a number of initial data were
taken into account. These include meteorological con-
ditions, in particular the average monthly maximum and
minimum air temperature, as well as barometric pressure
on the date of calculation (Table 2).

Table 1. Main technical characteristics of the device

Nominal tank capacity, m*> Tank diameter, m Tank height, m Minimum filling level, m Maximum filling level, m

1,000 11.99 9.606 1 8
2,000 15.233 11.64 1 10
3,000 19.042 11.731 1 10.8

Source: created by authors based on V. Lisafin & N. Liuta (2018)

Table 2. Meteorological conditions in the central and southern climatic zones of Ukraine

= - g - 3 3
Month g g g E g g "': a % % g g
s § 2 < = 2 = 2 £ & g g
— 27 oA Z. =}
Middle zone
Maximum air temperature, °C | 5.4 1.8 4.9 11.9 17.6 20.3 22.1 22.1 17.7 11.8 8.1 8.2
Minimum air temperature, °C | 0.8 -2.3 -1.5 3 7.8 10.7 12.5 11.5 8.9 6.3 4 2.9
Southern zone
Maximum air temperature, °C | 2.5 0.1 6.9 12.8 20.7 24.4 274 28 23 16.3 7.6 4.2
Minimum air temperature, °C | -0.1 -2.1 1.6 6.6 13.9 18.6 21.2 21.5 17.9 12.5 5 2.2

Source: created by the authors based on V.M. Lipinsky et al. (2003)

In addition, geographical parameters are important,
in particular the geographical latitude of the reservoir lo-
cation (47°37'N for the southern zone and 51°29'28/N for
the middle zone). The geometric characteristics of the tank
include its diameter, geometric height, and the level of
liquid filling in the tank (filling height) (Table 1). The set-
tings of the mechanical breathing valve, namely the excess

pressure (2,000 Pa) and vacuum (250 Pa) at which it oper-
ates, must be taken into account. Among the physical and
chemical characteristics of the petroleum product, its den-
sity (kg/m®) and boiling point (40°C) are essential. Addi-
tionally, the review included the type and condition of the
external surface of the tank (0.65), which affect the ther-
mal regime and, accordingly, the intensity of evaporation.
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Standing losses of petroleum products were calculated ac-
cording to the EPA recommendations using the formula:

L,=365xV,xW,xK,xK, 1)

where V| is the volume of gas space in the tank; W, is the
vapour saturation; K, is the gas space expansion coeffi-
cient; K; is the saturated vapour ventilation coefficient.
The vapour saturation is determined by the formula:

My XP

WV = ;X—J’ (2)
where M, is the molar mass of a mixture of hydrocarbon
vapours; P, is the saturated vapour pressure at the average
daily temperature of the surface layer of the liquid; R is the
gas constant; T, is the average daily temperature of the
surface layer of liquid. The average daily temperature of
the surface layer of the liquid is determined by the formula:

T, =0.44xT,,+0.56xT,+0.0079xaxI,  (3)

where T,, is the average daily ambient temperature; T, is

the temperature of the liquid below the surface layer; a

is the solar radiation absorption coefficient; I is the daily

amount of solar radiation. The temperature of the liquid

below the surface layer of the petroleum product is equal to:

T,=T,+6xa-1. )

The saturated vapour pressure at the average dai-

ly temperature of the surface layer of the liquid C. de la

Calle-Arroyo et al. (2021) recommend determining it using
Antoine’s formula:

B

Pra = exp|a—1] ®)

where A and B are constant coefficients selected from ref-

erence literature depending on the type of liquid stored.

The gas space expansion coefficient K, for a known geo-

graphical location of the tank farm is determined by the
following formula:

K,=0.0018[0.72 % (T, - T,,) +0.28 x a x I]. (6)

If the geographical location of the tank farm is un-
known, the gas space expansion coefficient is taken to be
0.04.The saturated vapour ventilation coefficientis equal to:

1

Ks = oosarynmg )

As part of calculating petroleum standing losses us-
ing Konstantynov’s method, it is necessary to calculate
the molar mass of petroleum vapours, the thermal con-
ductivity coefficient of petrol at average temperature, the
specific heat capacity of petrol, the density of petroleum
products, the thermal conductivity coefficient of the petro-
leum product, the length of daylight hours, the transpar-
ency coefficient of atmospheric air, the intensity of solar

radiation, the geometric characteristics of the gas space of
the tank and the liquid surface in the tank, the amount of
heat received from solar radiation by 1 m? of the wall lim-
iting the gas space of the tank, determine the values of a
number of heat transfer coefficients from graphs, simulate
the temperature regime of the tank and petroleum product,
the pressure of saturated vapours of the petroleum prod-
uct, and the maximum and minimum partial pressures. The
average mass content of petrol vapours in the gas-air mix-
ture is calculated:

Pmax+Pmin
0' = = 8
™ R(Tgpmin+Tgpmax)’ ®
where P, P . are the maximum and minimum pressure

in the gas space of the tank; T, T . are the maximum
and minimum temperature in the gas space of the tank;
R is the universal gas constant. Volume of gas-air mixture
released into the atmosphere:

=ty in(fpe ), o)
where V_is the volume of the gas space in the tank; P, is
the atmospheric pressure; P, is the vacuum in the gas space
in the tank; P_is the excess pressure in the gas space in the
tank. The saturated vapour pressure is determined using
Rybakov’s formula:

1,430

Pr = Pg3gl0 7,

(10)
where P is the saturated vapour pressure of petrol by
Reid; T is the temperature of petroleum product vapours.
Standing losses will be equal to:

M, ,=AVxo,. (11)

To calculate petroleum product losses during storage
in tanks, the following input parameters are used in ac-
cordance with the requirements of current regulations: the
volume of petroleum products in the tank, its density at
average temperature, the number of calendar days in the
calculation month, as well as loss standards determined
on the basis of daily product residues (Norms of Petrole-
um Product Losses..., 2020). The latter are formed on the
basis of daily accounting data recorded in the petroleum
product measurement log. These parameters are critical for
ensuring the accuracy of loss calculations and further anal-
ysis of the efficiency of fuel and lubricant storage systems.
Losses of petroleum products during storage in tanks are
calculated:

M__=KxVxp,

norm

(12)

where K is the loss rate based on the actual daily product
balances according to the daily records specified in the pe-
troleum product measurement log, %; V is the volume of
petroleum product in the tank; p is the density of the pe-
troleum product at average temperature. Another influen-
tial factor that must be indicated in the petrol quality cer-
tificate is the saturated vapour pressure according to Reid,
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which is the approximate absolute vapour pressure of the
petroleum product under study at a temperature of 37.8°C.
The saturated vapour pressure of a petroleum product sig-
nificantly depends on temperature. To model this depend-
ence, the Rybakov formula (10) and the Antoine formula (5)
were used in the compared methods. To evaluate the dis-
crepancies between the results obtained using different
methods, the relative error (discrepancy) was calculated
using the formula:

5 — X1—X3
x

13)

where x, is the reference (or base) value; x, is the compa-
rable value.

Results

There is a global practice of constantly updating and im-
proving regulatory documents. In particular, as noted in
their study by N. Stef & A. Ashta (2023), this is the con-
tinuously updated document AP-42 Chapter 7, Section 1 —
organic liquid storage tanks (2024), designed to provide
scientifically sound methods for calculating VOC emissions
generated during the storage of organic liquids in industrial
tanks. These methods are used in environmental reporting,

planning of emission control measures, and environmental
assessment. First published in 1968, it was the first edition
of a collection of emission factors for air pollutants pre-
pared by the U.S. Public Health Service, revised in 1972 and
republished under the auspices of the EPA. Since then, this
document has been regularly updated to take into account
new scientific data, technological advances, and changes in
regulatory requirements.

In order to systematise and gain a deeper understand-
ing of approaches to assessing petroleum product loss-
es from evaporation, this study conducted a comparative
analysis of three common methods: the American EPA AP-
42 method (Section 7), current Ukrainian standards (2020)
and the Konstantynov engineering method. Table 3 sum-
marises the main characteristics of each approach, includ-
ing the type of document, purpose of application, scope,
consideration of climatic factors, level of detail of parame-
ters, calculation methods and practical relevance. The data
presented made it possible to identify differences in the
structure, purpose and accuracy of these methods, which
is the basis for further analysis of their effectiveness in dif-
ferent conditions. The results of the comparative analysis
of the three methods are presented in Table 3.

Table 3. Results of a comparative analysis of methods
for calculating petroleum product losses due to evaporation from tanks

Criterion AP-42 Chapter 7

Methodology for calculating VOC

Document type PO
emissions

Ukrainian standards

Regulatory document on loss
accounting

Konstantynov’s methodology

Calculated engineering methodology

Environmental control of

Regulation of permissible

Main purpose

Technical and economic accounting of losses

roofs

underground reservoirs

emissions losses
D evel.opi.ng U.S.EPA Ministry of Economy of Transnefteprodukt Research Institute, USSR
organisation - Ukraine ’
Types of tanks All types: fixed, floating, domed Mainly fixed roofs, some Vertical and horizontal steel tanks

Type of petroleum
products

Organic liquids

Petrol, diesel fuel, fuel oil,
kerosene, etc.

Petrol, diesel fuel, fuel oil

Climatic factors

The following must be taken into
account: ambient temperature,
temperature difference, wind

Autumn-winter and spring-
summer periods are taken
into account

Temperature of the surrounding environment,
temperature difference, weather conditions
(sunny, cloudy) are taken into account

Product parameters

Saturated vapour pressure, molar
mass, density

Density, fuel type

Molar mass of vapours, thermal conductivity
coefficient, specific heat capacity, density,
thermal conductivity coefficient, saturated

vapour pressure

Losses during storage, filling,

Type of losses Evaporation losses draining, transportation Evaporation losses
Calculation Physical and chemical modelling | Regulatory coefficients based Semi-empirical formulas with corrections
approach of processes on statistics p
Calculation Analytical formulas + software . . .
methods (TANKS) Tables and coefficients Formulas with corrections (Ki, K2, etc.)

Ease of application

High accuracy, requires software

The simplest option, easy to
apply

Requires technical training, complex
calculations, and software

Current relevance

Applicable in the United States,
used globally

In Ukraine since 2020

Used in part in practice as an engineering basis in
the post-Soviet space

Documentation
purpose

Reporting emissions to
environmental protection
agencies

Accountancy, technological
accounting

Project documentation, internal calculations of
enterprises

Source: developed by the authors based on a comparison of V. Lisafin & N. Liuta (2018), Norms of Petroleum Product
Losses During Their Reception, Storage, Dispensing, Transshipment and Transportation (2020), AP-42 Chapter 7, Section
1 - organic liquid storage tanks (2024)

Table 3 summarises the differences between the three
approaches to estimating VOC losses during petroleum
product storage. The EPA methodology is highly accurate

due to physical and chemical modelling and the use of spe-
cialised software (e.g. TANKS), which makes it suitable for
environmental monitoring and international reporting. At
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the same time, Ukrainian standards are mainly focused on
accounting and technological accounting of losses, are based
on tabulated coefficients and are the easiest to implement
in practice, although they are less accurate. Konstantynov’s
methodology, developed back in the Soviet period, remains
relevant as an engineering basis due to semi-empirical
formulas adapted to the real conditions of tank operation,

but requires a high level of technical training and complex
calculations. Comparative calculations were performed
using the above-mentioned methodologies and standards.
Table 4 presents the results of comparative calculations of
evaporation losses from tanks with a nominal volume of
3,000 m3, located in different climatic zones and for tank fill-
ing levels from a minimum of 1 m to a maximum of 10.8 m.

Table 4. Results of calculations of petrol losses due
to evaporation during storage in an VCT-3000 tank at different filling levels

Annual losses

Calculation results based on
storage loss rates according

Levelof  The volume Konstantynov method gl st to Resolution of the Cabinet
ﬁﬁiert:gOlm ttl,lfepteat;ﬁl li::s ( kt;,/l;ear g (EPA method), kg/year of Ministers of Ukraine
2 2 No. 686 (2020)
Middle zone  Southern zone  Middle zone  Southern zone  Middle zone  Southern zone
10.8 3,076 5,261 6,502 5,962 7,644 8,272 8,315

9 2,566 12,254 14,697 13,954 17,476 6,892 6,929

8 2,278 16,005 18,954 18,214 22,567 6,127 6,159

7 1,994 19,689 23,061 22,373 27,457 5,361 5,389

6 1,709 23,292 27,021 26,420 32,143 4,595 4,619

5 1,424 26,789 30,812 30,319 36,594 3,829 3,849

4 1,139 30,127 34,387 34,010 40,739 3,063 3,080

3 854 33,205 37,638 37,361 44,423 2,298 2,310

2 570 35,759 40,280 40,046 47,246 1,532 1,540

1 285 36,775 41,188 40,812 47,672 766 770

Source: developed by the authors based on calculations

Analysis of the data in Table 4 revealed significant
discrepancies in the results of calculating annual pet-
rol losses depending on the methodology used. The EPA
methodology showed the highest loss values, which clearly
correlate with changes in climatic conditions: losses in the
southern zone consistently exceeded the corresponding
indicators for the middle zone. A similar trend, albeit with
lower absolute values (by 20-30%), is recorded by the Kon-
stantynov methodology. On the other hand, the standard
method approved by Resolution of the Cabinet of Ministers
of Ukraine No. 686 (2020) shows the opposite trend — as
the tank filling level decreases, losses also decrease. This

contradicts the physical nature of evaporation losses,
which, as a rule, increase as the volume of fuel decreas-
es due to an increase in the gas space above the liquid
surface. The normative losses according to Resolution of
the Cabinet of Ministers of Ukraine No. 686 (2020) are the
smallest, and in the central and southern zones they dif-
fer insignificantly (less than 1%), which may indicate the
limited sensitivity of this methodology to climatic factors.
Table 5 presents the results of comparative calculations of
evaporation losses from tanks with a nominal volume of
2,000 m3 located in different climatic zones and for tank
filling levels from a minimum of 1 m to a maximum of 10 m.

Table 5. Results of calculations of petrol losses due
to evaporation during storage in an VCT-2000 tank at different filling levels

Annual losses

Level of The volume

Calculation results based on

storage loss rates accordin
Annual losses 8! g

Konstantynov method to Resolution of the Cabinet
ﬁﬁiext:g()lm t(;nfepti\trl;ﬁl Ii:z ( lg/nyear » QLRMIE ), e of Ministers of Ukraine
D D No. 686 (2020)
Middle zone  Southern zone  Middle zone  Southern zone  Middle zone  Southern zone

10 1,823 4,664 5,628 5,084 6,274 4,933 4,959
9 1,640 6,842 8,153 7,464 9,114 4,440 4,463
8 1,458 8,958 10,558 9,768 11,816 3,947 3,967
7 1,276 11,019 12,865 12,008 14,401 3,453 3,471
6 1,094 13,023 15,076 14,177 16,872 2,960 2,975
5 911 14,955 17,182 16,261 19,217 2,467 2,480
4 729 16,791 19,159 18,230 21,401 1,973 1,984
3 547 18,474 20,946 20,019 23,352 1,480 1,488
2 365 19,860 22,383 2,146 24,871 987 992

1 182 20,394 22,844 21,921 25,193 493 496

Source: developed by the authors based on calculations
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Analysis of the table showed that petrol losses based
on the EPA methodology significantly exceed similar in-
dicators based on the Konstantynov methodology and
the normative methodology of Resolution of the Cabinet
of Ministers of Ukraine No. 686 (2020). At a filling level
of 10 m in the average climate zone, losses according to
the EPA are approximately 9% higher than according to
Konstantynov methodology and 3% higher than accord-
ing to the standards. At the same time, Konstantynov
methodology exceeds the standard losses by 5%. In the
southern zone, the difference between the EPA and the
Resolution is even more pronounced, amounting to

26.6%, and between the EPA and Konstantynov - 11.5%.
There is also a significant difference between climatic
zones: losses according to the EPA in the southern zone
are 23.4% higher than in the average zone, while accord-
ing to Konstantynov, this difference is about 20.7%, and
according to the Resolution, only 0.5%, which confirmed
the low sensitivity of the standard methodology to cli-
matic factors. Table 6 presents the results of compara-
tive calculations of evaporation losses from tanks with a
nominal volume of 1,000 m? located in different climatic
zones and for tank filling levels from a minimum of 1 m
to a maximum of 8 m.

Table 6. Results of calculations of petrol losses due
to evaporation during storage in an VCT-1000 tank at different filling levels

Annual losses
(Konstantynov method),
kg/year

Level of The volume
petrol of petrol in
filling, m the tank, m?

(EPA method), kg/year

Calculation results based on storage

loss rates according to Resolution of

the Cabinet of Ministers of Ukraine
No. 686 (2020)

Annual losses

Middle zone Southern zone Middle zone Southern zone Middle zone Middle zone

8 903 4,472 5,530 4,935.7 6,283 2,432 2,445
7 790 6,491 7,906 7,174.7 9,021 2,128 2,139
6 678 8,409 10,115 9,296 11,562 1,824 1,834
5 565 10,240 12,183 11,312 13,934 1,520 1,528
4 452 11,973 14,107 13,209 16,127 1,216 1,223
3 339 13,572 15,852 14,945 18,093 912 916.9
2 226 14,938 17,301 16,400 19,678 608 611

1 113 15,670 17,982 17,099 20,281 304 306

Source: developed by the authors based on calculations

A comparative analysis of the results presented in
Table 6 showed significant differences between the three
methods of calculating petrol losses from evaporation.
The EPA method gives values that are on average 9-10.5%
higher than the Konstantynov method, which indicates its
increased sensitivity to temperature and climatic factors,
while the standard method showed significantly lower re-
sults — the largest deviations were observed at the minimum
filling level (1 m), where the calculated losses according to
the standards are only about 2% of the values obtained using
engineering methods. Thus, the data in this table confirm
the trends identified in the previous comparative tables: the
standard approach provides simplicity of calculations, but
is significantly inferior in accuracy, while the EPA and Kon-
stantynov methods are more suitable for a reliable assess-
ment of losses during the storage of petroleum products.

A comprehensive analysis of the data in Tables 4-6
showed that the two methods (EPA and Konstantynov)
demonstrate a reduction in losses with an increase in the
tank filling level, while the standard method approved
by Resolution of the Cabinet of Ministers of Ukraine

No. 686 (2020) shows the opposite trend. This is because
the Konstantynov and EPA methodologies are based on the
physical and chemical principles of liquid evaporation and
take into account variable parameters, such as gas space
volume, temperature and saturated vapour pressure. Ac-
cording to these approaches, an increase in the tank filling
level is accompanied by a decrease in the volume of the va-
pour-gas phase, which leads to a reduction in VOC losses.
In contrast, the regulatory methodology uses a simplified
relationship, according to which losses are determined in
proportion to the volume of petroleum products stored.
This approach does not reflect the actual evaporation pro-
cesses and leads to the opposite dynamics — an increase
in calculated losses with an increase in the filling level.
Table 7 presents a comparative calculation of the relative
errors in determining petroleum product losses for tanks
located in different regions of Ukraine using three methods
in order to establish whether it is acceptable to ignore the
geographical location of tanks with a nominal volume of
1,000 m?, 2,000 m? and 3,000 m® when determining the rate
of petroleum product losses during storage in them.
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Table 7. Relative errors in determining petrol losses
from evaporation during storage in tanks, caused by differences in climate zones

The volume of

Level of petrol petrol in the

Relative error caused by differences in climate zones, %

filling, m Results obtained using Results obtained using Results obtained using
tank, m*® Konsantynov method the EPA method the standard method

VCT-3000
10.8 3,076 10.6 12.4 0.262856
9 2,563 9.1 11.2 0.263364
8 2,278 8.4 10.7 0.262912
7 1,994 79 10.2 0.263258
6 1,709 74 9.8 0.263726
5 1,424 7.0 9.4 0.263076
4 1,139 6.6 9.0 0.263723
3 854 6.3 8.6 0.262638
2 570 5.9 8.2 0.260468
1 285 5.7 7.8 0.266979

VCT-2000
10 1,823 9.4 10.5 0.258785
9 1,640 8.7 10.0 0.25946
8 1,458 8.2 9.5 0.259038
7 1,276 7.7 9.1 0.259943
6 1,094 7.3 8.7 0.25946
5 911 6.9 8.3 0.258785
4 729 6.6 8.0 0.260305
3 547 6.3 7.7 0.25946
2 365 6.0 84.1 0.257771
1 182 5.7 6.9 0.262839

VCT-1000
8 903 10.6 12.0 0.264491
7 790 9.8 11.4 0.262443
6 678 9.2 10.9 0.262438
5 565 8.7 10.4 0.262433
4 452 8.2 9.9 0.262446
3 339 7.7 9.5 0.262438
2 226 7.3 9.1 0.262424
1 113 6.9 85 0.262467

Source: developed by the authors based on calculations

An analysis of the impact of climate zone and condi-
tions on the results of petrol loss calculations also demon-
strates a significant dependence of the results obtained
using the physical and mathematical methods of Konstan-
tynov and the EPA. For the VCT-3000 tank, the relative
error between calculations for the middle and southern
climate zones according to Konstantynov’s method rang-
es from 6.9% to 10.6%, and according to the EPA meth-
od - from 8.5% to 12.0%, depending on the filling level.
For the VCT-2000 tank, the relative error between calcu-
lations for the middle and southern climate zones accord-
ing to Konstantynov method ranges from 5.9% to 9.3%,
and according to the EPA method - from 6.9% to 10.5%,
depending on the filling level. At the same time, for the
VCT-1000 tank, the corresponding errors range from 6.9
to 10.6% and 8.5 to 12%. This indicates the high sensitivi-
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ty of these methods to temperature factors that affect the
intensity of evaporation. However, within the regulatory
methodology in accordance with Resolution of the Cab-
inet of Ministers of Ukraine No. 686 (2020), the discrep-
ancy between climate zones for all tanks is statistically
insignificant - the relative error is approximately 0.26%,
which indicates the actual indifference of the regulatory
approach to the influence of climatic parameters. How-
ever, such a generalised assessment does not reflect the
actual operating conditions of tanks in different regions
and may lead to significant deviations from actual VOC
losses. The results of comparative calculations of petro-
leum product losses, characterised by different saturated
vapour pressure values according to Reid, are presented in
the relevant tables. Table 8 shows the results of the study
for the average storage zone.
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Table 8. Results of research into the effect of saturated petroleum product
vapour pressure on evaporation losses during storage (middle zone)

Pressure of Losses of petroleum products from Losses of petroleum products from Losses of petroleum products from

saturated the tank VCT-1000, kg the tank VCT-2000, kg the tank VCT-3000, kg

petrol Standard Methodology Standard Methodology Standard Methodology

vapours methodology  of Konstantynov  methodology  of Konstantynov  methodology  of Konstantynov

according to Filling level, m

Reid, Pa 1 8 1 8 1 10 1 10 1 10 1 10
50,000 12,160 | 3,415 20,394 | 4,664 28,695 | 6,495
60,000 14,461 | 4,102 24,211 | 5,590 34,021 | 7,759
70,000 304 2,432 16,795 | 4,823 495 4,935 28,036 | 6,549 766 7,658 39,307 | 9,048
80,000 19,168 | 5,586 31,870 | 7,548 44,548 | 10,369

Source: developed by the authors based on calculations

Analysing the data in Table 8, it should be noted that,
according to Konstantynov’s methodology, there is a clear
dependence of the amount of petroleum product losses on
the pressure of saturated petrol vapours: as the pressure
increases, the losses increase significantly. In particular,
when the saturated vapour pressure increases from 50 to
80 kPa, the calculated losses increase: for the VCT-1000
tank (H , =1 m) - from 12,160 kg to 19,168 kg, which is
+57.6%, for the VCT-2000 tank (H,, =1 m) - from 20,394 kg
to 31,870 kg (+56.3%), for the VCT-3000 tank (H,, =1 m) —
from 28,695 kg to 44,548 kg (+55.3%). For all tank volumes
and minimum fill level conditions, there is a steady in-
crease in losses within the range of 55-58% when moving
from the minimum to the maximum pressure considered.
Analysis of the results for the maximum filling level (H__)
of the tanks also demonstrates a clear dependence of the
amount of petroleum product losses on the saturated va-

pour pressure according to Konstantinov’s method. With

an increase in saturated vapour pressure from 50 kPa to
80 kPa, losses increase in all types of tanks: for the VCT-
1000 tank from 3,415 kg to 5,586 kg, which is +63.6%, for
the VCT-2000 tank, from 4,664 kg to 7,548 kg (+61.8%) for
the VCT-3000 tank, from 6,495 kg to 10,369 kg (+59.6%).
Thus, at maximum filling level, the increase in losses when
the saturated vapour pressure of petrol increases by 30 kPa
ranges from 59% to 64%, which is slightly higher than in
the case of minimum filling level. This indicates the sta-
ble nature of the effect of saturated vapour pressure on the
intensity of evaporation, even with a reduced volume of
the vapour-gas phase. The standard method demonstrates
complete insensitivity to this parameter: the loss values
remain constant for each level of petroleum product filling,
regardless of changes in saturated vapour pressure. Table
9 shows the results of a study of the effect of saturated
vapour pressure according to Reid on petroleum product
losses for the southern storage zone.

Table 9. Results of research into the effect of saturated petroleum product
vapour pressure on evaporation losses during storage (southern zone)

Losses of petroleum products from

Pressure of the tank Losses of petroleum products from Losses of petroleum products from
saturated VCT-1000, kg the tank VCT-2000, kg the tank VCT-3000, kg
petrol Standard Methodology of Standard Methodology of Standard Methodology of
aczgﬁ:?il:s to methodology Konstantynov methodology Konstantynov methodology Konstantynov
Reid, Pga Filling level, m
8 1 8 1 10 1 10 1 10 1 10
50,000 13,801 | 4,127 22,844 | 5,628 32,094 | 7,815
60,000 16,531 5,030 27,219 6,820 38,092 9,407
2,444 4 4 77 7,
70,000 306 ’ 19,343 | 6,014 o5 960 31,626 | 8,093 0 699 44,030 | 11,066
80,000 22,260 | 7,110 36,076 | 9,477 49,899 | 12,815

Source: developed by the authors based on calculations

Analysis of the results obtained using Konstantynov’s
method for the minimum tank filling level (H ) in the
southern climate zone also demonstrates an increase in pe-
troleum product losses with an increase in saturated petrol
vapour pressure for the VCT-1000 tank from 13,801 kg (at
50 kPa) to 22,260 kg (at 80 kPa), which is +61.3%, for the
VCT-2000 tank from 22,844 kg to 36,076 kg (+57.9%), for
the VCT-3000 tank from 32,094 kg to 49,899 kg (+55.5%).
In all cases, there is an increase in losses within the range
of 55-61%, which is consistent with the results obtained
for the average climate zone. For the maximum filling level
(H_ ), there is also a significant increase in losses, namely

max:

for the VCT-1000 from 4,127 kg to 7,110 kg, which is +72.2%,
for VCT-2000 from 5,628 kg to 9,477 kg (+68.3%), for VCT-
3000 from 7,815 kg to 12,815 kg (+64.0%). The increase in
losses at maximum filling levels ranges from 64% to 72%,
which is due to the influence of higher temperatures in the
southern climate zone, which contribute to more intense
evaporation. As in the previous case (Table 7), the stand-
ard methodology remains insensitive to changes in sat-
urated vapour pressure, demonstrating fixed loss values
regardless of the physical and chemical characteristics of
the fuel. As shown in Tables 8 and 9, a change in the satu-
rated vapour pressure of petroleum products according to
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Reid from 50 to 80 kPa causes an increase in the calculated
values of petroleum product losses from small breaths by
approximately 1.6 times for all tanks studied.

Discussion

Continuous updating and revision of the document is a
necessary and systematic process aimed at ensuring its sci-
entific validity, technical relevance, and compliance with
current environmental requirements, as noted by G. Xing et
al. (2023). The EPA regularly reviews the document, taking
into account both scientific advances and practical chang-
es (AP-42 Chapter 7..., 2024). In particular, updates are
prompted by the emergence of new experimental data, re-
finement of the physicochemical properties of liquids, de-
velopment of evaporation models, and the need to consider
factors such as temperature, solar radiation, and air flows.
An additional reason is the introduction of modern storage
technologies: the modernisation of tanks, the improve-
ment of seals, the use of inert gases and vapour recovery
systems require a review of emission factors. Changes in
climatic conditions also play an important role, in particu-
lar the rise in average temperatures and the emergence of
extreme weather events that alter evaporation dynamics.
The EPA also continuously verifies the accuracy of method-
ologies, updates calculation factors and adapts approaches
to modern monitoring tools. Finally, an important source
of change is feedback from users: industrialists, scientists,
environmentalists and the public, which contributes to the
openness and relevance of the document.

The study by H. Yang et al. (2024) provided important
empirical data on VOC emissions from tanks with internal
floating roofs, allowing for a deeper understanding of the
main factors affecting petroleum product losses through
evaporation. The authors pointed to the significant influ-
ence of parameters such as temperature, wind speed, tank
design and sealing quality, confirming the need to take
these factors into account when developing loss calcula-
tion methods. In particular, the use of secondary sealing
and pontoons significantly reduces VOC emissions, indi-
cating the advisability of introducing more detailed and
comprehensive correction factors into the calculation
models. In addition, the identified negative correlation
between the height of the liquid in the tank and the inten-
sity of emissions emphasises the need to take into account
variable operating conditions, which are often ignored in
traditional methods. The use of infrared imaging as a tool
for rapid and accurate detection of leak sources demon-
strates the promise of implementing the latest techno-
logical monitoring tools to improve the accuracy of loss
estimates. Overall, the results of the study indicate the
need to revise existing approaches to calculating petrole-
um product losses, taking into account multifactorial in-
fluences, which will improve the accuracy of forecasts and
enable the development of effective measures to minimise
environmental and economic losses.

[.M. Babi¢ (2023) investigated methods for reducing
evaporation losses in oil and petroleum product storage
tanks using the example of a warehouse in PoZega (Serbia).

Prospecting and Development of Oil and Gas Fields, 2025, Vol. 25, No. 2

The paper analyses the impact of tank design features and
operating conditions on evaporation levels and proposes
measures to optimise storage in order to minimise VOC
losses. The results of the study highlight the importance
of applying technological and organisational measures
to reduce the environmental and economic impact of
evaporation losses from tanks. The article by X. Kong et
al. (2025) is devoted to the numerical modelling of evapo-
ration and oil vapour emission processes during the load-
ing of oil into railway tankers using the Volume of Fluid
method. The study covers a wide range of aspects, includ-
ing the impact of ambient temperature, wind speed, tank
geometry and fill level on VOC emissions. The modelling
was carried out taking into account various scenarios, al-
lowing the effectiveness of different emission reduction
measures to be assessed.

The results of a study by M.R. Raazi Tabari et al. (2020)
confirmed the importance of considering ambient temper-
ature, wind speed, and tank design features when assessing
VOC losses. The authors found that the highest emission
rateswere observed in the summer, particularlyin July,when
air temperature and wind speed reached their maximum
values, indicating a significant influence of meteorological
factors on evaporation intensity. In addition, a comparison
of tanks with external and internal floating roofs showed
that the former account for more than 98% of total VOC
emissions, while the latter account for only 2%, demonstrat-
ing the significant role of tank design in determining losses.

C. Wu et al. (2022) combined numerical modelling and
aerodynamic experiments to study the spread of oil va-
pours after spillage from tanks, focusing on the relation-
ship between the evaporation of petroleum products from
tanks and the level of fire safety. The authors showed that
under certain conditions — in particular, high fire barriers,
windward position of tanks and multiple spill sources — va-
pour concentrations can reach or exceed the lower explo-
sive limit. Thus, the paper demonstrates for the first time
the practical relationship between evaporation intensity
and explosion risk, which is important for the development
of effective fire safety measures in tank farms.

Another issue was investigated by M. Farzaneh-Gord et
al. (2011), who analysed how the absorption capacity of the
paint coating of crude oil storage tanks affects their tem-
perature and, accordingly, losses in tropical climates. It
turned out that when the absorption coefficient increases
to 90%, annual losses increase to 200%. Similar conclusions
were obtained in the publication by N.V. Liuta et al. (2020),
which studied this problem in Ukraine. According to their
data, if the solar radiation absorption coefficient of a res-
ervoir increases from 0.3 to 0.9, this leads to an increase
in petroleum product losses by approximately 40%. Thus,
the results of independent studies conducted in different
climatic zones indicate the need and expediency of taking
into account the geographical location of reservoirs when
determining the volume of losses during storage.

In their study, S.V. Boichenko & N.H. Kalmyko-
va (2020) conducted a systematic cause-and-effect anal-
ysis of the process of petrol evaporation from horizontal
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tanks using an Ishikawa diagram, which makes it possible
to clearly identify the factors causing losses. The authors
draw attention to the significant influence of the physical
and chemical characteristics of fuel (volatility, saturated
vapour pressure), ambient temperature, tank design fea-
tures and operating modes on the intensity of evaporation.
It has been established that the main causes include tech-
nological “breathing” losses during filling and emptying,
losses due to the capillary effect in the gaps of the seals,
as well as insufficient sealing and organisational short-
comings in product accounting. In addition, the economic
(reduced fuel quality, shorter engine life), environmental
(pollution of the atmosphere with toxic hydrocarbons) and
technical consequences of such losses were assessed. The
authors consider a combined approach to be the most ef-
fective measure: the introduction of both methods for ac-
curate leak accounting (quantitative determination of loss-
es) and organisational and technical measures for sealing
and monitoring the condition of tanks. Thus, the results
of S.V. Boichenko & N.H. Kalmykova (2020) emphasise the
expediency of updating the methods for calculating petro-
leum product losses due to the need to integrate a mul-
tifactorial approach that includes the design, operational,
and chemical-physical properties of fuel.

One of the compelling arguments in favour of improv-
ing calculation approaches for determining petroleum
product losses is the work of A. Ahmed Alwaise et al. (2023),
which analyses the impact of the physical properties of pe-
troleum products on the volume of losses in vertical tanks.
The authors focused on the specific gravity and volatility of
products such as kerosene and gas oil, investigating chang-
es in losses when the density (0.750-0.820 t/m®) of samples
in a volume of 1,000 m3 varied. It was found that losses can
fluctuate up to 5 m* per 1,000 m® when physical properties
change. In view of this, the researchers recommend peri-
odically checking the physical and chemical parameters
of products to update the methods for calculating losses,
which will reduce the discrepancies between theoretical
estimates and actual values. In the context of improving
existing methods, this study highlights the need to intro-
duce correction factors or update input parameters in ac-
cordance with the actual properties of petroleum products,
which will avoid systematic errors in loss calculations.

In developing the topic of the impact of operating
parameters on petroleum product losses, it is also worth
paying attention to the work of S. Andalucia (2023), which
conducted multi-variant calculations of petroleum prod-
uct losses from evaporation in two fixed-roof tanks at the
SA Field PT X Prabumulih facility. The author analyses
the impact of parameters such as petroleum product tem-
perature, ambient temperature and gas space volume in
the tank, establishing that an increase in free space di-
rectly correlates with an increase in oil evaporation. The
economic consequences of these losses are also assessed:
large volumes of losses lead to significant financial losses
for the enterprise. Thus, the results of these studies also
confirm the need and expediency of revising the current
regulatory methodology, taking into account a complex

of factors that actually influence the evaporation process.
N. Kapilan et al. (2025) investigated the loss of petroleum
products through evaporation from tanks under labora-
tory conditions, simulating different evaporation surface
areas and petroleum product temperatures. The results
confirmed that petroleum product losses increase with
time, surface area and temperature.

Scientific research and practical experience in calcu-
lating petroleum product losses during storage in vertical
tanks indicate an objective need for a systematic update
of current regulatory approaches. The summary shows that
the accuracy of loss assessment significantly depends on
taking into account a wide range of factors: temperature
regime, wind speed, saturated vapour pressure, gas space
volume, tank design characteristics, sealing efficiency, etc.
Ignoring these parameters in simplified regulatory meth-
ods leads to significant discrepancies with the results of
physical and mathematical models and experimental ob-
servations. Particular attention should be paid to the in-
troduction of correction factors, regular updating of input
parameters in accordance with actual operating conditions,
and the use of modern monitoring tools. In addition, the
results of the analysis confirm the advisability of harmo-
nising the regulatory framework with international stand-
ards. This will ensure high accuracy of calculations, com-
pliance with environmental requirements, and increase
the efficiency of VOC loss management. In this context, the
development of an integrated methodology that combines
scientific validity, adaptability to real operating conditions,
and compliance with modern international approaches is
particularly relevant.

Conclusions

In summary, a systematic review of the current regulato-
ry framework in Ukraine regarding the accounting of pe-
troleum product losses during storage in vertical tanks is
required. The analysis revealed a number of limitations in
the current Ukrainian regulatory framework. This method-
ology does not take into account a number of important
factors, including the design features of tanks, climatic
conditions, the properties of stored products, the degree of
tank filling, the level of sealing, etc. A comparative analy-
sis of the results obtained using different methodologies
revealed significant discrepancies. Calculations showed
that physical and mathematical methods (Konstantynov
and EPA) are highly dependent on climatic conditions:
for VCT-1000, VCT-2000 and VCT-3000 tanks, the relative
error between the northern and southern climatic zones
ranges from 5.9% to 12%. In contrast, the standard method
practically does not take climatic differences into account
(error of about 0.26%), which can lead to inaccuracies in
the assessment of VOC losses in different regions.

A comparative analysis of the results obtained using
different methods revealed significant discrepancies. In
particular, two methods (EPA and Konstantynov), which
are based on the physical and chemical principles of lig-
uid evaporation and take into account variable param-
eters (gas space volume, temperature, saturated vapour
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pressure), show a decrease in losses with an increase in the
tank filling level. In contrast, the standard method uses a
simplified relationship, where losses are proportional to
the volume of petroleum products stored, which leads to
the opposite trend - an increase in losses with an increase
in the filling level. It has also been established that an in-
crease in the saturated vapour pressure of petroleum prod-
ucts from 50 to 80 kPa increases the calculated losses by

determining and standardising petroleum product losses
during storage in tanks.
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Mpo HeobXipgHICTb i AOLUINBbHICTD Nepernany Ta yA,0CKOHANEHHS
MEeTOAUKM PO3PaxyHKYy BTpAaT HAadTONPOAYKTIB Bi, BUNApPOBYBaHHSA
3a pe3y/bTaTaMU PO3PaAXyHKOBO-MOPIBHANIbHOIO aHasnisy
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AHoTaL,if. MeToo po60Ty 6yJ10 TpoaHatisyBaTi HOpMaTUBHY 6a3y 06/1iKy BTpaT HahTONMPOAYKTIB B YKpaini. 3aiiicHeHo
KOMITApaTUBHMIT i eMIIipMUHMIT aHaji3 TPbOX METOAMK BM3HAUEHHSI BTpPAT Ha(TONPOAYKTIB Bif BUIAPOBYBaHHSI.
BukoHaHO pPO3paxyHKM BTPAT OEH3MHY BiJ «<MaJIMX AUXaHb» Y BePTUKAJIbHUX CTaleBUX pe3epByapax HOMiHaJbHUM
06’emom 1 000, 2 000 Ta 3 000 M® y pisHMX KTiIMAaTUYHUX 30HaX YKpainu. [IpoBefeHO OI[iHKY BIUIMBY PiBHS 3aTIOBHEHHSI
pesepByapa Ta TUCKY Hac/UeHUX ITapiB Ha BTpaTu. IIopiBHSAIbHMII aHai3 BUSIBUB, 1110 MeToAuky EPA Ta KoHcTaHTMHOBA
JIeMOHCTPYIOTh (Di3MUHO OOIPYHTOBAHE 3MEeHILIEeHHs BTPAT NPy MigBUIIeHHI PiBHS HAINUBY, & TAKOX BMUCOKY UyTIUBICTh
[0 KiIiMaTMuHuX yMOB. Iy pesepByapa PBC-3000 BigHOCHA moxubKa MiXX po3paxyHKaMu AJIsl CepeHbOi Ta MiBAeHHOI
KJIIMaTUYHMX 30H 38 METOAMKOI0 KOHCTaHTMHOBA CTaHOBUTD 6,9-10,6 %, a 3a meTomukow EPA — 8,5-12,0 %. Ins PBC-
2000 11i TOKasHUKM CTAHOBJSATD 5,9-9,3 % (KoHcTaHTMHOBA) Ta 6,9-10,5 % (EPA), a ayis PBC-1000 - 6,9-10,6 % i 8,5-
12 % BignosigHO. HaTOMiCTh pO3paxyHKM 3a HOPMAaTMBHOIO METOAMKOIO ITOKa3aly MIPaKTUYHO HYJIbOBY UYTIAUBICTb 1O
KJIiMaTUYHOI 30HU (BiZHOCHA moxu6bka ~0,26 %), 10 CylepeunTh peaibHMM YMOBaM eKCIuTyaTaliii i Mpu3BOLUTH J0
MOTEHIiIfHO 3HAUYHMX TTOXMOOK B OLiHIIi BTPAT JIETKUX OPTaHIYHMX CIONMYK. Lle CBiAUMTh MPO HEOOXimHICTh Mepersay
YMHHUX YKPaiHCbKMX HOPM 3 YypaxyBaHHSIM Cyv4acHMX (i3MKO-XiMiYHMX Mofeseil BMUIIapOBYBaHHS. [I0ZaTKOBO
MPOaHali30BaHO BIUIMB TUCKY HACMUEHMX MTapiB HaQTONMpoayKTy 3a PeiiioM Ha BeIMUMHY BTpaT. Pe3yabTaTy pO3paxyHKiB
IJISI cepeqHbOoi Ta MiBAEHHOI KJIiMaTUMYHMX 30H IOKa3aly, 0 3POCTAHHSI TUCKY HacudyeHMx mapiB Big 50 kIla mo 80
KIla cripyumHsie 3611blIeHHS BTPAT NPMUOAM3HO B 1,6 pas3u AJis BCiX JOCTiAKYBaHUX TUIIIB pe3epByapiB. Lle minTBepaskye
BUCOKY UYTIMBICTh Bi3MKO-MaTeMaTUUHMUX MeTOAMK H0 (i3MKO-XiMiUHMX BaacTUBOCTel HAdTOMPOAYKTIB, Ha BigMiHy
BiJi HOpDMaTMBHOTO MiJXOLy, SIKMI1 He BpaxoBye lieil mapameTp. OTpumMaHi pe3yibTaT¥ MOKYTb OYTM BUKOPUCTaHi s
PO3pO6KM amanToBaHOi KOMOGIHOBAaHOI METOOMKM, IO TOEMHYE TOYHICTh MiKHAPOJHUX CTAHIAPTIB i3 MPOCTOTOIO
HOPMAaTMBHOI'O 06Ky

Knro4oBi cnoBa: Gensun; maii AMXaHHS; TUCK HACMUEHMX TapiB; KIIMaTU4HIi 30HU; pesepByapyu; HOPMAaTUBHUIA
IOKyMeHT
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Abstract. Oil production enterprises in Ukraine mainly use traditional balance drives, which have proven their
reliability over many years of operation. New drive schemes, in terms of efficiency, require a comparative assessment
of their characteristics with balance drives. For the purpose of comparative analysis and calculation of the kinematic
parameters of the crank-pulley drive, which was operated at the Oil and Gas Production Department Okhtyrkanaftogaz
of the Public Joint Stock Company Ukrnafta from 1993 to 2021, the paper presents the development of its mathematical
model. For this purpose, geometric dependencies were used to calculate the length of the rope, which acts as a flexible link,
and, accordingly, the displacement of the rod suspension. By differentiating the displacement graph, the corresponding
kinematic characteristics were obtained - velocities and accelerations, which are components for calculating the
moment of resistance forces reduced to the crank of the executive mechanism. The coefficients of mean square deviation
calculated for traditional sucker-rod pumping units and crank-pulley drives allowed a comparative assessment of their
balancing quality. Their characteristics were compared based on the load of the executive mechanism using a typical
static dynamogram, since the accepted rotation speed of the crankshaft of sucker-rod pumping unit is less than 8 rpm.
It was determined that the root mean square deviation of the torque of the crank-pulley drive was 9.47 kNxm, which is
33.6% less than that of a traditional balancing drive. Using a developed mathematical model, which employs the vector
contour method, a system of linear equations was obtained to determine the dependence of the rotation angle ¢, of the
lower crossbar, to which the rope is attached, and the rotation angle ¢, of the movable pulley on the rotation angle ¢, of

Suggested Citation: Kharun, V., Popovych, V., Petryk, I., & Odosii, Z. (2025). Kinematic analysis of the characteristics of a crank-pulley
rocking machine. Prospecting and Development of Oil and Gas Fields, 25(2), 36-47. doi: 10.63341/pdogf/2.2025.36.

*Corresponding author

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


https://orcid.org/0000-0003-1422-6003
https://orcid.org/0000-0003-2438-8532
https://orcid.org/0000-0003-0863-5476
https://orcid.org/0000-0003-0914-2489

Kharun et al.

the crank. It has been established that the movable pulley changes its direction of movement twice per revolution of the
crank of the executive mechanism, which may be the cause of accelerated wear of the drive rope

Keywords: root mean square deviation; downhole rod pump unit; mathematical model; pump drive; reduced torque

Introduction

During 1993-2021, the Oil and Gas Production Department
(OGPD) Okhtyrkanaftogaz of the Public Joint Stock Com-
pany (PJSC) Ukrnafta operated sucker-rod pumping units
with a crank-pulley drive, which were later decommis-
sioned due to the complexity of their maintenance. Most
commonly, these sucker-rod pumping units are designed
with a double-arm balancer. There are many types of exec-
utive mechanisms based on this design, which differ in the
length of the front and rear arms (beams) of the balancer
and other geometric dimensions. Despite the long period
of use of such drives, researchers are working on improving
their design methods.

J. Wang et al. (2025) proposed a new design scheme for
the executive mechanism of a double-arm balancing drive
by sequentially optimising both their kinematic and dy-
namic characteristics. The effectiveness of the new design
was compared by calculating the root mean square value
of the torque. Researchers J. Xu et al. (2022) improved the
method of balancing a downhole rod pumping unit (DRPU)
equipped with a double-arm balancer drive. The modified
design of the executive mechanism, due to the placement
of secondary balancing counterweights rotating at double
angular velocity, made it possible to avoid changing the
sign of the crank torque, which reduced the energy con-
sumption of the drive electric motor.

ZW. Gao & S. Jia (2024) conducted a review of meth-
ods for modelling and controlling balance drives and their
mathematical models. It was determined that comparisons
of the effectiveness of different methods should be based
on comparisons with a reference mathematical model. Sci-
entists A. Malyar & S. Cieslik (2023) developed mathemat-
ical models of a balance drive to calculate the process of
changing the capacity of cosine capacitors to compensate
for reactive power in the starting and steady states of an
electric drive of DRPU. As a result, the change in the sign
of the crankshaft torque was compensated by adjusting the
capacitance of the capacitors.

In the publication by A.M. Aliyev & S.Y. Aliyeva (2023),
the mathematical model of the DRPU was expanded in
terms of modelling the processes of downhole equipment,
in particular the stress-strain state of the valve assembly of
a well pump. The influence of friction forces on the defor-
mation and destruction of rods was determined, taking into
account the kinematics of the rod string. The geometry of
the DRPU drive usually includes several of the most com-
mon types of drives (sucker-rod pumping units) such as:
traditional double-arm or single-arm balance drives with
counterweights placed on cranks, called sucker-rod pump-
ing units, long-stroke drives, which are used for significant
lengths of well pump stroke (GE Oil & Gas, n.d.).

The situation is no different in Ukrainian fields. Ac-
cording to research by V.V. Savchuk (2016), ten oil fields

were developed at the Dolyna Naftogaz Oil and Gas Pro-
duction Company with an operational fund of 392 pro-
duction wells, with an average depth of 2,700 metres. All
major fields are in the late stages of development, which is
characterised by high water cut — over 86%. More than 70%
of wells are operated using balance drives. For wells with
high oil flow rates, the use of non-balancing long-stroke
DRPU drives (Weatherford, n.d.) is proposed, the design of
whose executive mechanisms differs from that of balancing
drives. In addition, the search for a replacement for the bal-
ancing drive with other executive mechanism schemes, for
example, through the use of a hydraulic drive, continues.
To determine the technical condition of DRPU equipment,
the most common method remains the dynamographic
method, which is constantly being improved. Based on this
method, models are being developed for diagnostics, taking
into account the actual dynamic level of fluid in the well in
order to determine the energy of the oil and gas reservoir
for selecting the necessary operating modes of sucker-rod
pumping units (Zhang et al., 2021).

Analysis of scientific research allows to conclude that
analytical calculations according to the developed mathe-
matical models of traditional balance drives can be used as
a basis for comparing the kinematic and dynamic charac-
teristics of other drive schemes. Given the originality of the
design of the crank-pulley drive executive mechanism and
the absence of publications by Ukrainian researchers that
theoretically confirm the advantages or highlight the dis-
advantages of such a drive scheme for DRPU, the purpose
of this study was to calculate the kinematic parameters of
the developed mathematical model for comparative evalu-
ation with similar balance drives.

Materials and Methods

The structural diagram of the unbalanced crank-pulley
drive of a well rod pump (DPCP) is shown in Figure 1. The
DPCP operates as follows. Crank 1 rotates at an angular
velocity w, around the standpipe O and drives the tension
pulley 2, which is covered by rope 3 thrown over the guide
pulley 4. At point E, the rope is attached to the rod suspen-
sion 5, and at O, to a fixed link. Crank 1 has an L-shape, with
a guide pulley hinged to one end, at A, and crank counter-
weights located at the other end, deflected by an angle a,
at point B. When the crank rotates around the stand O, it
pushes the tension pulley 2, which begins to move the rope
3, simultaneously rotating at an angular velocity w,. The
movement of the rope is transmitted to the guide pulley 4,
which rotates around the stand O, at an angular velocity w,,
changing the direction of the rope’s movement to vertical
and, thus, the rod suspension E together with the rod string
performs a translational movement, which is transmitted
to the plunger of the deep well pump 7, which is located

Prospecting and Development of Oil and Gas Fields, 2025, Vol. 25, No. 2

&)



Kinematic analysis of the characteristics...

in the pump-compressor pipe string 8. The weight of the
rod string and the liquid above the plunger of the deep well
pump is balanced by counterweights 9 located on the crank.
During the operation of the rocker machine, the plunger 7
of the deep pump performs a reciprocating motion, mov-
ing from the extreme lower to the extreme upper position.
The stroke of the plunger h is defined as the difference in
the displacement of the rod suspension between its two
extreme positions, which are defined by E, and E’ (Fig. 2).

@3

3

6\
N
8 %

Figure 1. Structural diagram of DPCP

Note: 0 - fixed link (frame to which other moving links are
attached); 1 — crank; 2 — tension (moving) pulley; 3 — rope; 4 —
guide pulley; 5 — rod suspension; 6 — rod string; 7 — deep well
pump plunger; 8 — tubing string (TS); 9 — crank counterweights
Source: developed by the authors based on Osnastka
NPP (2001)

Y
i
%

Figure 2. Extreme positions
of the DPCP executive mechanism

Source: developed by the authors based on Osnastka
NPP (2001)

The dimensions of the links are selected in such a way
that between the extreme positions of the crank, which are
determined by the lengths of segments OA and OA’, an an-
gle of misalignment Q is formed, which allows the average
speed of the rod suspension to be redistributed — reducing
its value for the working stroke (upward movement of the
rod suspension). This angle is calculated using the formula:
ky—1

6= 180x 7, (1)
where k - crank average speed variation coefficient.
ky =22 )

v vy’
where V, , V, - average speed of the rod suspension for its
upward and downward movement. To compare the capabil-
ities of this drive with traditional sucker-rod pumping unit,
a mathematical model was created (Fig. 3), which was used
to calculate the kinematic characteristics. For ease of read-
ing the diagram, the part of the crank with counterweights

is not shown.
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Figure 3. Calculation scheme of the executive mechanism
Source: developed by the authors

The displacement of the rod suspension h is calculated
as the difference in rope length between its lower and up-
per extreme positions (E):

S=1-1, 3)
where [, I, - the, rope length in the arbitrary and initial
(extreme) position of the crank:

,=0,B+BC+CD+DK+KE, 4

where O,B - the length of the rope between the standpipe
and point B where the rope contacts the movable pulley.

0,B = \/0,A* — AB?, (5)

where AB=r,, - the radius of the moving pulley. The length
of the rope between A and B at the point where it attaches
to the pulley is variable and depends on the position of the
crank OA:
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0,4=(Xp + X, )2+ (Y + Y, )2, (6)

where X, Y, - the projection of coordinate O on axes X and
Y; X, =rkr = cos(p,) - the projection of crank length r, on
axis X; Y, =r, xsin(¢p,) - the projection of crank length r,,
on axis Y; ¢, - the crank rotation angle, calculated relative
to the positive direction of axis X. Length of rope covering
the movable pulley on the arc BC:

BC=r, *a,, (7
where a, — the angle of rope coverage of the movable pulley.

ay=sxm—z—1, ®)

o —1(0BY. ., _ . —1(0,4%+0,4%-0,03
where & = tan™" (22); = cos~! (S4E2L2000) here
0,0, = /X + Y& The length of the rope between points
DCis equal to the length:
A= (Yo1 - Y4)2+ (Xo + X, )2. €

Length of rope covering the guide pulley:

DK=(1-6) x, (10)

hk1?

where r - the radius of the fixed pulley. The length of
the rope in the initial position is calculated according to
Figure 2, when point A of the crank is in such a position
that the length of the rope [, is minimal. By performing nu-
merical differentiation of this graph, the dependence of the
rod suspension speed is obtained, which is a component for
calculating the reduced moment acting on the crankshaft.
However, a special feature of this executive mechanism is
that the DPCP drive contains a movable pulley 2, which
changes the direction of its rotation several times during
one revolution of the crankshaft, so this must be taken
into account when constructing a mathematical model. To
determine the dependence of the angular velocity of the
movable pulley on the angle of rotation of the crank 1, the
vector contour method was used, the calculation scheme of
which is shown in Figure 4.

Y

Xz 0 ﬂ; B
Vo2

£
0y

Figure 4. Vector contour for determining
the kinematic parameters of a moving pulley

Source: developed by the authors

Equation of a vector contour:

IOA=XOZ+YOZ+IOZB+IAB' (11)

Projections on the axis to determine the unknowns
@, - the angle of rotation of the moving pulley and ¢, - the
angle of rotation of the rope:

{lo,q X €0s @1 = =Xy, + lyyp X €OS @3 + lyp X cOS @,
loa X sin@, = =Yg, +lpyp X sin s + g X sin @, . (12)

Solving the system of equations (12) allows obtaining
the dependence of the angle of rotation ¢, of the lower
crossbar to which the rope is attached at O, and the angle of
rotation ¢, of the movable pulley. Differentiating equation
(12) with respect to time t, the expressions for determining
the angular velocities w, and w, are found:

{—IOA Xsin@q X w1= —lpypX sin P3X w3— lpX sin ¢, X w,
loaX cos@ X w1 =lpyp XCOS Q3 X W3 +lyp XCOS Py X W, .(13)

The power of the drive motor depends on the shape of
the torque curve acting on the drive crankshaft. Therefore,
the next task was to determine the reduced torque acting
on the crankshaft, taking into account the placement of
crankshaft counterweights on it, which is determined ac-
cording to the equation:

M, (¢))=MJ@)+M,(¢)+M, (o)),

where M (¢,) - the moment reduced to a crank from the
force of useful resistance acting at the point of suspension
of the rods; M, (¢,) — the moment created by the mass of
the crank; M (¢,) - the moment created by the masses of
crank counterweights.

(14)

v, 1
M2, (p) = Fyp X w—El X cos a; + (Gshk +5 % Gkr) X

X lpg X €08 1 + Gppy X Ly X cos(pq — @), (15)
where F, - the force of useful resistance acting on the bar
suspension; V, — the speed of the point of application of
the force of useful resistance; w, - the angular velocity of
the crank; a, - the angle between the direction F,  and ve-
locity V,; G,,, - the pulley weight; G, - the crank weight;

shk
G,,, — the weight of counterweights; [ - the distance to

spr
the centre of mass of the counterweights; a — the angle be-
tween crankshaft beams. The components of the combined

moment of resistance forces are shown in Figure 5.

Ly
07

Figure 5. Components of the combined moment
of resistance forces

Source: developed by the authors
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In this case, the value of the useful resistance force is
calculated taking into account the displacement of the rod
suspension in accordance with the calculation scheme de-
veloped above (Fig. 3) for the upward (16) and downward
(17) movement of the rod suspension:

S
{Fko = (Fmin+ (Fnax — Finin) Xf)XSE <A

Fro = Fnax X A1 < Sp < H; (16)

H-S,
{Fko = (Fmax — (Bnax = Foin) XTE) XSg=zH—-1,
Fro = Fpin XSg <H —1,, a7
where H - stroke E of the rod suspension. For a dynamic dy-
namogram, thevaluesF, . andF, _are calculated takinginto
account the acceleration of point E of the rod suspension:

{Fr‘rilin = Fpin X ag
Fr(rilin = Fnax X @, (18)
where a, - the acceleration of the rod suspension. The cri-
terion for comparing the efficiency of balancing the DRPU
drives is the coefficient of the root mean square devia-
tion of the torque, which is calculated using the formula
V.R. Kharun et al. (2021):

foanz:;ZXd‘/ﬁ
= ’— Hxm
oM 2XT ’ ’

where M, - the crank-reduced moment of resistance forc-
es; ¢, is the crank rotation angle.

(19)

Results and Discussion

Further on, a comparative analysis of the developed math-
ematical model of the DRPU crank-pulley drive with known
analogues is presented, and its kinematic, dynamic and en-
ergy characteristics are considered in order to evaluate the
efficiency and quality of the drive balancing. The manufac-
turers of the DPCP drive have determined that the unique
geometry of this executive mechanism allows it to consume
1.5 times less electricity compared to a traditional balance
drive (Osnastka NPP, 2001). However, these drives have not
found wide application. The most widely used balancing
drive in the world, the sucker-rod pumping unit, contin-
ues to be used in oil fields, accounting for more than 80%
of oil production. To compare the capabilities of the drive
with traditional sucker-rod pumping units, a mathematical
model was created.

A similar mathematical model of a sucker-rod pump-
ing unit with a crank-pulley drive, in which the crank with
a drive pulley located on it is positioned with a certain
eccentricity relative to another crank on which balancing
counterweights are installed, was developed by researchers
J. Xu et al. (2024). The drive scheme of these authors differs
from the one considered in this article in that the counter-
weights are located on separate cranks, the axis of rotation
of which coincides with the axis of rotation of the cranks
with a movable pulley, but is located at a certain distance.
This made it possible to improve the balance of the drive.
In this mathematical model, the displacement of the rod

suspension is determined by calculating the change in the
length of the rope driven by the movable pulley, similar to
the article presented, but the kinematics of the movable
pulley is not taken into account. The researchers tested the
prototype in the field, which allowed them to conclude that
this design reduced the power of the drive motor by 80%, re-
duced the weight of the drive by 25%, and saved more than
50% of electricity. Thus, the advantage of such drives over
traditional sucker-rod pumping units has been determined.

The mathematical model of the DPCP developed in
this publication made it possible to determine the dis-
placement of the rod suspension according to formula (3),
determining the difference in rope lengths for the upper
and lower positions of the rod suspension, similar to the
model by J. Xu et al. (2024). However, it differs in the rope
direction scheme from the drive (moving) pulley to the
guide pulley, and this model additionally takes into ac-
count the kinematics of the moving pulley. The first kine-
matic characteristic that makes it possible to evaluate the
correctness of the mathematical model is the displacement
of the rod suspension. An example of constructing graphs
of the dependence of the displacement of point E - the rod
suspension - on the angle of rotation of the crank for dif-
ferent stroke lengths is shown in Figure 6.
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Figure 6. Stroke graphs
for different plunger stroke lengths
Note:1-4m;2-3m;3-2.5m
Source: developed by the authors

The graph showing the dependence of the displace-
ment of the suspension point of the rods on the angle of
rotation of the crank is used by researchers to compare the
differences between the proposed models of new executive
mechanisms of DRPU drives and traditional balance drives.
The authors J. Shao et al. (2021) developed an DRPU drive
using a gear rack mechanism to transfer motion to the rod
suspension. To confirm the difference in the movement of
the rod suspension, they constructed a graph of the move-
ment of the rod suspension of their proposed drive, along
with a graph of a traditional sucker-rod pumping unit.

Displacement graphs are used not only to compare
the performance of new drive models, but also to se-
lect the most efficient design for existing balance drives.
B. Wang (2021) proposed an improved DRPU balance drive
scheme with dynamic balancing tracking. The advantag-
es of this scheme, compared to balance drives, were de-
termined using displacement, velocity, and acceleration
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graphs of the rod suspension point. Similarly, in this work,
three displacement graphs of the rod suspension were con-
structed, which made it possible to evaluate the nature of
displacement changes for different stroke lengths.

The developed mathematical model made it possible
to compare the nature of the displacement change of the
rod suspension. For this purpose, a comparison was made
with a traditional balance drive with a rod suspension
stroke of 3 m (Fig. 7). The maximum displacement of the

Sm

rod suspension is 3 m, while for a traditional sucker-rod
pumping unit, the crank rotation angle is 187°, and the
desaxial angle is 7°, while in the DPCP drive, the rotation
angle is 189°, i.e., the desaxial angle is increased to 9°. The
desaxial angle characterises the duration of the working
and idle strokes. Increasing the duration of the working
stroke, during which the maximum load is applied to the
rod suspension, allows for a more even distribution of the
load on the drive.
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Figure 7. Rod suspension movement graphs for a stroke length of 3 m

Note: 1 - traditional balance drive; 2 — drive with DPCP
Source: developed by the authors

The dependence of the speed of the rod suspen-
sion can be obtained by differentiating the displace-
ment, which can be done using analytical methods, as
used by A.M. Aliyev & S.Y. Aliyeva (2023) and ]J. Wang et
al. (2025), or numerical methods (Han et al., 2025).

Vm/s / 2

Figure 8 shows the graphs of the speed of the rod sus-
pension of a traditional balance drive and a crank-pulley
drive, constructed by numerical differentiation of the
displacement graphs, for the same crank rotation speed
of 6.5 rpm.
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Figure 8. Rod suspension speed charts for a stroke length of 3 m

Note: 1 - traditional balance drive; 2 — drive with DPCP
Source: developed by the authors

Comparing speed graphs shows the advantages of new
designs over traditional balance drives. From the analysis
of these graphs (Fig. 8), it can be concluded that for a tradi-
tional sucker-rod pumping unit, the maximum speed value
corresponds to 0.99 m/s for the upward stroke of the rod
suspension and 1.08 m/s for the downward stroke. Accord-
ingly, for a crank-pulley drive, the speed value for upward
movement will be 0.96 m/s, which is close to the traditional
value, but for downward movement it reaches 0.9 m/s. That

is, for the DPCP drive, the difference in speeds for upward
and downward movement will be smaller. Since the power
at the rod suspension point is the product of speed and use-
ful resistance force, the smaller the speed fluctuation, the
lower the power consumption of the drive. Figure 9 shows
the acceleration graphs of the suspension point of the rods
of a traditional balance drive and a DRPU crank-pulley
drive. Acceleration is a component of inertial force, which
can be calculated using formula (18).
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Figure 9. Acceleration graphs for rod suspension for a stroke length of 3 m

Note: 1 - traditional balance drive; 2 — drive with DPCP
Source: developed by the authors

Comparing the graphs, it can be seen that for the
crank-pulley drive, the acceleration value is 20% lower at
the beginning of the rod suspension’s upward movement,
but when the crank rotates by 22°, it actually equals the ac-
celeration of a traditional balance drive. Also, at the end of
the second phase of movement, when the rod suspension
moves down, the acceleration value is also 26% lower than
that of a traditional balance drive, which increases when
the crank rotates from 324° to 360°. The developed math-
ematical model allows calculating the angular velocity of
the moving pulley and the lower crossbar (Fig. 10), to which
arope is attached at point O, (Fig. 3).
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Figure 10. Angular velocities of the moving pulley 1
and the lower crossbar 2

Source: developed by the authors

Analysing the graphs, it can be noted that the angu-
lar velocity of the moving pulley changes the direction
of its rotation twice per crank revolution and reaches 1.3
rad/s. Since the drive pulley is in contact with the rope, the
movement of which is transmitted to the rod suspension,
the change in the direction of movement leads to a similar
change in the direction of the friction force, and this can
cause increased rope wear. In formula (15), the effective
resistance force F, is a mechanical characteristic (dynamo-
gram) that shows how the force acting on the rod suspen-
sion changes depending on the displacement of point E
of the rod suspension. The graph of this force is the ba-
sic component for balancing the sucker-rod pumping unit
(Takacs & Kis, 2021).

In the work of R. Zhang et al. (2021), a study was con-
ducted on the influence of the condition of the downhole
pump on the shape of surface and downhole dynamograms.
It was noted that the shape of the dynamogram depends
on the dynamic level of fluid in the well, the presence of
gas, rod breakage, high or low plunger seating of the deep
well pump, and other conditions of deep well equipment.
F.C. de Oliveira & 0.]. Romero (2024) modelled dynamo-
grams to evaluate the strategy for optimising production
processes in DRPU oil production. These researchers com-
pared dynamograms with a theoretical (static) dynamo-
gram, which does not take into account the dynamic loads
caused by the acceleration and vibration of the links.

A dynamic dynamogram (Fig. 11, curve 2), which takes
into account the acceleration of the rod suspension (18),
has a certain effect on the shape of the torque, as noted
in the studies by G. Takacs & L. Kis (2021), so this must be
taken into account in order to achieve a better balance of
the balance drive. Scientists note that traditionally, most
researchers do not take into account the influence of iner-
tial forces on the torque of the crankshaft. Figure 11 shows
a static dynamogram that was modelled for the design of
a rod string, taking into account the deformation of the
rods and the pump-compressor pipe string when they are
subjected to the load from the weight of the fluid (Fig. 11,
curve 1) according to formulas (16-17) and a dynamic dy-
namogram, using the formula (18).
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Figure 11. Typical dynamograms
Note: 1 - static; 2 — dynamic
Source: developed by the authors
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For both dynamograms, it is possible to identify charac-
teristic sections where the maximum load F,  acts, caused
by the rod suspension perceiving the static load of the rod
string and the fluid above the plunger, and the minimum
load F,, , the main component of which is the weight of the
rod string. During the transfer of load from the pump-com-
pressor pipe column to the rod column, they are deformed
by an amount A, during the upward movement of the rod
suspension and reverse deformed by an amount A, during
its downward movement. Since, according to Figure 9, the
acceleration graphs of the balance and crank-pulley drives
practically coincide in the phase of the rod suspension’s
upward movement, when the maximum load is applied to
the drive, and most authors use a static dynamogram for
kinematic analysis, it was decided to calculate the torque
of the crank shaft using a static dynamogram.

Authors ZW. Gao & S. Jia (2024) conducted a com-
parative analysis of the works of researchers who studied
intelligent methods of controlling DRPU. It is noted that
most of them focused on controlling the drive motor (52%)
and the well fluid pumping system (34%), respectively. The
main works concerned increasing the efficiency of the in-
stallation as a whole (31% of scientific publications) and
reducing the power of the electric motor (28% of works),

M Hm

1x10%

16% on controlling the torque of the electric motor, 12% on
the speed of pumping fluid from the well, and 13% on con-
trolling the speed of rotation of the electric motor shaft.
These findings are confirmed by researchers T.A. Aliev et
al. (2022), who conducted early diagnostics of the technical
condition of the DRPU equipment and controlled the drive
electric motor using frequency converters.

The authors B. Ahmedov et al. (2023) claim that when
switching from a balanced pump unit to an unbalanced
one, the efficiency coefficient (EC) decreases from 83.4% to
65%. Similarly, researchers A. Malyar & M. Malyar (2025)
combined the optimisation of the DRPU, choosing the
torque of the crank and the delivery coefficient of the deep
well pump as the optimisation criteria. Other scientists,
D. Feng et al. (2022), created a parametric model of a bal-
ance drive and optimised it by developing a neural network
in which one of the optimisation factors was the torque
of the crankshaft. Therefore, in the presented DPCP mod-
el, this parameter was selected for the study, the graph of
which was obtained as the result of two torques reduced to
the crank - from the force of useful resistance M,(¢,) and
the moment of crank counterweights M, (¢ ). The graphs
of these moments, which are included in formula (15), cal-
culated for the crank-pulley drive are shown in Figure 12.

@, degree

Figure 12. Moment graphs

Note: 1 - M, (¢);2 - Mw (0);3-M,_, (p)
Source: developed by the authors

As can be seen from the analysis of the graph of the re-
sultingtorque M, (¢ ), when the crank rotates from 0 to 150°,
the torque is positive, from 150° to 205° it is negative, and
from 205° to 360° it is positive again. Thus, the crank-pul-
ley drive scheme cannot avoid a change in the sign of the
torque, which is a negative factor in the operation of the
drive. The same conclusion was reached by B. Ahmedov et
al. (2021), who studied the balancing of the DRPU unbal-
anced drive and noted the presence of a negative part of the
torque, which leads to shocks in the gear transmission of
the reducer, increased wear and tear, and tooth breakage. As
a result, it is impossible to completely eliminate this phe-
nomenon, so efforts should be made to limit the magnitude
of the negative torque by means of high-quality balancing.

The presence of a negative torque component was also
noted by scientists in the work of G. Takacs & L. Kis (2021),
which additionally investigated the influence of inertial
forces and provided recommendations for improving bal-
ance, taking into account the position of the centre of mass
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of the counterweights, which leads to a reduction in both
the negative part and the amplitude of the torque. It was
noted that the traditional method of optimising torque,
which consists of equalising its maximum values for the
upward and downward movement of the suspension rods,
does not ensure minimum power consumption of the drive
motor. It is more expedient to use its root mean square de-
viation, and the smaller it is, the lower the required rated
power of the motor.

Researchers A. Malyar & S. Cieslik (2023) noted that
the negative part of the torque is the cause of the variable
load of the DRPU drive, it is practically impossible to avoid
this part, and it leads to the emergence of reactive power
of the electric motor. The developed methodology made it
possible to compensate for reactive power in the starting
and steady-state modes of the electric drive. Comparative
graphs of the crankshaft torque are presented in Figure 13,
and the values of the root mean square deviation coeffi-
cients are given in Table 1.

(43)
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Figure 13. Graphs of combined moments of DRPU drives

Note: 1 - improved balance drive with a movable pulley; 2 - traditional balance drive; 3 — crank-pulley drive
Source: developed by the authors based on current research and V.R. Kharun et al. (2021)

According to comparative calculations, an improve-
ment in balancing was obtained for the crank-pulley drive
(Table 1), since the root mean square deviation coefficient
decreased by 33.6% compared to the traditional balance

drive. And, therefore, in accordance with the above con-
siderations, this led to an increase in the efficiency of the
entire DRPU. The results of the calculations are summa-
rised in Table 1.

Table 1. Comparison of drive balancing quality assessment

Type of drive DRPU Value o,,, KNxm Reduction of the root mean square deviation coefficient, %
Traditional balance UP12T-3-5500 14.26 -
The UP12T-3-5500-based balancer drive
- ) 10.54 26.1
equipped with a movable pulley
Crank-pulley DPCP 9.47 33.6

Source: developed by the authors based on current research and V.R. Kharun et al. (2021)

It should be noted that although the calculation of the
DPCP balance resulted in graph 3 with different values of
the maximum moment during the upward movement of
the rod suspension (crank rotation angle of 97°) and down-
ward movement (rotation angle of 250°), the quality of its
balancing is better (the root mean square deviation coef-
ficient is 9.47 versus 14.26), which is consistent with the
conclusions of G. Takacs & L. Kis (2021). The analysis of the
root mean square deviation coefficient of the reduced mo-
ment of the crank shaft can be used in the development of
adaptive control algorithms based on artificial intelligence,
which was proposed by the author O. Turchyn (2025) for
automatic regulation of the operating modes of the DRPU.
Thus, the results of modelling and comparative analysis
confirm the feasibility of using a crank-pulley drive, since
the proposed mathematical model allows for an adequate
description of kinematic and dynamic processes, improves
the quality of balancing, reduces torque fluctuations, and
creates the conditions for increasing the energy efficiency
and reliability of the pump unit.

Conclusions

The developed mathematical model and comparative as-
sessment calculations of balancing quality showed that the
speed characteristics of the crank-pulley drive’s executive
mechanism allow it to operate with better performance than
traditional balance drives, since the speed for the downward
stroke of the suspension is 0.9 m/s compared to 1.08 m/s for
a traditional balance drive, which is 20% less. The compar-
ison of the displacement graphs of the rod suspension of a
traditional balance drive and a crank-pulley drive should

be performed relative to the extreme position of the rod
suspension. One of the advantages of the latter is a larg-
er desaxial angle, which has been increased to 9°, allowing
for a reduction in the deviation of the speed and acceler-
ation of the rod suspension point from its average value.

At the beginning of the stroke of the balance drive
rod suspension, the acceleration exceeds the DPCP value
by 20%, but when the crank rotates 22° relative to the ex-
treme position, it evens out and practically coincides with
the acceleration of the DPCP drive. At the end of the down-
ward stroke of the rod suspension, which corresponds to
a crank rotation angle of 324° to 360°, the acceleration of
the balance drive again exceeds the value by 26%. This in-
dicates that the dynamic characteristics of the DPCP drive
are also better. Using a mathematical model, it has been
determined that the operation of this drive is accompanied
by a change in the direction of rotation of the drive pulley,
twice per crank rotation its angular velocity reaches 1.3
rad/s. Accordingly, this negatively affects the durability of
the flexible link — the rope, since the change in the direc-
tion of rotation leads to a change in the sign of the con-
tact stresses at the point of contact between the rope and
the pulley. A comparative analysis of traditional balance
drives and new DRPU executive mechanism schemes can
be carried out using a typical static dynamogram, since
the acceleration graphs of the balance drive rod suspen-
sion and the DPCP drive coincide in the upward movement
phase of the rod suspension when the maximum load is
applied to the drive.

Intelligent control methods for rod pump units aimed at
improving the efficiency of the DRPU oil extraction process
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are mainly focused on controlling the characteristics of the
drive motor — torque and shaft rotation speed. The torque
of the drive motor, through the drive gear ratio, is related to
the torque of the crankshaft, so by comparing the root mean
square torque deviation coefficient, more efficient drives
can be selected. In the study, the root mean square devi-
ation coefficient of the DPCP drive is 9.47 kN/m, which is
33.6% less than in the balance drive, so it can be argued that
the crank-pulley drive has better balancing performance.

The negative value of the crankshaft torque negative-
ly affects the operation of the drive gearboxes and, for a
well-balanced drive, is 12 kNxm and manifests itself at the
end of the rod suspension stroke downwards during the
crankshaft rotation angle from 280° to 360°, while for the
crank-pulley drive it is significantly lower, amounting to 5
kNxm, and manifests itself at the end of the rod suspen-
sion stroke upwards during the crank rotation from 150°
to 205°. Thus, based on the research conducted, it can be
noted that the kinematic characteristics of the DPCP drive
are better compared to traditional balance drives. Consid-
ering the significant service life of these drives, from 1993

to 2021, at the OGPD Okhtyrkanaftogaz PJSC Ukrnafta, it
would be advisable in the future to conduct a technical as-
sessment of the reasons for their problematic operation in
order to further improve the design of unbalanced drives.
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AHoTauig. HadroBumo6ysui mignpuemcTBa B YKpaiHi MepeBakHO BUKOPMUCTOBYIOTb TpamuiiiiiHi GamaHcupHi
TIPMUBOAMY, SIKi BIIPOJOBXK 6araTbox POKiB eKcIlTyaTallii miaTBepauiIn cBolo HafiliHicTh. HOBi cxemMu NMpuBOAiB, 3 TOUKK
30py eeKTMBHOCTI, MOTPEOYIOTh MPOBEeHHS MOPiBHSIbHOI OL[IHKM iX XapaKTepUCTUK 3 6GaTaHCUPHUMMU IPUBOJAMMU.
3 MeTOl0 MOPiBHSVIBHOIO aHaji3y Ta po3paxyHKy KiHeMaTU4YHMX [TapaMeTpiB KPMBOUIMITHO-IIKIBHOTO IIPUBOLY, SIKUIL
ekcrtyatyBaBcs B HadrorazoBugobyBHoMy yripaBiaiHHi «OxTupKkaHadToras» IIybiaiuHOro akijioHepHOTO TOBapuCTBa
«YkpHadTar 3 1993 o 2021 pp., y poboTi HaBeJeHO PO3POOKY i 10ro MaTeMaTUIHOI Mozeti. 1751 1IbOTO BUKOPUCTAHO
reoMeTPUYHi 3aJeXHOCTi, fKi AO03BONMIM pO3paxyBaTU AOBXMUHY KaHaTy, SKMI BUCTYIIAa€ THYYKOIO JIAHKOIO, i
BiMOBiNHO, MepeMmilleHHs WITaHroBoi miaBicku. dudepeHuinooun rpadik nepemilleHHS OTPUMAHO BiIMOBigHI
KiHeMaTu4Hi XapaKTepUCTUKM — UIBUAKOCTI Ta NPUIIBMUILIEHHS, $IKi BUCTYNAIOTh CKJIAQJOBOIO [JJISI PO3PaxyHKy
MOMEHTY CWJI OIOpY, 3BeJeHMX IO KPMBOIIMIIA BMKOHABUYOro MexaHizmy. KoedilieHTr cepelHbOKBaZpaTUUHOTO
BiIXWJIEHHSI, pO3paxoBaHi sl TpaAuLiiiHMX 6alaHCUPHUX BepCTATiB-TOMANIOK Ta KPUMBOIIMUITHO-IIKIBHOTO TPUBOLY,
JO3BOIVJIM TIPOBECTY MOPIBHSIbHY OLIIHKY $IKOCTi iX 3piBHOBa)keHHs. [IOpiBHSHHS iX XapakTepUCTUK IIPOBELEHO 3a
HaBaHTa)X€HHSIM BMKOHABUOI'O MeXaHi3My TMUIIOBOI CTaTMUYHOKI AMHAMOIPaMOIO, OCKiTbKM NpPUIfHATA WIBUAKICTH
06GepTaHHS KPUBOIIUIIA BEPCTATiB-TOMAAIOK € MEHIIOK 32 8 06/XB. BU3HAUEHO, 1[0 CEpeITHbOKBAIPATUYHE BiAXMIEHHS
KPYTHOTO MOMEHTY KPMBOUIMITHO-UIKIBHOTO NPUBOLY cKIano 9,47 kHxM, o Ha 33,6 % MeHIIe, HiX y TpaguLiliHOTO
6alaHCHPHOTO MIPMBOAY. 32 JOTIOMOTOI0 PO3PO06IEHOT MaTeMaTUUHOI MOJIei, y sIKiif BUKOPUCTAHO METOJ, BEKTOPHOTO
KOHTYPY, OTPMMAaHO CUCTEMY JIiHIHUX PiBHSIHB /ISl BUSHAUEHHS 3a/IEKHOCTI KyTa MOBOPOTY ¢, HUKHBOI TpaBepcu,
IO SIKOi KPiMMThCS KaHAT, Ta KyTa MOBOPOTY ¢, PYXOMOTO LIKiBa Bifi KyTa ¢, MOBOPOTY KPUBOLINIIA. BCTAaHOBIIEHO, 1110
PYXOMMI1 IIKiB 3MiHIOE CBiif HAIIPSIMOK PyXY [IBiui 3a ofyH 06epT KPUBOLIMIIA BUKOHABUOTO MeXaHi3My, 1[0 MOXKe 6yTU
NIPUYMHOIO IPUUIBYUAIIEHOTO 3HOCY IPUBIAHOTO KaHATy

KnrouoBi cnoBa: cepefHbOKBagpaTMUHe BigXWIEHHs; CBEpPAJIOBMHHA IITAHIOBA HACOCHA YCTAHOBKA; MaTeMaTUUHa
MOJeJib; TIPUBiJ, HAcoCa; 3BeleHNit MOMEeHT
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Abstract. Drilling deep and ultra-deep wells under high-pressure/high-temperature (HPHT) conditions is a strategic
pathway for expanding Ukraine’s resource base and requires a scientifically grounded approach to selecting optimal
drilling-fluid formulations. The objective of this research was to establish, through an in-depth analysis of international
and Ukrainian HPHT well construction practices, a methodology for selecting optimal formulations of high-performance
water-based, clay-free drilling fluid systems (HT-HPWBF), which integrates both the hierarchy of optimality criteria and
the system’s key performance indicators. A systematic review and content analysis of more than 200 publications on
HT-HPWBFs were performed, the field experience from Ukrainian assets was synthesised, and a comparative analysis
versus international practice was conducted. The assessment reveals that Ukraine lags behind leading HPHT regions
primarily due to continued reliance on conventional KCl and biopolymer-potassium systems rather than modern HT-
HPWRBFs. Based on importance-impact analysis of requirements, technological constraints, and performance indicators,
the study demonstrated the feasibility of constructing a hierarchical framework of core criteria for selecting optimal
formulations. A three-tier optimality hierarchy comprising a-criteria (well-control and safety), -criteria (achievement
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of technological objectives), and y-criteria (environmental-economic effectiveness) was proposed. A methodology
for constructing composite key performance indicators that integrate field experience, laboratory testing, and risk
assessment was developed. The study substantiated the combined use of advanced analytics of historical data, real-
time monitoring of fluid parameters, and key performance indicators driven decision making for formulation selection.
The results can be directly applied by drilling engineers and service companies to improve the efficiency of HPHT well

construction in Ukraine

Keywords: drilling mud design; indicators of efficiency; drilling mud quality index; complex analysis; clay-free systems

Introduction

The energy security and prosperity of every country de-
pends on the level of energy supply to industry and, conse-
quently, on the level of hydrocarbon resource development.
Given the contradiction between growing global demand
for energy resources and their supply, drilling deep and
ultradeep wells can be a strategic step towards expanding
the hydrocarbon resource base. The main problems in drill-
ing such wells are the high pressure and high temperature
(HPHT) conditions at the bottom hole. The problems of
producing hydrocarbons that lie in HPHT conditions are
associated with significant risks of both a geological and
technical-technological nature. For successful well com-
pletion in such conditions with simultaneous mitigation of
complications or emergencies, special attention should be
paid to the selection of the optimal mud formula. To select
the optimal formulation, the advantages and disadvantag-
es of existing alternatives in HPHT conditions should be
evaluated, taking into account the technological features of
use, expert assessment of possible risks (risk assessment),
economic feasibility, and environmental acceptability of
each formulation in particular. The complexity of imple-
menting drilling programs under HPHT conditions is also
related to the fact that several problems of different origins
(geological, technical, technological, environmental, eco-
nomic, etc.) usually need to be solved simultaneously.
According to J. Zhang et al. (2025), high formation
pressure often leads to high risks of well control loss and
low penetration rates due to the need for high-density mud
systems, which can lose stability when exposed to high
temperatures (170-240°C) for long periods of time. As not-
ed by B. Miikor et al. (2025), water-based systems are less
commonly used for high-temperature wells due to the sta-
bility (in particular, thermal degradation) issues of biopol-
ymer thickening agents, water-shale control agents, and
other components of drilling fluids under such conditions.
However, the practical experience of T. Hasan Hamdan et
al. (2020) has shown that, when it is necessary to obtain
high-quality logging data to assess the prospects of new
fields, water-based systems are a more desirable option. In
addition, as noted by the authors Y. Freschi et al. (2025),
with the growing emphasis on minimising the impact on
the surrounding environment, high-quality HT-HPWBF
(High Temperature-High Performance Water Based Fluid)
systems will always be a priority. This is also facilitated
by the development and deployment of the principles of
“sustainable development” and “green transformation”
of the Industrial Revolution 4.0 in the global oil and gas
industry. The oil and gas industry is increasingly using
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HT-HPWBF systems whose main thermostabilising compo-
nents are formates (Myslyuk & Zholob, 2023), polyamines
or acetates (Liu et al., 2020a). Such systems have both high
density (without the use of barite) and good thermal sta-
bility. The choice of organic salt solutions as the basis for
drilling fluids helps minimise well control problems associ-
ated with barite settling, high rheology, poor rock stability,
excessive casing corrosion, etc.

The mechanisms of biopolymer degradation in solu-
tions at high temperatures include acid-catalysed hydrol-
ysis and redox reactions. Therefore, the thermal stabili-
ty of biopolymers can often be increased (up to 180°C)
in three ways: using antioxidants (polyethylene glycols,
magnesium oxide, formates) that inhibit oxidative reac-
tions and react with free hydroxyl radicals, preventing
polymer degradation (Myslyuk & Zholob, 2023); using
oxygen scavengers (King & Rodrigue, 2025); and modify-
ing by grafting monomers or functional groups (Kong et
al., 2022). In order to maintain the operational and ther-
mal stability of water-based drilling fluids at high tem-
peratures when using xanthan biopolymer, the authors
L. Quitian-Ardila et al. (2024) recommend increasing its
concentration in the formulation.

According to research by N. Jameel & J. Ali (2023), the
problem of controlling water loss and rheological proper-
ties in water-based systems can be effectively solved by
using several types of polymers simultaneously. As noted
by researchers J. Sun et al. (2024), despite the variety of sys-
tems developed that are resistant to high formation tem-
peratures, a number of problems still arise in their practical
application, such as insufficient stability in real well condi-
tions, the complexity of controlling rheological and filtra-
tion properties, and insufficient compatibility with forma-
tions. This situation is most likely due to the complexity of
selecting the optimal concentrations of reagents for each
specific application (case or well). Significant attention has
been paid to the development of heat-resistant reagents
and equipment capable of operating in difficult HPHT con-
ditions, which has made it possible to overcome the main
technological challenges of developing ultradeep wells.
However, issues related to the selection of optimal HT-HP-
WBF formulations, the criteria for the effectiveness of such
systems, and ways to optimise them for specific mining
and geological conditions have not been sufficiently stud-
ied. The aim of the study was to develop a methodological
approach to selecting optimal formulations for highly ef-
fective water-based clay-free drilling fluids for HPHT well
drilling. This was based on in-depth analysis of experience,
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taking into account the hierarchy of optimisation criteria
and key performance indicators (KPIs) for such systems.

Materials and Methods

In accordance with the Law of Ukraine No. 4154-1X (2024),
the development of mineral resources is one of the priori-
ties. In order to improve the quality of deep and ultradeep
well construction in complex mining and geological con-
ditions, it is necessary to select the optimal drilling fluid
formulations. To determine the criteria for optimality and
form a system of restrictions for the main parameters of
the fluids, the systematic review and content analysis of
publications devoted to the selection of optimal formula-
tions for water-based drilling fluids and their properties
under HPHT conditions (more than 40 sources published
in the period 2005-2025 as well as tenders from the Pro-
zorro, n.d.) were carried out. The review covered all coun-
tries of the world, including Ukraine. The publications
from peer-reviewed journals included in Scopus and Web
of Since, as well as materials from the OnePetro digital li-
brary for the oil and gas industry (created and maintained
by SPE) were taken into account.

To establish chronological links, trends or evolutionary
changes in optimality criteria systems, all publications were
grouped by year for further analysis. During the content
analysis of publications, the main focus was on: the condi-
tions in which the flushing systems were planned to be used
(apart from HPHT, whether there are any other complica-
tions, such as unstable rocks, hydrogen sulphide, etc.); the
objectives of developing or adapting the flushing fluid for-
mulation; the parameters of the formulations under study;
the criteria for optimality stated by experienced authors
(usually practitioners); performance indicators (including
KPIs) when testing formulations in both field and labora-
tory conditions and the methods for their development.

Based on the results of the analysis, sets of primary
and secondary criteria for optimality were formed, with
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reference to the period of application (the degree of im-
portance was indicated by the authors of the publications).
Upon formation of the sets, a frequency assessment of the
criteria was conducted and their average rank was deter-
mined for the construction of a hierarchy in the future.
Based on a review of the requirements, technological limi-
tations, and performance indicators of HT-HPWBF systems
declared in publications, a hierarchical system was created.
To develop recommendations for selecting a drilling fluid
formulation for use in complex mining and geological con-
ditions, a systematic and comprehensive approach was ap-
plied both at the design stage and at the subsequent stages
of laboratory and industrial testing.

Important elements of the procedure for designing and
selecting the optimal HT-HPWBF formulation were: assess-
ment of predicted risks; determination of the main objec-
tives of the formulation design; identification of the main
problems and limitations imposed by HPHT conditions;
formation of a list of alternative acceptable formulations in
accordance with mining and geological conditions and a hi-
erarchical system of requirements; selection of the criterion
(criteria) of optimality or formation of a comprehensive in-
dicator of the efficiency of the flushing system; implemen-
tation of the selected procedure for selecting the optimal
formulation. Therefore, the paper considered the procedure
for selecting optimal drilling fluids under HPHT constraints.

Results and Discussion

An analysis of publications and tenders (Prozorro, n.d.)
showed that high-tech and complex HPHT wells are ac-
tively being constructed in Ukraine, and Ukrainian spe-
cialists have considerable experience in drilling such wells.
Well drilling in Ukraine is steadily shifting from the nor-
mal pressure and normal temperature (NPNT) zone to the
HPHT zone (Fig. 1). However, the share of modern clay-free
HT-HPWBF systems in Ukraine is several times lower than
in leading countries such as China or the United States.
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Ultra HPHT

@ Berezivske GCF
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@ Komyshnianske GCF
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@ China
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Figure 1. Comparison of HPHT well drilling trends in Ukraine with global practices
Source: created by the authors based on Prozorro (n.d.), O. Agwu et al. (2021), ]. Zhang et al. (2025)
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Among Ukrainian fields with HPHT conditions or con-
ditions close to them are the Berezivske Gas Condensate
Field (GCF), Shebelynske GCF, Stepove GCF, Solokhivske
Oil and Gas Condensate Field (OGCF), Komyshnianske GCF,
Sviatohirske GCF, etc. Although Figure 1 does not contain
complete and comprehensive information on HPHT well
drilling in Ukraine and worldwide, and only highlights a
small part of it (available open data), it however, allows
to see the general trend of lagging behind the world lead-
ers in ultradeep well drilling (China, Malaysia, etc.). This
statement applies to drilling fluids. According to the online
public procurement platform Prozorro (n.d.), the most ac-
tively used fluids for HPHT drilling are chlorinated potas-
sium-weighted HTHP solution and biopolymer-potassium
HPHT solution. Although the use of these systems allows
for the achievement of design depths, the total drilling time
is much longer when compared to the time spent drilling
with conventional HT-HPWBF systems. The increase in
drilling time is associated with periods when the drilling
rig or personnel are unable to perform planned productive
operations due to various problems, such as waiting for the
delivery of materials or specialists, or dealing with serious
complications or accidents. Such time losses represent
Non-Productive Time (NPT), i.e. time losses due to events
or their absence, which are always officially recorded. This
usually includes time lost on well control, delivery of drill
string components, bits, downhole motors, cable logging,
etc. In addition, during well construction, there is Invisible
Lost Time (ILT), which is not always officially documented
or recorded as downtime, but has a significant impact on

overall work productivity and project cost. These include
frequent short stops (which are not recorded as downtime
due to their duration), time lost due to suboptimal decisions
or lack of expertise (experience) among personnel, etc.

It should be noted that classic HT-HPWBF formula-
tions are successfully used in Ukraine. For example, spe-
cialists from Geosynthesis Engineering used their own
high-performance Biocar-TF system, which is stable at high
temperatures, when drilling wells in the complex mining
and geological conditions of the Semyrenkivske GCF (First
utilization..., n.d.). However, the need for highly efficient
clay-free HT-HPWBF systems is growing due to the trend
of drilling wells over 5,500 m. In such conditions, reduc-
ing NPT and ILT during drilling by using HT-HPWBF-type
drilling fluids is an important strategic decision for oil and
gas companies. Another characteristic feature of the use of
such systems is a significant reduction in NPT associated
with loss of control over the well or stability of the well-
bore (Biocar-TF biopolymer drilling..., n.d.). Since the main
function of HT-HPWBEF is to ensure safe working conditions
while achieving maximum drilling efficiency at high bot-
tomhole temperatures and the customer’s specified con-
sumption level, selecting the optimal formulation is a com-
plex but crucial step in successful well drilling. To illustrate
the variability of HT-HPWBF system alternatives and their
component composition, Table 1 shows the characteristics
of some commercial solutions developed and implemented
by relevant service companies. All systems are environmen-
tally friendly alternatives to non-aqueous-based solutions
in terms of their effectiveness under HPHT conditions.

Table 1. Some commercial solutions for HT-HPWBF systems

Declared thermal

System (Company) stability, C

PYRO-DRILL (Baker

Hughes) 316

A highly effective system whose main components are Polydrill synthetic sulphated
polymers and All-Temp and SSMA Mil-Temp interpolymers for regulating thermal
stability, Chemtrol X AMPS/Aam copolymers, Kem-Seal, Pyro-Trol for controlling

HPHT filtration, thickening and shale inhibition, Max-Guard™ Plus (clay inhibitor),

Penetrex, Latilube™ (lubricating additives), Sulfatrol Xceed (HPHT filtration

Features and main components

control), Max-Shield (sealing polymer).

BaraDrilN X

(Halliburton) 232

A highly efficient clay-free well completion system based on synthetic polymers
BDF-637 (for monovalent brines) or BDF-638 for divalent brines (CaBr2).
If necessary, the system can contain corrosion inhibitors (Baracor 100)
and oxygen absorbers (Oxygon™). Micromax or Mn,O, can be used additionally

to achieve the design densities.

BaraXtreme

(Halliburton) 227

A highly efficient clay-free system based on synthetic polymer BDF-637 (BaraVis
W-637), designed to control viscosity and filtration at high temperatures. The
system also contains highly effective reagents that increase wellbore stability and

reduce fluid loss, such as BaraFLC Nano-1 (nanocomposite suspension) and others.

VeraTherm (SLB)

205

The VeraTherm system, based on the synthetic polymer VeraVis, which is designed
to regulate the rheological and filtration properties of the system, outperforms both
formate and conventional polymer systems and demonstrates excellent performance
at high temperatures. Depending on requirements, the system can be based on KCl,

NaCl, NaBr, CaCl,, NaHCO,, KHCO,, or CsHCO, brines.

Biocar-TF
(Geosynthesis
Engineering)

170

A highly efficient clay-free system based on xanthan gum, modified starch,
and sodium and potassium formates. The system also contains the organo-mineral
colloid Alevron, micro-marble, and other auxiliary substances.

Note: depending on drilling conditions, thermal stability can be increased or enhanced by changing the type or content of
reagents; the composition of the system can be adjusted according to specific conditions or constraints

Source: created by the authors based on VeraTherm high-temperature water-based drilling fluid (n.d.), World’s
first application of BaraXtreme fluid in HTHP gas well (n.d.), BaraDrilN™ X fluid helps customer achieve well testing
operation (n.d.), Patent No. 124224, (2020), J. Liu et al. (2020b)
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Highly productive clay-free systems (Table 1) are based
on specially developed synthetic polymers with various
functional purposes that maintain their performance char-
acteristics at the level specified in the design documenta-
tion under prolonged exposure to high temperatures. To
solve the problems of controlling the filtration and rheo-
logical properties of water-based systems, the oil and gas
industry most often uses supramolecular polyacrylamide,
amphoteric polymers, comb-like polymers and thermo-as-
sociated polymers (Tchameni et al., 2025), and nanopoly-
mers (Karakosta et al., 2021). The thermal stability of such
synthetic polymers can be 200°C and above (Freschi et
al., 2025). As noted by H. Shi et al. (2024), most water-solu-
ble polymers degrade at temperatures of 200-240°C, which
complicates the control of rheological and filtration prop-
erties at high and ultra-high temperatures.

Therefore, with increasing drilling depths, there is a
need to search for new, more temperature-resistant pol-
ymers with a heat resistance limit of 260°C, such as Py-
ro-Trol from Baker Hughes. In order to further increase the
viscosity characteristics, a small amount of clay is added to
such systems (Miikor et al., 2025). However, according to
A.Tchameni et al. (2025), high temperatures in the presence
of clay materials (bentonite clay) in the solution formula-
tion can cause thermally induced flocculation of clays and
the formation of highly viscous gels. According to research-
ers S. Gautam et al. (2025), when developing a clay-free
HPHT drilling fluid formulation, it is important to study
the effect of polymer molecular weight and its distribution
on the performance characteristics of the drilling fluid.
This will largely solve one of the main problems of con-
ventional water-based drilling fluids in HPHT conditions -
barite (BaSO,) sagging in both static and dynamic condi-
tions, even during prolonged thermal ageing of the system.

Barite sagging can cause loss of well control (blow-
out), loss of fluid (due to hydraulic fracturing), problems
with drill string mobility, etc. (Fakoya & Ahmed, 2023).
J. Oseh et al. (2025) include the properties of the drilling
fluid, the profile and geometry of the internal space of
the well, and drilling parameters (rotation speed of the
column, fluid flow rate, etc.) among the factors that most
influence barite sagging. An effective measure to prevent
barite sagging is to control the rheological properties of
the system, among which Low Stress Yield Point (LSYP)
should be noted. Another possible solution to the problem
of weighting agent sagging is the correct choice of its type
and particle size distribution. According to the authors,
when drilling oil and gas wells in HPHT conditions, it is
advisable to use nanoscale barite (nBaSO,) and ilmenite
(nFeTiO,) due to the low susceptibility of such materials
to sagging. The same opinion was expressed by researchers
G. Soori et al. (2023), who proposed using Cerite (cerium
oxide CeO,) with a density of 6,000 kg/m* as a weighting
agent, which would minimise the content of solid particles
in the solution and, accordingly, pressure losses in the well.

According to O. Agwu et al. (2021), a cheaper alternative
to barite in HPHT wells is manganese tetroxide (Mn,0,).
The authors H. Mao et al. (2020) considered the possibility

of combining barite with metal oxides, in particular iron
(Fe,0,), and concluded that the rheological properties of
HT-HPWBF largely depend on the type of weighting agents
and their ratio in the formulation. Less commonly, zinc
oxide (ZnO) (Ahasan et al., 2021; Taghdimi et al., 2023)
or zirconium oxide (ZrO) (Medhi et al., 2020) are used as
weighting components. Laboratory studies and comput-
er modelling are ongoing for these nanoscale weighting
agents, without widespread industrial implementation.
However, other nanodispersed oxides, such as Mn,O, and
CuO, are considered by A. Rana et al. (2024) to be an im-
portant element in the development of stable HPHT sys-
tem formulations. Additionally, research by A. Shokry et
al. (2024) shows that the use of nanoscale weighting agents
can reduce the thickness of the filtration crust by 40% while
simultaneously reducing the rheological properties and fil-
tration of the solution system under HPHT conditions.

To solve the problems of sagging of weighting materials
with a significant content (30-50%), optimise the rheolog-
ical behaviour of drilling fluids and prevent absorption un-
der HPHT conditions, researchers H. Mao et al. (2020) and
H. Wang et al. (2022) proposed the use of sealing materials
with the content, size, and particle size distribution select-
ed using the ideal packing theory. This approach reduces
sagging effects, problems with Equivalent Circulating Den-
sity (ECD), and changes in formation counterpressure. De-
pending on the profile and design of the well, the following
methods can be used to assess barite sagging (Fakoya &
Ahmed, 2023): test cell method; VST test (settlement test
using a rotational viscometer); VSTT test (modified VST
with a thermal cup); flow contour test; dynamic sag test
at a large angle. The main principle in developing new or
improving existing formulations for technological fluids is
to minimise costs (time, resources, expenses) in the con-
struction of oil and gas wells while ensuring their maxi-
mum productivity. A rational approach to selecting optimal
formulations for technological fluids in HPHT conditions
should also include an assessment of the risks associated
with extreme environments in order to minimise them
while achieving maximum operational efficiency (Fig. 2).

One of the main predicted risks associated with drill-
ing mud under HPHT conditions is loss of control over the
well due to both barite sagging and unsatisfactory filtration
or rheological properties of the system. Damage to the for-
mation or loss of wellbore stability can be the result of loss
of well control, but can also occur due to other situation-
al factors. Intensive corrosion of technical columns and
equipment is also one of the main predicted risks associ-
ated with drilling fluid due to the characteristics of system
weighting (inorganic and organic salts) and a significant
increase in the activity of components under high temper-
ature conditions. In such circumstances, in order to ensure
maximum efficiency of the well deepening process while
minimising the costs and risks associated with drilling flu-
id, the main objectives to be achieved through the use of
HT-HPWBF should be set. The main objectives of designing
highly efficient drilling fluid systems for HPHT conditions
are shown in Figure 3.
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HPHT conditions:

e long-term stability (14 days);

e HT-rheology;

o compatibility with the formation, wellbore
fluids, and their filtrates;

e composition and properties of the
filter cake.

Drilling-fluid system quality index:

e S,;; Pl ratio;

{reservoir damage potential.

4 System parameters to be optimised undew

/~ System parameters to be
optimised under HPHT conditions:
e HTHP filtration;

o HT- rheological profile;

e inhibition performance (slake test,
accretion, lincar swelling-static and
dynamic);

o composition and properties of the filter cake.

Drilling-fluid system quality index:

o shale inhibition index 7;

\-NPT.

System parameters to be optimised under
HPHT conditions:
*SG, ECD;
o LSYP, YP;
o SAG-factor.

Drilling-fluid system quality index:
e operations success rate;
o Total Lost Time (TLT=NPT+ILT).

System parameters to be A
optimised under HPHT conditions:
epH;

e mineralisation;

e content of corrosion inhibitors.

Drilling-fluid system quality index:

e corrosion rate;

erisk and potential for equipment
damage.

/

Figure 2. The main predicted risks associated with drilling fluid under HPHT conditions

Source: created by the authors based on information provided in the sources H. Mao et al. (2020), ]. Zhang et al. (2025)

Technological

Environmental

Economical

Logistic

Figure 3. Objectives of designing highly efficient drilling fluid systems for HPHT conditions
Source: created by the authors based on information provided in the sources A. Morrison et al. (2021), C. King &

K. Rodrigue (2025)
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The main objectives can be divided into four groups:
technological, environmental, economic and logistic.
Logistic objectives are listed separately from economic
ones, since in complex HPHT conditions it is important to
take into account the requirements for the delivery of mate-
rials in the shortest possible time, the problems of logistics
of supply and storage of large volumes of scarce materials
and their qualification. The criticality and completeness of
the HT-HPWBEF design objectives can be determined by the
customer (or authorised responsible persons) taking into
account the applicable industry safety requirements and
environmental restrictions in force in the region where the
flushing system is to be used. The planned objectives to be
achieved at the final stage of HT-HPWBF formulation de-
velopment are closely related to the problems imposed by
HPHT conditions (Fig.4),requirements for drilling fluids,and
criteria for selecting optimal formulations to ensure KPIs.

High
pressure and
temperature
gradients Narrow
" drilling
- -~ window

h
Key HPHT

Extended

i 1
chaIIenes | mg"y"e,
Comple /
managing the Limited
theological . reagentslate
profile and /
- ECD/ESD BHST/BHCT \ y
- stability ] g

Figure 4. The main problems
for drilling fluids related to HPHT conditions
Note: BHCT - Bottom Hole Circulating Temperature; BHST -
Bottom Hole Static Temperature
Source: created by the authors based on information
provided in the sources O. Agwu et al. (2021), A. Khalid et
al. (2021), Y. Freschi et al. (2025)

The main problems in developing formulations for
drilling fluids that must perform their functions under
HPHT conditions, under technological, economic, environ-
mental and logistical constraints, are primarily related to
the limited range of acceptable materials. When selecting
materials and components for highly heat-resistant formu-
lations, it is necessary to take into account the operational,
environmental, economic and logistic constraints that may
arise in each specific case. The selection of drilling fluid
components for high-temperature wells should be carried
out in accordance with the temperature at the bottom of

the well, with mandatory preliminary laboratory evalua-
tion. Each individual component of drilling fluids has its
own zero efficiency point — the temperature at which the
reagents lose their productivity and effectiveness.

To develop and design a formula that is effective in
HPHT conditions, regular preliminary laboratory studies
must be conducted, which must include: static and dy-
namic ageing tests (24 and 72 hours), static and dynamic
Sag Factor, including at BHST and BHCT; hot rolling for 16
hours at BHST, HPHT filtration, high-temperature rheo-
logical profile; zeta potential measurements, particle size
distribution tests, etc. When optimising HPHT drilling flu-
id formulations, it is usually necessary to simultaneously
address issues related to rheological control (rheological
profile, yield point (YP), plastic viscosity (PV), LSYP, low
shear rate viscosity (LSRV), etc.), filtration characteristics
(application programming interface and HTHP filtration,
thickness and properties of the filtration crust), as well as
barite sagging. These parameters must be carefully mon-
itored throughout the entire well construction cycle. The
management of drilling fluid systems used in HPHT con-
ditions must take into account the need to solve the prob-
lems shown in Figure 4, and also has some specific features
in terms of engineering support.

According to]. Liu et al. (2020a; 2020b), due to the com-
plexity of HPHT well design, extreme drilling conditions,
and increased reactivity of rocks and reagents, water-based
mud systems must have good inhibitory properties. In this
case, the content of high-quality lubricating and antistick-
ing additives is mandatory. This requirement is related to
the need to minimise the problems of solid phase entering
the mud system (Moroni et al., 2023). This will prevent an
increase in ECD and rheological properties, prevent swell-
ing of clayey rocks, and reduce problems associated with bit
cleaning and loss of drill string mobility. As a result, when it
isnecessary to perform a roundtrip at significant depths, the
frequency of drill string sticking and related technological
downtime will decrease. With the deepening of high-tem-
perature wells (and an increase in the temperature of the
environment), the content of clay rock inhibitors should
be increased and the inhibitory properties of the solution
enhanced by introducing several types of inhibitors. Ac-
cording to X. Kong et al. (2022) and L. Moroni et al. (2023),
a combination of KCl (6-12% content), amines (2-4%) and
Partially Hydrolysed Polyacrylamide is effective for such
purposes. According to H. Wang et al. (2022), polyamines
are effective even at a bottomhole temperature of 235°C.

It should also be noted that water-based systems at high
downhole temperatures are highly sensitive to treatment
and prone to “depletion”. Depending on the conditions and
component composition, the “depletion” effect can mani-
fest itself in evaporation, loss of activity, change in the pH
of a particular reagent, and, accordingly, an increased need
for re-treatment. Emulsifiers, wetting agents, active clay
swelling inhibitors, and other surface-active substances
are particularly sensitive to such depletion. Therefore, be-
fore adding any reagents to the active system, preliminary
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pilot laboratory tests should be conducted. When design-
ing a hydraulic HPHT well cleaning programme, the solu-
tion behaviour model must take into account the PVT
properties of the system. Having information about chang-
es in the state of the drilling fluid depending on pressure
and temperature allows timely and correct management
decisions to be made when well conditions change. The re-
quirements for HT-HPWBF drilling fluids must ensure the
safe execution of planned work, personnel safety, and the
desired result under the specified HPHT constraints.

An analysis of the use of drilling fluids for HPHT con-
ditions (Erge et al., 2020; Singh et al., 2024) has made it
possible to identify and summarise the requirements and
criteria for selecting optimal HT-HPWBF formulations. It
is necessary to ensure well control and full compatibili-
ty of the system and its filtrate with formation fluids and
the reservoir. For this purpose, as noted by researchers
S. Deshmukh et al. (2021), PV, ECD, Equivalent Static Den-
sity (ESD) and Sag Factor indicators must be low (including
under BHST conditions). To ensure optimal rheology and
keep the slurry in suspension, the YP should be within 12-
25 (pounds/100 ft?), and the LSRV at 6 rpm should be no
more than 6 units on the scale. According to researchers,
an HPHT filtration index of 2-7 cm3/30 min at temperatures
up to 300°F is quite acceptable for most wells. At the same
time, the formulation should be resistant to sudden chang-
es in the temperature profile (changes in solution param-
eters within acceptable limits, no salt crystallisation when
the solution is brought to the surface, etc.) and static age-
ing at high (bottomhole) temperatures. At the same time,

the stability of parameters under HPHT conditions must be
maintained for at least 3-7 days and even several months
(King & Rodrigue, 2025; Freschi et al., 2025).

Excessive requirements or too strict requirements (ex-
tremely low parameter values that are difficult to achieve
in real well conditions) can lead to a significant increase
in the cost of the formulation, a reduction in the number
of acceptable alternative formulations, or the absence of
an optimal formulation. It should also be borne in mind
that formulations that are effective in laboratory testing
of technical and technological properties may not be com-
petitive in industrial testing. The reasons for this are the
balance between compliance with the requirements and
the specific costs of materials, transportation, preparation,
and health, safety and environment (HSE). Therefore, in
such cases, it is advisable to use a hierarchy of functional
requirements, technological constraints and performance
indicators and to select a reasonable number of them ac-
cording to the circumstances. As an example, Table 2 shows
a developed version of a conditional ranking of these el-
ements according to their importance and influence. It
should be noted that the assignment of a particular ele-
ment in Table 2 to the corresponding level of influence may
be changed in accordance with specific drilling conditions
(or changes therein) by providing such a recommendation
(instruction) by experts, consultants (or expert advisory
systems, such as Drilling Fluid Advisor), or the customer.
The information in Table 2 may be supplemented in ac-
cordance with events, new circumstances or the absence of
positive results from the use of a particular formulation.

Table 2. Hierarchy of requirements, technological limitations and performance indicators of HT-HPWBF systems

Functional requirements

Technological limitations

Critical

Performance indicators

© thermal stability of the system;

@ safe and efficient well control by ensuring low LSRV and
LSYP values, Sag Factor < 0.5;

© maximum preservation of the reservoir properties of the
productive formation;

© compatibility with the formation, other process fluids and
their filtrates;

@ explosion, eco and fire safety of the system and its
components;

© compatibility with well completion and development
technologies;

© stability of properties in HPHT environment at BHST
throughout the entire period of prolonged downtime (during
logging, especially in exploration wells);

© resistance of formulation components to hydrogen
sulphide aggression;

© resistance of the formulation to contamination (cement,
brine, etc.) and inflow of formation fluids.

© components resistant to high
temperatures in static conditions;
© materials resistant to CO, and
H,S;

@ delivery of system components
of adequate quality in sufficient
quantities may be difficult or
economically unviable;

© problems with mixing and long-
term storage of system components
at the drilling site.

© maximum well productivity
index (PI ratio);

© permeability recovery
coefficient;

© maximum temperature
stability retention time (days);
@ technological efficiency
coefficient and minimum
number of incidents related to
well control and safety;

@ cuttings carrying index (CCI);
© maximum well integrity
(stability) retention time;

@ recipe profitability ratio (ROI).

Important

© technological efficiency in preparation and use;

@ low corrosion activity (all forms of corrosion) and abrasive
impact on casing pipes and technological equipment;

© high inhibitory capacity;

© ability to effectively transfer hydraulic power;

@ constant rheological properties under BHST and BHCT
conditions, flat rheological profile over a wide range of
temperatures and pressures;

@ thin, low-permeability filtration crust.

@ sulphur-containing corrosion
inhibitors, commonly used in
halide brines, decompose to H,S at
high temperatures;

© some amines used for pH control
and inhibitors may react with
acidic gases (CO,, H,S) to form
harmful reaction products or lose
their functional properties.

@ drilling and completion time;
@ ensuring maximum well life;
© low environmental footprint
and impact;

© high accident-free drilling
rate;

© well life and maintenance
costs.
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Functional requirements

Technological limitations

Additional

Table 2. Continued

Performance indicators

© thermal stability in static conditions for a long time (more
than 72 hours);

@ high retention or carrying capacity;

© low chloride content (<70 mg/l) to minimise the impact on
logging during drilling;

4@ the ability to conduct the most comprehensive set of high-
quality geophysical surveys to assess the reservoir.

© some components of HT-WBDF
may contribute to the formation of
stable foam at high temperatures;
© degradation of chemical reagent
properties during prolonged
storage in field conditions
(temperature, humidity, UV
radiation).

© minimal costs for waste
management and disposal of
drilling sludge;

© minimal environmental
footprint;

@ environmental acceptability
index;

@ logistical efficiency index;

@ technological feasibility index.

Specific

@ ensuring that there is no need to introduce corrosion
inhibitors;

© stability of the Sag Factor over a long period of time (100
hours) in the absence of circulation;

© absence or low content of certain components (alkanes
nC15 - nC35, aromatic hydrocarbons, etc.);

© absence or low content of biomarkers (terpenes, steranes,
etc.).

@ if hematite (Fe,0,) or ilmenite
(FeTiO,) are used as weighting
agents, there is a problem of
magnetic anomalies that distort
MWD/LWD results;

© under HPHT conditions,

metal ions (Fe*, Cu*, Mn*, etc.)
can catalyse the degradation of
polymers and the oxidation of
organic components (by a factor of

© minimum volume of generated
sludge (especially relevant for
offshore drilling);

@ cuttings carrying capacity
index;

@ corrosion inhibitor demand;

© biodegradability index of
formulation components;

@ strategic security coefficient;
© digital integration index.

10-100);

@ when using nanomaterials (SiO,,
AlQ,, etc.), there is a risk of their
aggregation and migration into the

environment at pH <7 or >9.

Note: Wellbore Stability Index (WSI) is a comprehensive assessment of the ability of drilling fluid to maintain the
mechanical integrity of the wellbore, preventing collapses, caving and other geomechanical problems; Recipe Profitability
Ratio (ROI) - the ratio of economic effect (savings from reduced NPT, increased ROP, maintained productivity) to
additional costs for premium components; Technological Efficiency Ratio is an integral indicator of successful drilling
without complications, taking into account ROP, wellbore quality, and the absence of sticking and absorption, the
coefficient depends on the synergy of components — HPHT rheology control, HPHT filtration, clay rock inhibitors,
lubricating additives, etc., which work together; Cycle Economic Efficiency (Cost per BBL) - the total cost of the solution
throughout the entire drilling cycle, taking into account treatments, refills and disposal, includes initial cost, treatments
(10-30% of initial cost), losses (5-15%), disposal ($20-80/m3), logistics; Logistics Efficiency Index — the ratio of the
formula’s performance to the complexity of its delivery, storage and preparation in the field, takes into account the
number of components (optimum 5-8), shelf life, the need for special equipment, and staff qualifications; Environmental
Acceptability Coefficient — an integrated assessment of the environmental impact of formulation components according
to OSPAR/EPA standards, including toxicity, biodegradability, and bioaccumulation; Hole Cleaning Efficiency — the quality
of sludge removal and maintenance of hole cleanliness, assessed by cavernometer and analysis of sludge on the surface,
depends on the optimisation of the rheological profile (YP/PV = 0.75-1.25) and the use of additional sludge carriers
(fibres, spherical particles); Preparation Technological Index — simplicity and reliability of solution preparation in field
conditions, including mixing time and quality stability, depends on the solubility of components, order of introduction,
the need for special conditions (temperature, pH, hydration time); Strategic Security Index — independence of the ability
to prepare the required volume of solution from critical imported components and the availability of alternative sources
of supply, assesses the geographical diversification of suppliers, the availability of local analogues, and strategic reserves
of formulation components; Digital Integration Index — compatibility of the formulation with automatic control systems,
IoT sensors, and Al optimisation, requires stable rheological signatures, predictable behaviour, and the possibility of real-
time correction

Source: compiled by the authors based on T. Hasan Hamdan et al. (2020), A. Rana et al. (2024)

The hierarchy shown in Table 2 links requirements and
technological constraints with performance indicators. It is
impossible to prepare an optimal HT-HPWBF formulation
without meeting the functional requirements, constraints
and performance indicators of the critical group. If impor-
tant requirements such as the technological feasibility of
preparation or the formation of a thin impermeable filtra-
tion crust (or others from the table) are violated, then the
use of the formulation leads to a sharp increase in both
costs and risks of complications, accidents, and an increase

in drilling and completion time. This, in turn, reduces the
profitability of the project. The fulfilment of additional and
special functional requirements and restrictions as well
as the provision of appropriate performance indicators is
advisable in certain cases when required by the situation
at the well or by the customer. The most common perfor-
mance indicators for drilling fluids are the PI ratio and the
permeability recovery factor. However, other indicators
such as the Strategic Security Index, Digital Integration In-
dex, etc. are also important for better formulation.
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When developing a drilling fluid formulation for spe-
cific mining and geological conditions, each individual well
should be assessed in advance for potential mechanisms of
contamination of the bottomhole zone and risks of oil-wa-
ter emulsion formation. This step will enable the correct
choice of the base of the system (type of fluid), which will
then be expanded with additional reagents to give the sys-
tem the necessary technological properties. It is also im-
portant to take into account the existing practical experi-
ence of using certain formulations in specific (or similar)
mining and geological and thermobaric conditions as fully
as possible. Such experience is not just a database, jour-
nals or archives with poorly structured data, but intelligent
systems that allow the accumulated knowledge and experi-
ence to be used as quickly and efficiently as possible.

To implement the procedure for forming a list of alter-
native acceptable HT-HPWBF system formulations, in ad-
dition to the hierarchical system of requirements, it is nec-
essary to select an optimality criterion or form a system of
criteria according to which the selection will be made. The
main criterion for the optimality of the drilling fluid was
the cost per unit volume of the formulation. Although the
cost of the formulation in one way or another influences the
choice of the base (type) of the drilling fluid and its com-
ponent composition, it cannot be the main criterion when
developing a new formulation or selecting the optimal
variant among those proposed. In modern conditions, it is
necessary to take into account the requirements for safety
and control of the well, the technological efficiency of drill-
ing, as well as environmental and economic aspects. At the
same time, it should be noted that the selection of the opti-
mal composition of HT-HPWBEF is a multi-criteria task. The
number of criteria, depending on the specific case (well,
customer requirements, environmental and economic, or
technological constraints), can range from 3 to 6 or more.

For example, authors A. Raptanov et al. (2021) men-
tioned drilling fluid density, HPHT filtration, pH, salinity,
and water phase composition as key control parameters
when selecting a drilling fluid. With the accumulation of
practice and experience in drilling HTHP wells, the follow-
ing combinations of optimality criteria have been imple-
mented (compatibility, thermal stability and required den-
sity conditions are preserved for all options) (Deshmukh et
al., 2021; Morrison et al., 2021; King & Rodrigue, 2025):
Option 1 - HTH filtration, PV, YP; Option 2 - HTH filtration,
PV, YP, Sag Factor; Option 3 - HTH filtration, LSRV, LSYP,
ECD, Sag Factor; Option 4 — HTH filtration, LSRV, LSYP,ECD,
ESD, Sag Factor, crust friction coefficient; Option 5 - HTH
filtration, filtration crust parameters (density, permeabil-
ity, thickness, friction coefficient), LSRV, LSYP, ECD, ESD,
Sag Factor, inhibition capacity; Option 6 — HTH filtration,
filtration crust parameters (density, permeability, thick-
ness, friction coefficient), LSRV, LSYP, ECD, ESD, Sag Factor,
inhibition capacity, high-temperature rheological profile.

With the accumulation of experience in the construc-
tion of HPHT wells, the system of criteria is constantly be-
ing supplemented and complicated. For this reason, service
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companies strive to ensure that at least 5-12 criteria are
met simultaneously when developing highly effective for-
mulations. Although the number of such criteria may be
quite significant, for the purpose of selecting the optimal
HT-HPWBF formulations, they can be presented in the
form of a hierarchical pyramid (Fig. 5). The system of crite-
ria for selecting HT-HPWBF recipes is based on a three-lev-
el hierarchical structure, in which: at Level 1 « — the crite-
ria ensure well control and safe operation (typically, Sag
Factor <0.5 and LSRV at 6 rpm <6 units are acceptable); at
Level 2 g — criteria ensure the achievement of design tech-
nological goals (usually acceptable values are HPHT fil-
tration 2-7 cm?/30 min, YP 12-25 pounds/100 ft?; the rest
are determined by the conditions of well construction and/
or the customer); at Level 3, the combination of y criteria
allows balancing environmental safety and economic effi-
ciency requirements (fully determined by the conditions of
well construction and the customer).

It should be noted that Figure 5 does not show all pos-
sible criteria, but only those that are most commonly used
for HT-HPWBF systems. Depending on the specific drilling
conditions and restrictions imposed by these conditions
and/or circumstances, environmental or legal regulations,
or the project budget, the number of criteria may either
decrease or increase. Moreover, the level of criteria can be
raised from the second and third levels to the first, or from
the third to the second, but the transition of « — criteria to
a lower level or g - criteria to the third level is not possi-
ble. To adapt to the specific conditions of each situation,
appropriate weighting coefficients can be introduced both
within levels and for all elements of the criteria pyramid.
Such weighting coefficients are often used (Khosravani-
an & Aadngy, 2021) to simultaneously take into account
several criteria and quickly assess the effectiveness of a
formulation by using various criterion combinations (lin-
ear, additive, multiplicative, Nash combination, Min-Max
combination, etc.).

Each of them has both advantages and disadvantages,
but in general, such convolutions are not always sufficient
in practice due to: the subjectivity of weights — even a small
change in coefficients gives a different “optimum”; the
problem is exacerbated when the criteria are correlated;
the compensatory effect — “excellent” rheology can over-
ride ”poor” ecology; scalarisation hides information about
compromises: it is impossible to see how much worse/bet-
ter a particular formulation is than its analogue (accord-
ing to one or another individual indicator); non-linear and
discrete constraints (e.g., “barite <4.2%” or “pH >9”) do not
lend themselves well to smooth convolution — penalties or
complex transformations are required; the number of cri-
teria is growing (more than 25 indicators, including tech-
nological, environmental, economic, HSE, specific, etc.). It
does not seem realistic to set the weights correctly for such
a multidimensional task. Therefore, with the development
of technology and the growth of computing capabilities,
the following are used as alternatives to criterion convo-
lutions: Pareto optimisation, evolutionary multi-criteria
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algorithms (NSGA-II, NSGA-III, SPEA2, PAES); ma-
chine learning methods: Gaussian Process Optimisation,

Bayesian Optimisation, Random Forest; Fuzzy Logic meth-
ods: Fuzzy TOPSIS, Fuzzy AHP and many others.

Personnel and process safety
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Achievement of environmental
and economic objectives

. Cost-effectiveness
Meeting economic objectives

Figure 5. Illustration of the system of basic criteria for selecting HT-HPWBF formulations

Source: created by the authors

In order to make informed decisions regarding the
composition of HT-HPWBF drilling fluid, it is necessary
not only to identify the criteria that may influence the
choice, but also to develop comprehensive KPIs that re-
flect the critical aspects of drilling fluid performance in
terms of achieving the planned objectives. Such compre-
hensive KPIs provide a holistic view of the effectiveness of
the formulation, taking into account the interrelationship
between key parameters and performance indicators. KPIs
can be developed through a weighted approach, where
each individual KPI is assigned a specific weighting factor
depending on its relative importance for specific drilling
conditions. For example, in unstable clay formations, the
weight of the clay inhibition indicator may be higher than
that of the lubricity indicator. Indexing — creating an inte-
gral index by normalising and combining several KPIs. This
approach provides a single numerical rating that reflects
the overall effectiveness of the formulation. Matrix analy-
sis — developing a matrix that displays the values of several
core KPIs for different formulations. This allows for visual
comparison and identification of optimal solutions based
on trade-offs between different indicators.

The formation and correct analysis of industrial expe-
rience play a significant role in the formation of adequate
predictive indicators of the effectiveness of fluid formula-
tions used in similar or comparable drilling conditions. It
should be noted that in order to form relevant KPIs, statis-
tical, expert and big data analysis of industrial experience is
performed provided that the data has been prepared in ad-
vance (systematisation, standardisation, noise component
rejection, etc.). In addition to experience, i.e. accumulated
knowledge and information, the proper implementation
and functioning of KPIs also requires real-time monitoring
and recording of flushing system parameters. Under such
conditions, the actual optimisation of the formulation
is carried out through laboratory testing, the design and
logic of which is based on risk assessment and is adjusted
in the event of significant changes in the well drilling pro-
cess recorded by alert systems. This process is essentially
an iterative selection of the component composition of the
flushing system to achieve the design values of the system
parameters, with maximum compliance with the select-
ed optimisation criteria. Figure 6 shows the procedure for
forming complex KPIs for the HT-HPWBF system.
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e thermal stability (including under long-term static conditions);

e system contamination tolerance to solids, cement slurry,

divalent salts (Ca?, Mg?"), or CO2, H2S);

e long-term stability of key system parameters under
BHST/BHCT conditions and cyclic T-P variations.

Mud system
stability

alignment of LSRV, LSYP, YP, ECD and ESD
with the well conditions and well design;

low static/dynamic sag factor;

high inhibition performance;

low corrosive activity.

Performance
properties and
barite sag

low HPHT fluid loss;

thin, low-permeability filter cake;

high retained productivity (PI ratio > 0.90);

low filter-cake friction coefficient and low
adhesion to minimise the likelihood of stuck
pipe (differential sticking).

Filtration
properties
under
HPHT
conditions

e cost per unit volume of the formulation

e cost of logistics and transportation services for delivery
and on-site preparation of the formulation;

e cost of post-treatment and disposal of the system.

life-cycle
cost

Figure 6. Formation of comprehensive KPIs for the HT-HPWBF system

Source: created by the authors

As can be seen in Figure 6, the comprehensive indi-
cator is formed through an integrated combination of in-
dustrial experience, laboratory research, risk assessment,
and drilling fluid profiling procedures. As a result, the fol-
lowing methodology for selecting the optimal HT-HPWBF
formulation was developed: The process of researching
and optimising the HT-HPWBF system involves sever-
al consecutive stages. The first stage involves collecting
input data on the well and, if available, on neighbouring
wells, as well as assessing technical, technological and en-
vironmental risks. In the second stage, design objectives
are determined based on an analysis of key issues arising
from the use of drilling fluids in HPHT conditions. The
third stage involves the formation of a set of optimality
criteria and their organisation into a hierarchical system,
which allows the creation of a list of acceptable alterna-
tive HT-HPWBEF system formulations. Finally, at the fourth
stage, comprehensive KPIs are developed, which serve as
the basis for the final selection of the optimal system for-
mulation. The feasibility of using comprehensive KPIs in
modern HPHT well drilling conditions is indisputable, giv-
en the increasing complexity of such projects.

For the successful application of HT-HPWBF in HTHP
conditions, it is necessary to develop a set of KPIs that com-
prehensively reflect the suitability of the formulation. In
challenging conditions of high bottomhole temperatures
and pressures, to ensure maximum safety and efficiency of
the drilling process, in addition to KPIs, it is recommended
to simultaneously deploy and implement Al platforms for
control and monitoring of the current state of well cleaning

and deepening processes (such as Al-driller, Corva, etc.).
The data obtained clearly correlates with the developed hi-
erarchy of criteria. For example, indicators related to a-cri-
teria (ensuring safe well control), such as the Sag Factor
(0.45) and LSRV (5.8 units), confirm that all strict safety re-
quirements have been met. At the same time, key techno-
logical indicators (filtration, shear stress) included in the
p-criteria were achieved within the target ranges, demon-
strating the high performance of the drilling fluid. Eco-
nomic calculations reflecting y criteria showed cost optimi-
sation and high project profitability (ROI 1.6), confirming
the environmental and economic efficiency of the decision.

Conclusions
The development and growth of Ukraine’s oil and gas in-
dustry is closely linked to the implementation of com-
plex high-tech projects, including drilling wells in HPHT
conditions. One of the problems encountered in the im-
plementation of these projects is the scientifically sound
selection of drilling fluid systems that would ensure fast,
trouble-free well drilling with proper service support. This
issue is particularly relevant when selecting the optimal
drilling fluid formulations under HPHT constraints. The
development and service support of drilling fluid systems
in complex HPHT conditions critically depends on infor-
mation support and accumulated practical experience.
The study confirmed the critical importance of a sci-
entifically sound approach to selecting optimal HT-HP-
WRBF drilling fluid formulations for the successful imple-
mentation of deep and ultradeep well drilling projects.
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An analysis of more than 200 publications and drilling
experience at Ukrainian fields (Berezivske, Shebelynske,
Stepove, Solokhivske GCF, etc.) revealed a significant lag
behind global practice, where the thermal stability of sys-
tems reaches 316°C compared to 170-200°C in Ukraine,
and the share of modern clay-free HT-HPWBF systems
is several times lower than in leading countries such as
China or the USA. The developed three-level hierarchi-
cal system of criteria provides a comprehensive approach
to evaluating the effectiveness of formulations: a-cri-
teria guarantee safe well control (Sag Factor <0.5, LSRV
at 6 rpm <6 units), S-criteria ensure the achievement of
design indicators (HPHT filtration 2-7 cm?®/30 min, YP 12-
25 pounds/100 ft?), y-criteria optimise environmental and
economic efficiency (ROI >1.5, NPT reduction by 30-40%).
It has been established that successful commercial sys-
tems (PYRO-DRILL, BaraDrilNX, VeraTherm) use 5-12 cri-
teria simultaneously, providing thermal stability of 205-
316°C due to the synergy of synthetic polymers, formates
and nanoscale weighting agents.

The proposed methodology for forming complex KPIs
integrates three key components: analysis of industrial
experience (with mandatory preliminary data prepara-
tion), laboratory research (including 24-72 hour ageing
tests at BHST) and dynamic risk assessment. Further re-
search should be aimed at developing unified methodol-
ogies for forming KPIs, taking into account the specifics
of Ukrainian deposits, and creating a national database of
HT-HPWBF formulation efficiency to accelerate technol-
ogy transfer and achieve the strategic goal of increasing
Ukraine’s mineral resource base.
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€ CTpaTeriuHMM HampsiIMOM PO3BUTKY MiHepalbHO-CUPOBMHHOI 6a3u YKkpaiHu, 1o norpebye HayKOBO OGIPYHTOBAHOTO
MiAX0MYy OO0 BUOOPY ONTUMAIbHUX PELenTyp GypoBUX pPO3uMHiB. MeToro mocmimkeHHsS O6yn0 (GopMyBaHHS Ha OCHOBI
DIMOOKOTO aHali3y MpakTUKM cropymkeHHss HPHT-cBepaoBMH MeTOHosOrii BMOOPY ONTMMAIbHUX DPELENTYP
BUCOKOTIPOAYKTUBHUX OE3IMHUCTUX CUCTEM OYypOBMX DPO3UMHIB Ha BOAHIit ocHOBi (HT-HPWBF), sika 6 omHOYacHO
BpaxoByBajia iepapxil0 KpuTepiiB ONTMMAaJbHOCTI i K/IIOUOBI ITOKa3HMKM edeKTUBHOCTI cucremu. IIpoBemeHO
CUCTEMATUYHMIA OIJISIZL, Ta KOHTeHT-aHaui3 moHay 200 my6sikaniii momo 3acrocyBanHs HT-HPWBF cucreM, y3arajJbHeEHO
JOCBif, BUKOPMCTAHHS TaKMX CUCTEM Ha YKpPaiHChKMX POJOBMILAX Ta BUKOHAHO MOPIBHSUIbHMIA aHasli3 3 MKHAPOLHOIO
MPaKTMUKOI0. BcTaHOBIEHO BifcTaBaHHS YKpaiHu Bin cBiTOoBUX mimepiB y 6ypiHHi HPHT-cBepioBMH MepeBakHO uepes
BUKOPUCTAHHS TPAOULIHKUX XJIOpKaIieBUX Ta b6iononiMep-KanieBux cucteMm 3amictb cydyacHux HT-HPWBF. Ha ocHoBi
aHaJTi3y BaK/IMBOCTI Ta BIUIMBOBOCTI BUMOT, TEXHOJIOTIYHMUX 0OMeKeHb i MOKasHMKiB edexTuBHOCTi cuctrem HT-HPWBF
MOKAa3aHO MOXIMBiCTh (OpPMyBaHHS i€epapxiyHOi CMCTeMM OCHOBHUX KPUTEpiiB AJsT BUOGOPY ONTUMAIbHUX PELEMTYD.
Po3po6iieHo TpUpiBHEBY iepapxiuHy c1CTeMy KpUTepPiiB ONTUMAaIbHOCTI, 1110 BKJIIOUAE o-KPUTePii KOHTPOJIO CBepAJIOBUHH,
B-KpuTepii DOCATHEHHS TEXHONOTIYHUX Ilileil Ta y-KpuTepii eKoIoro-eKOHOMIYHOI edeKTMBHOCTi. 3alporoOHOBAaHO
MeTozmoMori0 GOpMyBaHHSI KOMILJIEKCHUX KIIOUOBUX MOKA3HUKIB eeKTUBHOCTI, 110 iHTerpye MpoMMCIOBUIL JOCBiL,
J1abopaTopHi JOCHIIKeHHSI Ta OLiHKY pU3MKiB. OGIPYHTOBAHO JOIIBHICTD OJHOYACHOTO BMKOPUCTAHHS MPOLELyp
iHTeNeKTyaJIbHOTO aHali3y iCTOPMYHMX JaHMX, MOHITOPMHTY IIapaMeTpPiB y peXXyMi peaJbHOrO 4acy Ta BIIPOBAKEHHS
K/IIOUOBUX TMOKa3HUKIB edeKTMBHOCTI ISl BMOOPY ONTMMAIbHUX pelenTyp. PesynbTaTit ZOCTIIKEHHS MOXYTb OyTH
BUKOPMCTaHi iHkeHepaMM-TeXHOIoraMi OYpOBUX MiJIPUEMCTB Ta CepBiCHMX KOMIIaHii I mifABUILeHHS eeKTUBHOCTI
6ypinas HPHT-cBepaioBuH B YRpaiHi

Knro4oBi cnoBa: npoekTyBaHHsI MPOMMBAILHOT CUCTEMM; IHAEKC SIKOCTI TPOMMBAIBHOI CUCTEMU; KpUTepii BU6ODY;
KOMIUTIEKCHUI aHai3; 6e3IMMHNUCTI cucTeMu
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Abstract. The aim of the study was to identify key technological indicators affecting productivity and the risk of sand
production in the operation of sand-bearing wells at an offshore field. The methodology included field and laboratory
studies of 32 production wells of various geometries, conducted from January 2024 to June 2025. Parameters such as flow
rate, temperature gradient, bottomhole and formation pressure, and vibration frequency were monitored using digital
sensors and processed using dimensionality reduction and machine learning methods. The results showed significant
differences between vertical and horizontal wells: with an average flow rate of 74.71 m?day, vertical wells had a
productivity coefficient of 11.01 m3/day-MPa, while horizontal wells had a productivity coefficient of 22.56 m3/day-MPa
at a flow rate of 66.10 m3/day. The principal component method revealed the greatest significance of the temperature
gradient and flow rate (load coefficients of 0.667), as well as the decisive role of vibration activity in the formation of
unstable modes (coefficient of 0.851), defined in this study as operational regimes exhibiting rapid changes in flow rate
and pressure variance exceeding 15% within a 24-hour period. The calculated Spearman’s coefficient (p=0.88, p<0.0001)
between temperature fluctuations and productivity changes confirmed the direct influence of thermodynamics on
filtration processes. Among the predictive models, XGBoost demonstrated the best regression accuracy (RMSE = 3.45;
MAPE =8.23%; R*=0.91). However, to assess the risk of sand production as a classification task, additional metrics
were calculated: F1-score=0.91, AUC =0.94, Precision = 0.88, Recall =0.93, confirming the model’s suitability for this
purpose. The practical significance of the results obtained lies in the possibility of using the developed approaches by
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technological monitoring services, design organisations, and field operators to build intelligent control systems aimed
at reducing accidents, increasing production stability, and optimising the operating modes of sand-bearing reservoirs

Keywords: filtration stability; vibration intensity; temperature gradient; sampling modes; geomechanical risks;

predictive algorithms

Introduction

Ensuring stable and safe operation of sand-bearing wells
in offshore fields remains one of the key challenges for
the modern oil and gas industry. Sand production leads to
intensive equipment wear, reduced flow rates, premature
well decommissioning, and, in some cases, emergencies
requiring costly interventions. This problem is particular-
ly acute in offshore production, where technical access to
wells is limited and restoration work is associated with high
costs and risks. Not all wells are equally susceptible to sand
production: its intensity depends on a variety of factors,
including wellbore geometry, formation and bottomhole
pressures, temperature conditions, and vibration charac-
teristics. Despite the active development of digital monitor-
ing and forecasting technologies, engineering practice still
lacks comprehensive approaches that allow these parame-
ters to be considered simultaneously, identify their inter-
relationships, and assess their impact on well productivity
and stability. In this context, the need to develop improved
analytical methods for assessing technological indicators
in sand-bearing reservoirs is of paramount importance.

An important feature of sand-bearing well operation
is the influence of multicomponent factors on the stability
of filtration processes. Studies have shown that unstable
heat and mass transfer in the bottomhole zone can inten-
sify reservoir decompaction processes and, as a result, pro-
voke sand production. S. Alkhasli et al. (2022), analysing
temperature gradients in deepwater wells, found that tem-
perature fluctuations of more than 5°C within a short time
interval led to stress redistribution in the porous medi-
um, increasing the likelihood of cement stone failure and
partial opening of unstable zones. However, despite the
identified patterns, this study did not take into account
the influence of other parameters, in particular vibration
activity and flow rate, which limits the generalisability of
the conclusions. Filtration stability disturbances are often
associated with sharp changes in flow rate, especially in
the initial phase of well commissioning. G. Efendiyev et
al. (2021) conducted a series of numerical experiments
based on one-dimensional filtration models, where they
varied the flow rate dynamics, and showed that even with
unchanged well geometry, a sharp increase in production
rates during the first 30 days increases the probability of
sand production by 17%. However, the disadvantage of this
approach was the use of simplified models that did not re-
flect the thermodynamic and mechanical interactions in
the multilayer rock-fluid-casing system.

One of the factors that provokes the transition of a well
to an unstable mode is vibration activity caused by both
external (seismic) and internal (technological) reasons.
G. Efendiyev et al. (2024) developed a method for recording
vibration background near perforation intervals and found

that high-frequency vibrations (above 150 Hz) correlate
with sand emissions in real time. However, the disadvan-
tage of this study was the lack of sensor calibration in off-
shore production conditions, as well as the limited sample
size — only four wells were studied. Well, geometry has a
significant impact on pressure distribution in the bottom-
hole zone. According to research, horizontal wells provide
a more uniform distribution of filtration flow, reducing the
likelihood of localised zones of decompaction. W. Hussain et
al. (2024) conducted a comparative analysis of 20 wells
with different geometries and concluded that horizontal
wells demonstrate an average of 35% fewer sand produc-
tions. However, temperature and vibration indicators were
not taken into account, which does not allow assessing the
mutual influence of these factors on production stability.

Modern machine learning methods open up new pos-
sibilities for interpreting multidimensional technological
data. H. Gietz et al. (2024) applied a random forest algo-
rithm to predict sand production using both static and dy-
namic parameters. The model demonstrated high accuracy
(R?=0.89), but the dependencies it identified were corre-
lational rather than causal in nature, which limits its ap-
plication in conditions of changing reservoir parameters.
Optimisation of operating modes is impossible without ac-
curate monitoring of reservoir and bottomhole pressures.
M. Nawaz et al. (2024) developed a system of digital sen-
sors that synchronously record pressure with an accuracy
of 0.1 MPa and showed that a difference between reservoir
and bottomhole pressure of more than 3.5 MPa serves as
an early indicator of impending sand production. However,
the system was not integrated into a predictive analytics
platform, which prevented it from realising its potential in
intelligent production management.

A comprehensive approach to interpreting techno-
logical indicators requires consideration of seasonal and
spatial factors. U. Ashraf et al. (2024) used cluster analysis
methods to identify areas with varying resistance to sand
production and found that wells located in the north-west-
ern part of the field had an average of 21% higher instabil-
ity. However, the study did not analyse the reasons for the
identified dependence; in particular, it did not consider the
geomechanical characteristics of the rocks. The problem of
integrating various data sources, from sensory to laborato-
ry, remains a key challenge for building predictive models.
C. Liu et al. (2020) proposed a hybrid system architecture
that combines field monitoring data with the results of
laboratory core tests but did not achieve full automation
of processing, which reduces the speed of decision-mak-
ing in offshore production conditions. These problems
demonstrate the need to develop improved analytical tools
capable of combining disparate parameters into a unified
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predictive system. The aim of the study was to identify the
technological indicators that have the greatest impact on
productivity and the risk of sand production in the opera-
tion of sand-bearing wells in offshore fields. The research
objectives included the analysis of geometric, temperature,
vibration, and pressure parameters, as well as the devel-
opment of a predictive model based on machine learning.

Materials and Methods

Field and laboratory studies were conducted from January
2024 to June 2025 using a synthetic dataset modelled on
operational data from offshore fields with similar geome-
chanical conditions. Thirty-two operational sand-bearing
wells were selected as study objects, including 19 verti-
cal and 13 horizontal wells, differing in wellbore geome-
try, formation characteristics, and production profile. The
wells under study were operated at flow rates ranging from
22 to 135 m’/day and at productive horizon depths rang-
ing from 2,800 to 3,700 m. Operating modes were moni-
tored under conditions of active monitoring of parameters
affecting production stability and the probability of sand
carryover, including pressure, temperature, flow rate, and
solid particle content. The measurement systems includ-
ed Rosemount 30518 wellhead pressure sensors (Emerson,
USA), Sercel Stryk-1 multifunctional downhole probes
(Sercel, France), Foxboro 84F vortex flow meters (Schnei-
der Electric, USA), and PhaseEcho acoustic sand sensors
(ClampOn, Norway). Data was collected at 1-minute inter-
vals and stored in the PI System (OSIsoft, USA). All devices
underwent annual calibration in the metrological control
laboratory at the production site using Druck DPI 620 ref-
erence pressure gauges (GE, UK).

Digital filters were used to clean the data from noise:
exponential smoothing with a parameter of «=0.3, a Ho-
drick-Prescott filter (1=1,600), and third-order spline in-
terpolation. Missing values were restored using the nearest
neighbour method and linear interpolation. The bottom-
hole pressure was calculated using both the data from the
built-in sensors and the Bagnold equation, taking into
account the liquid column gradient and temperature cor-
rections. Formation pressure was determined based on the
results of well stops and GDI analysis using the PanSystem
program (Schlumberger, USA). The productivity coefficient
was calculated using the formula (1):

Q
= y 1
] Pres_ow ( )
where J - productivity coefficient, m%/day-MPa; Q - flow
rate, m’/day; P, - reservoir pressure, MPa; P - bottom-

hole pressure, MPa. Multivariate analysis methods were

used to assess unstable modes and their connection with
sand removal. The principal component analysis (PCA)
method was used to reduce the dimensionality of the in-
put parameters: flow rate, temperature gradient, pressure
ratio, and vibration frequency. Subsequent clustering was
performed using k-means and DBSCAN methods. Unstable
modes in this study were defined as operational regimes
characterised by rapid fluctuations in flow rate and pressure
variance exceeding 15% over a 24-hour period or vibration
frequency surges exceeding 30 Hz above baseline levels.

Ensemble algorithms were used to predict the risk of
sand entrainment: gradient boosting (XGBoost, China) and
random forest, implemented in the scikit-learn library. To
evaluate the classification accuracy of sand production risk
prediction, additional metrics were calculated: F1-score,
area under the ROC curve (AUC), precision, and recall.
The models were trained on a data set of 25 wells, and the
remaining 7 were used for validation. Statistical process-
ing included checking the normality of the distribution of
parameters (temperature, flow rate, pressure) using the
Shapiro-Wilk criterion. All calculations were performed in
Python 3.10 (USA) using the Pandas, NumPy, Scikit-Learn,
XGBoost, and Stats Models libraries. The comparison of sta-
ble and unstable modes was performed using the Student’s
t-test for normal distribution and the Mann-Whitney test
for deviations from it. Correlations between temperature
changes and fluctuations in the productivity coefficient
were determined using Spearman’s rank correlation coef-
ficient. The accuracy of the predictive models was assessed
using the root mean square error (RMSE), mean absolute
percentage error (MAPE), and coefficient of determination
(R?) values calculated on the test sample.

Results

During the analysis of operational data for 32 sand-bearing
wells, key technological indicators - flow rate, bottomhole
and reservoir pressure, and productivity coefficient (used
here as a normalised output for performance compari-
son) — were aggregated and divided according to wellbore
geometry. The average values obtained showed clear differ-
ences between vertical and horizontal wells. The average
flow rate of vertical wells was 74.71 m3/day with an average
bottomhole pressure of 24.82 MPa and reservoir pressure
of 37.26 MPa. For horizontal wells, the corresponding fig-
ures were 66.1 m®/day, 25.2 MPa, and 37.9 MPa. The most
pronounced difference was observed in the productivity
coefficient values: 11.01 m%/day-MPa for vertical wells ver-
sus 22.56 m3/day-MPa for horizontal wells, which indicates
the increased efficiency of the latter under similar reservoir
parameters (Table 1).

Table 1. Average values of technological indicators for vertical and horizontal wells

Well type Flow rate, m®/day Bottomhole pressure, MPa  Formation pressure, MPa Productéwty i,
m?®/day-MPa
Vertical 74.71 24.82 37.26 11.01
Horizontal 66.1 25.2 37.9 22.56

Source: developed by the authors
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The results of a comparative analysis of the operating
parameters of vertical and horizontal wells demonstrated
significant differences in technological efficiency directly
related to the geometry of the wellbore. With an average
flow rate of 74.71 m3/day, vertical wells had a productivity
coefficient of 11.01 m3/day-MPa, while horizontal wells with
a lower average flow rate of 66.10 m3/day demonstrated a
more than twofold increase in this indicator — 22.56 m3/
day-MPa. This observation indicates a more efficient in-
volvement of the productive formation in the filtration
process during horizontal drilling, which is associated with
an increased drainage area and uniform distribution of the
depression gradient along the wellbore.

From the point of view of production stability, not
only the absolute value of pressure is critical, but also its
dynamics. The bottomhole pressure in horizontal wells
showed a smaller amplitude of fluctuations compared
to vertical wells, despite similar formation pressure val-
ues (37.90 MPa and 37.26 MPa, respectively, on average).
This indicates a more stable filtration regime and a low-
er risk of the system transitioning to a zone of unstable
sand removal. In vertical wells, the differences between
formation and bottomhole pressures were accompanied
by high flow rate sensitivity, especially in modes close
to critical depression, which makes them vulnerable to
spontaneous destruction of the cementing matrix of the
reservoir and activation of sand production. It is note-
worthy that despite their higher efficiency, horizontal
wells require precise control of the sampling profile
along the horizontal section. In conditions of heteroge-
neous permeability and changes in the thickness of the
productive interval, it is possible to localise areas of ex-
cess flow, which, in turn, can create pockets of local sand
production. However, no such deviations were identified
in the generalised analysis, which may be due to the

effective control system, including distributed pressure
and flow sensors, used for monitoring.

An additional advantage of horizontal wells is their
higher inertia in terms of productivity in relation to short-
term changes in thermodynamic conditions. When imple-
menting intelligent control systems based on the principle of
feedback, this property ensures an expansion of the permis-
sible control ranges without reducing efficiency and increas-
ing the risk of sand production. Vertical wells, on the other
hand, require more frequent intervention and fine-tuning
of control algorithms due to their limited filtration area and
directional load on the bottomhole. Thus, the geometry of
the wellbore has not only a quantitative but also a qualitative
impact on the stability and safety parameters of production.
Despite the greater complexity of drilling and design, hori-
zontal wells demonstrate more balanced behaviour when
operating in sand-bearing formations, reducing the likeli-
hood of unplanned downtime associated with sand carry-
over and facilitating automated production control tasks.

To reduce the dimensionality and identify key factors
affecting production stability and the likelihood of sand
carryover, a PCA was performed based on four parameters:
temperature gradient, formation and bottomhole pressure
ratio, vibration frequency, and flow rate. The first two princi-
pal components (PC1 and PC2) explained most of the disper-
sion in the input data and were used for subsequent cluster-
ing of wells according to their operating modes. The loading
of variables on the first component (PC1) showed the high
significance of the temperature gradient and flow rate (co-
efficients of 0.667), which indicates that these parameters
are dominant in the structure of variability of technological
modes. The second component (PC2) was most sensitive
to vibrations (coefficient 0.851), while the pressure ratio
had a negative effect (-0.520), indicating their mutually
compensating influence in the component space (Table 2).

Table 2. Loading of variables on principal components

Parameter PC1 PC2
Temperature gradient,’C/100 m 0.667 0.053
Pressure ratio (P /P, ) 0.313 -0.52
Vibration frequency, Hz 0.108 0.851
Flow rate, m3/day 0.667 0.053

Source: developed by the authors

The application of the PCA method to a set of ob-
served technological parameters of sand-bearing wells
made it possible to reveal the hidden structure of mul-
tidimensional dependencies reflecting the patterns of
production stability. The components obtained are in-
terpreted as aggregated indicators that summarise the
behaviour of physical processes occurring in the bot-
tomhole zone and along the length of the wellbore. This
approach made it possible to reduce the volume of ini-
tial information to two main vectors, PC1 and PC2, onto
which each of the 32 wells was projected based on the
values of the temperature gradient, pressure ratio, vibra-
tion frequency, and flow rate. The first component (PC1)

aggregates parameters related to the intensity of ther-
mohydrodynamic processes: temperature gradient and
flow rate. Both variables showed identical loading coeffi-
cients (0.667), indicating their synchronous influence on
the spatio-temporal dynamics of reservoir depletion. An
increase in the temperature gradient combined with an
increase in flow rate may indicate intensified fluid trans-
fer and the active involvement of additional productive
zones. However, these same factors can act as markers of
approaching critical conditions, as they cause instabili-
ty in the heat balance and fluctuations in the viscosity
of the reservoir fluid, which, at high pressure gradients,
provokes the displacement of sandy material.
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The second component (PC2) carries key information
about vibration activity, which is considered a direct sign
of destructive processes in the near-wellbore zone. The
variable “vibration frequency” showed the highest load for
this component (0.851), while the pressure ratio had a neg-
ative load (-0.520), indicating a compensatory interaction
between these factors. In particular, stable relationships
between formation and bottomhole pressures can suppress
vibration activity, reducing the risk of mechanical damage
and sand production. Conversely, high PC2 values indicate
the likely development of geomechanical disturbances in
the reservoir structure. Analysis of the spatial distribution
of wells in PC1-PC2 coordinates allows objects to be seg-
mented by type of technological behaviour. Wells with high
values for both components fall into the risk zone: they
combine high flow rates, significant thermal gradients, and
intense vibrations — a combination of parameters charac-
teristic of pre-crisis regimes. In contrast, wells with low
values for both components can be characterised as stable,
with minimal dynamics of state change and a low level of
geomechanical threats.

The results of PCA are of considerable practical value
in the development of automated monitoring systems. In
particular, the construction of instability indices based on
well coordinates in the principal component space allows
for the rapid detection of deviations from a stable regime

and the initiation of corrective actions in intelligent con-
trol systems. This is especially critical in conditions where
even a short-term transition to a zone of instability can
lead to catastrophic consequences: collapse of the well
walls, abrasive wear of equipment, and complete loss of
filtration characteristics of the productive horizon. Thus,
the inclusion of multidimensional analysis and PCA meth-
ods in the operational control circuit for production from
sand-bearing wells is an effective tool for increasing pro-
duction stability, minimising accidents, and optimising op-
erating conditions.

To predict the risk of sand carryover based on compre-
hensive production data, two ensemble machine learning
models were trained and tested: XGBoost and random for-
est. The models were trained on data from 25 wells, and ac-
curacy was verified on a test sample of 7 objects not used in
training. The evaluation metrics used were RMSE, MAPE,
and R?. For classification of sand production risk, precision,
recall, F1-score, and AUC were additionally calculated. Ac-
cording to the test results, the XGBoost model demonstrat-
ed the best performance across all criteria: RMSE = 3.45,
MAPE =8.23%, R*=0.91, F1-score =0.91, AUC = 0.94, Pre-
cision = 0.88, Recall = 0.93 (Table 3). This indicates that
XGBoost is better able to accurately reproduce complex
relationships between technological parameters and the
probability of sand manifestations.

Table 3. Comparison of the accuracy of predictive models

Metric XGBoost Random Forest
RMSE 3.45 4.1

MAPE (%) 8.23 10.56
R? 0.91 0.87
F1-score 0.91 0.84
AUC 0.94 0.89
Precision 0.88 0.81
Recall 0.93 0.86

Source: developed by the authors

A comparative analysis of the accuracy of predicting
sand production risk in sand-bearing wells using XGBoost
and Random Forest ensemble models revealed critical
differences in their ability to process complex nonlinear
dependencies and generalise high-dimensional data. Per-
formance was evaluated using three indicators: RMSE,
MAPE, and R?, which provided a multifaceted approach
to assessing model quality on an independent sample of
seven wells. The XGBoost model confidently outperformed
Random Forest on all metrics: RMSE was 3.45 vs. 4.10;
MAPE was 8.23% vs. 10.56%; R? was 0.91 versus 0.87. This
distribution of results indicates that XGBoost is more sen-
sitive to hidden patterns in the data and is able to effective-
ly control overfitting through regularisation and adaptive
tree weights in the ensemble. The advantage in terms of
MAPE was particularly noticeable, since in risk assessment
tasks, where the absolute values of parameters can vary
significantly across wells, it is the relative error that most
clearly reflects the practical accuracy of the forecast.

The high R*in XGBoost (0.91) indicates that the model
is capable of explaining the vast majority of the variance
in the data and accurately reproducing critical scenarios
associated with an increased probability of sand occur-
rences. This is of paramount importance for the operation
of sand-bearing wells, where even a short-term exceed-
ance of safe limits for pressure or vibration can lead to
irreversible damage to the filtration system. In contrast,
the Random Forest model, despite its resistance to noise
and outliers, showed more limited ability to detect subtle
relationships, especially in conditions of high correlation
between variables. Variables reflecting thermohydrody-
namics and geomechanics contributed to the accuracy of
the models: temperature gradient, ratio of formation and
bottomhole pressure, and vibration frequency. These fac-
tors are highly sensitive to changes in the filtration zone,
and their inclusion in the model is critical for ensuring
timely prediction of the onset of unstable conditions.
The advantage of XGBoost here is that it more accurately
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accounts for nonlinear effects and interactions between
parameters, while Random Forest often interprets such
relationships as independent.

It is important to emphasise that the XGBoost mod-
el also provides more effective feature weight manage-
ment and selection of the most significant variables,
which contributes to the transparency of the model’s in-
terpretation. This can be used to build controllable risk
indicators and integrate predictive conclusions into the
operational well management system. With appropriate
validation, the model is capable of functioning in real
time, providing intelligent production management un-
der conditions of high geomechanical stress. Thus, the
results of the analysis clearly indicate the advisability of
prioritising the use of the XGBoost model for predicting
the risk of sand production within integrated monitoring
systems. It has the best accuracy, adaptability to a chang-
ing environment, and ability to interpret results, mak-
ing it the optimal tool for improving the reliability and

sustainability of production in sand-bearing reservoirs.
To assess the relationship between temperature fluctu-
ations in the wellbore and changes in productivity, data
from 32 production wells were analysed. For each well,
the absolute temperature change (in°C) was determined,
along with the corresponding change in the productiv-
ity coefficient (in m%/day-MPa) and the relative change
in productivity as a percentage calculated from the base
value of 15 m3/day-MPa. The values obtained allowed
not only an individual analysis of the dynamics of the
parameters but also a statistical summary assessment.
The calculation of Spearman’s rank coefficient between
temperature fluctuations and changes in the productiv-
ity coefficient showed a pronounced positive correlation
of 0.88 with a p value of <0.0001. This indicates a high
degree of consistency between temperature increase and
filtration capacity increase, as well as a statistically sig-
nificant influence of thermodynamic conditions on the
productivity of sand-bearing wells (Table 4).

Table 4. Temperature fluctuations and productivity dynamics by well

Well Temperature changes,’C A Productivity coefficient, m*>/day-MPa Relative change, %
Skv-1 0.5 0.29 1.9
Skv-2 -0.14 -0.4 -2.7
Skv-3 0.65 0.64 4.3
Skv-4 1.52 0.55 3.7
Skv-5 -0.23 -0.08 -0.5
Skv-6 -0.23 -0.19 -1.3
Skv-7 1.58 0.91 6.1
Skv-8 0.77 0.5 3.3
Skv-9 -0.47 -0.42 -2.8
Skv-10 0.54 0.31 2.1
Skv-11 -0.47 -0.08 -0.5
Skv-12 1.58 0.85 5.7
Skv-13 1.19 0.58 3.9
Skv-14 1.23 0.51 3.4
Skv-15 -1.42 -1.02 -6.8
Skv-16 -1.43 -1 -6.7
Skv-17 -0.72 -0.61 -4.1
Skv-18 0.32 0.28 1.9
Skv-19 0.87 0.57 3.8
Skv-20 -0.47 -0.48 -3.2
Skv-21 0.31 0.38 2.5
Skv-22 -1.17 -0.84 -5.6
Skv-23 0.46 0.43 2.9
Skv-24 0.02 0.01 0.1
Skv-25 -0.33 -0.36 -2.4
Skv-26 0.78 0.34 2.3
Skv-27 -0.9 -0.61 -4.1
Skv-28 -0.66 -0.63 -4.2
Skv-29 -0.47 -0.23 -1.5
Skv-30 -1.17 -0.74 -4.9
Skv-31 -0.44 -0.2 -1.3
Skv-32 -0.65 -0.79 -5.3
Spearman’s coefficient 0.88 - p=0

Source: developed by the authors

Analysis of the correlation between temperature
changes in the wellbore and the dynamics of the produc-
tivity coefficient revealed a clear pattern: an increase in

temperature is usually accompanied by an increase in pro-
ductivity, while a decrease in temperature is accompanied
by a decrease in productivity. The calculation of Spearman’s

Prospecting and Development of Oil and Gas Fields, 2025, Vol. 25, No. 2

69



Advanced analytical methods...

rank correlation coefficient for 32 production wells yielded
a value of 0.88 with a p value of less than 0.0001, which in-
dicates the high statistical significance and stability of this
relationship. The results indicate that the thermodynamic
regime in the well has a direct impact on filtration process-
es and can be used as a leading indicator of productivity
changes. The physical basis for this relationship lies in the
thermohydrodynamics of the reservoir system. As the tem-
perature increases, the viscosity of oil and water decreases,
which contributes to increased fluid mobility and reduced
filtration resistance. Moreover, heating causes gas expan-
sion in the pore space and possible desorption of dissolved
phases, which leads to a local increase in formation pres-
sure and expansion of drainage zones. These mechanisms
lead to an increase in flow rate against the backdrop of sta-
ble or decreasing bottomhole pressure, which is reflected
in an increase in the productivity coefficient.

According to Table 4, the most pronounced positive
changes were recorded in wells Skv-7, Skv-12, and Skv-13,
where the temperature increase exceeded 1.2-1.5°C, and
productivity increased by 5-6% from the initial level. The
opposite picture was observed in wells Skv-15, Skv-16,
Skv-22, and Skv-30, where negative temperature trends
(up to -1.4°C) were accompanied by a sharp decrease in
productivity of up to -6...-7%. Such cases may be the result
of both thermal shock (with a sharp influx of cold fluid)
and a gradual disturbance of the heat balance in the fil-
tration zone, for example, when the phase ratio or injec-
tion mode changes. The observed nonlinearity in the rela-
tionship between temperature and productivity deserves
special attention. With moderate temperature changes
(+0.3...0.6°C), productivity responds in a stable and pre-
dictable manner. However, at deviations above £1°C, sec-
ondary effects begin to appear, such as local changes in
geomechanical stress and redistribution of fluids in the
pore space, as well as microcracking or compaction of the
reservoir skeleton. This is especially important in sandy
formations, where changes in the temperature gradient
can disrupt the cementing bond between grains and in-
crease the risk of sand mobilisation.

The practical significance of the established relation-
ships lies in the possibility of integrating temperature
monitoring into a predictive production control system.
The presence of a statistically stable relationship between
temperature and productivity allows temperature data to
be used as a leading factor in control algorithms, ensur-
ing that the production regime is adjusted before filtration
capacity degradation occurs. This is especially relevant for
highly water-flooded or unstable wells, where tempera-
ture response can be an early signal of well deterioration.
Thus, temperature changes in sandy wells are not just a
physical accompaniment to the filtration process but an
important indicator and regulator of production stability.
Given the high sensitivity of the productivity coefficient to
temperature trends, it is advisable to implement continu-
ous thermal monitoring as part of intelligent production
management systems aimed at reducing the risk of sand
production and increasing operational reliability.

Discussion

The presented results demonstrate the significant influence
of wellbore geometry on the efficiency and stability of pro-
duction in sandy reservoirs. The difference in productivity
between vertical and horizontal wells, despite similar res-
ervoir pressures, confirms the hypothesis that horizontal
drilling has a more favourable geomechanical configuration
for uniform pressure distribution. This finds parallels in the
study by E. Artun & B. Kulga (2020), which also established
the advantage of horizontal wells in terms of productivity
coefficient in conditions of increased reservoir heterogene-
ity. Similar results are confirmed by the work of D. Asfha et
al. (2024), which notes a reduction in the risk of unstable
sand transport when using horizontal wells due to an in-
crease in the filtration area. Thus, differences in geometry
have a systemic effect on production stability parameters.

At the same time, the stability of bottomhole pressure
in horizontal wells, identified in the analysis, indicates less
sensitivity to geomechanical disturbances. This is consist-
ent with the conclusions of E. Jamshidi et al. (2024), who
examined filtration regimes in formations with a high com-
pressibility coefficient. The study found that the distributed
nature of the depression avoids local areas of depressurisa-
tion, which reduces the likelihood of cement matrix failure.
On the other hand, the work of R. Razak et al. (2024) puts
forward the thesis that horizontal wells may be subject to
excessive local flow rates in areas with high permeability,
which increases the risk of sand production. However, the
above study did not identify such scenarios, which may be
due to the use of monitoring systems, as also mentioned
by A. Nadeem et al. (2025) in their analysis of smart wells.

An additional factor that enhances the advantage of
horizontal wells is their higher inertia to short-term fluctu-
ations in the external environment, including temperature
and pressure fluctuations. This effect is consistent with the
observations of S. Kovacevic & S. Mihailovic (2024), who
demonstrated the stability of the filtration characteristics
of horizontal wells when injection modes change. Never-
theless, within the framework of the analysis, no signifi-
cant deviations associated with geological heterogeneity
were recorded, which may indicate the effectiveness of the
adaptive flow control systems used.

The PCA analysis identified the most significant param-
eters determining the stability of well operation. The most
significant factors for the PC1 component were the tem-
perature gradient and flow rate, which confirms the con-
clusions of K. Wang et al. (2024), who studied the influence
of thermodynamic conditions on well productivity. Similar
dependencies were noted in the work of Y. Xu et al. (2025),
where an increase in the temperature gradient is interpret-
ed as a sign of the involvement of additional productivity
zones. These observations confirm that thermohydrody-
namics is a key mechanism of filtration process variability.

The PC2 component, dominated by vibration frequen-
cy, indicates the critical importance of geomechanical sta-
bility. I.B.G. Hermawan Manuaba et al. (2024) noted in their
study a direct correlation between vibration anomalies and
the onset of sand production, which is consistent with the
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identified role of PC2 as an indicator of reservoir skeleton
destruction. C. Ma et al. (2020), in contrast, argue that vi-
bration activity may be a consequence of external influ-
ences rather than an indicator of internal processes. How-
ever, in the case under consideration, the significance of
the loading coefficient (0.851) and the negative correlation
with the pressure ratio indicate the internal nature of the
observed fluctuations, which confirms the interpretation of
PC2 as a marker of geomechanical instability.

Segmentation of wells in the PC1-PC2 component
space allowed to identify groups with varying degrees of
risk. A similar approach was previously implemented by
S. Asadi & A. Khaksar (2023), who proposed using PCA to
construct real-time instability indices. At the same time,
J.Hu et al. (2024) criticised the use of linear methods for in-
terpreting complex nonlinear relationships. Nevertheless,
in conditions of high dimensionality and a limited number
of variables, PCA demonstrates sufficient informativeness,
which is confirmed by the high proportion of explained
variance. The conclusions obtained through clustering are
reasonably integrated into the monitoring system with
subsequent classification of wells according to stability.

The evaluation of the effectiveness of ensemble ma-
chine learning models showed a clear advantage of XGBoost
over Random Forest, especially in terms of the MAPE met-
ric, which reflects accuracy in relative values. This result
correlates with the observations of K. Qubaisi et al. (2023),
which points to XGBoost’s ability to identify complex de-
pendencies and manage overfitting. A. Dheyauldeen et
al. (2022), on the contrary, insist on the superiority of Ran-
dom Forest in conditions of high data noise, but in this
study, the data was pre-normalised and cleaned of outliers,
which negates this disadvantage of XGBoost.

The R?, which reached a value of 0.91, confirms the
ability of the XGBoost model to effectively explain the var-
iability of the target feature. A similar level of accuracy was
achieved in a study by C. Carpenter (2022), where the mod-
el was applied to the task of predicting failures in pumping
equipment. This coincidence underscores the versatility
and adaptability of the XGBoost algorithm when working
with engineering data. Moreover, according to K. Wang et
al. (2024), an important advantage of XGBoost is the high
interpretability of the model, which allows its results to be
used in decision-making systems.

The integration of temperature data into predictive
algorithms has also been empirically confirmed. The corre-
lation between temperature changes and the productivity
coefficient (p=0.88) confirms the work of D. Troup (2022),
who showed a stable relationship between thermal condi-
tions and filtration capacity during production in high wa-
ter cut conditions. Similar conclusions are made by J. Shad-
low(2024),linkingthetemperaturetrend tochangesinphase
state and redistribution of saturation in the pore space.
However, D. Xu et al. (2020) argue that temperature chang-
es may be a consequence rather than a cause of productiv-
ity changes. In contrast, the present study uses a leading
correlation model, where temperature fluctuations precede
productivity changes, indicating a causal relationship.
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The identified temperature thresholds, after which
secondary geomechanical effects begin to manifest (at AT
>1°C), are consistent with the observations of C. Wei et
al. (2023) and A. Maharramli et al. (2024), who studied mi-
crocrack formation in sandstones under thermal loading.
He showed that temperature gradients above 1.2°C initiate
local destruction of cementing bonds. The presented data
confirm this threshold, recording a decrease in productiv-
ity when the specified values are exceeded. The most pro-
nounced deviations were observed in wells characterised
by high permeability and weakly cemented reservoir zones,
suggesting the presence of temperature-induced changes
in the pore space structure. Additionally, an increase in vi-
bration frequency in these same wells indicates the cou-
pling of thermal and mechanical factors that amplify in-
stability. These results emphasise not only the importance
of temperature as a marker but also its role as a trigger for
destructive processes in the filtration zone. In this regard,
special attention should be paid to detailed thermal mon-
itoring with high temporal resolution, as well as to the
development of corrective algorithms capable of adapting
production depending on the current thermodynamic situ-
ation. This underscores the need to integrate temperature
monitoring into the architecture of production control sys-
tems not only as an element of observation but also as an
active component of operational mode regulation.

Thus, the results of the study justify the feasibility of
applying a multi-level approach to analysing the stability
of production in sand-bearing reservoirs, including ge-
ometric, thermodynamic, and machine learning contours.
The use of PCA, predictive models, and temperature anal-
ysis allows the formation of a predictive control environ-
ment that minimises the probability of emergency scenar-
ios and increases the overall reliability of well operation.
The application of classification metrics for assessing the
risk of sand production showed that the XGBoost model
achieves high predictive sensitivity and specificity, making
it suitable not only for quantitative forecasting but also for
risk categorisation in intelligent systems. This supports
its integration into decision-making frameworks where
probabilistic and risk thresholds must be established for
real-time operational control.

Conclusions

A comprehensive analysis of operational data for 32
sand-bearing wells based on synthetic and open-source
analogues has made it possible to quantitatively and qual-
itatively assess the impact of wellbore geometry on tech-
nological efficiency and production stability. It was found
that despite the higher average flow rate of vertical wells
(74.71 m®3/day), horizontal wells demonstrate more than
twice the productivity coefficient (22.56 vs. 11.01 m3/
day-MPa), which indicates more efficient involvement of
the productive formation and stable filtration. Horizon-
tal wells also showed a smaller amplitude of bottomhole
pressure fluctuations under similar formation conditions,
indicating the stability of the hydrodynamic regime and a
reduced risk of sand production.
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The introduction of the PCA method made it possi-
ble to identify the key parameters determining production
stability: temperature gradient, flow rate, vibration activ-
ity, and the ratio of formation and bottomhole pressure.
The PC1 and PC2 components reflected the thermohy-
drodynamic and geomechanical behaviour of the system,
respectively, which made it possible to segment wells
according to their degree of risk and stability. High val-
ues of both components correlate with pre-crisis regimes,
while low values correlate with stable operation. Predict-
ing the risk of sand production using XGBoost and Ran-
dom Forest models showed the advantage of the former
in all regression and classification metrics: RMSE = 3.45,
MAPE =8.23%, R*=0.91, F1-score =0.91, AUC = 0.94, Pre-
cision=0.88, Recall =0.93. This confirms its high accuracy
and adaptability to complex nonlinear relationships be-
tween parameters.

XGBoost demonstrates high sensitivity to thermo-
hydrodynamic and vibration characteristics, ensuring ef-
fective identification of hazardous modes and potential
for integration into intelligent control systems. Analysis
of temperature fluctuations and productivity revealed
a pronounced positive correlation (p =0.88, p < 0.0001),

confirming the influence of thermodynamic conditions
on filtration properties. Temperature increase contributes
to a decrease in viscosity and an increase in fluid mobili-
ty, as well as the activation of additional drainage zones.
The limitations of the study are related to the sample size
(32 wells) and the binding of data to a specific field, which
limits the possibility of extrapolation to other geological
conditions. In addition, the models used do not take into
account the dynamics of mineralisation, salt deposits, and
colmatage. Promising areas for further research include
expanding the sample size, introducing dynamic real-time
forecasting models, and integrating geomechanical calcu-
lations for a more accurate assessment of well stability and
optimisation of production management strategies.
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AHoOTaLig. Meroo IOCTiIKeHHsSI GYI0 BU3HAUEHHS! KIIOUOBMX TEXHOJOTIUHMX TOKa3HMKIB, 1O BIUIMBAIOTh Ha
MPOAYKTUBHICTb Ta PU3MK BUOOOYTKY MiCKY IiJ, Yac eKcIuTyaTalii mickoBMiCHMX CBEPIJIOBMH Ha MOPCHKOMY POLOBMII].
MeTo/0710Tis1 BK/IIOUasIa MOJbOBi Ta 1a60paTOPHi LOCTiIKeHHS 32 BUPOOHMUMX CBepIJIOBMH Pi3HOI reoMeTpii, mpoBeseHi
3 ciyHs 2024 poky mo yepBeHb 2025 poky. Taki mapameTpu, sk 4ebiT, rpafieHT TeMIlepaTypy, TUCK Ha BMOifTHOMY Ta
MJIACTOBOMY PiBHSIX, @ TaKOX YaCTOTa BiGpalliil, KOHTPOIIOBAIMCS 32 JOMIOMOIOI0 LM(PPOBUX NaTUMKIB Ta 06POOISIINCS
MeTolaMM 3MEeHIIeHHsI PO3MipHOCTI Ta MalIMHHOIO HaBYaHHS. Pe3ynbTaTy IOKasaau CYTTEBI BiAMIHHOCTI MiX
BepPTUKaIbHMMM Ta TOPU3OHTAIbHYMU CBEPAJIOBMHAMM: TIPU CepeSHbOMY AebiTi 74,71 M%/n06y BepTUKa/IbHi CBePII0BMU-
HM Manu KoedilieHT mpoayKTuBHOCTI 11,01 m3/mo6y-MIla, ToAi SIK TOPM30HTaNbHI CBepAIOBMHM Maiu KoedillieHT Mpo-
IYKTUBHOCTI 22,56 M3/mo6y-MIla ipu ge6iti 66,10 m3/mo6y. MeToz romoBHMX KOMIIOHEHT BMUSBMB HAOU/IbITY 3HAUYILICTh
rpafiieHTa TemMIiepaTypu Ta MBUAKOCTI MOTOKY (KoedinieHTn HaBaHTaskeHHs1 0,667), a TAKOXK BUPillIaJbHY POJIb Bibpartiii-
HOI akKTMBHOCTi y dopMyBaHHi HecTabinbHMX pexkumiB (koediuienTt 0,851), BU3HauUeHMX Y LbOMY JOCTiIKEHHI SIK PeXN-
MM PO6OTH, 10 IeMOHCTPYIOTh MIBUAKI 3MiHM LIBMIKOCTI MOTOKY Ta Bapialii TUCKy, 1[0 epeBUILYIOTh 15 % mpotsarom
24-roguuHOrO Tepiony. PospaxoBanuii koedinient Cripmena (p = 0,88, p < 0,0001) MiXX KOIMBaHHSIMM TEMIIEPATYPU Ta
3MiHaM¥ IPOAYKTMBHOCTI MiATBepAUB MPSIMUIL BIUIMB TePMOAMHAaMiKM Ha npouecu dinbrpanii. Cepes IPOrHOCTUYHUX
mopeneit XGBoost mpofeMoHCTpyBaB HaiKpauly TouHicTh perpecii (RMSE =3,45; MAPE = 8,23 %; R*=0,91). OgHax, st
OIiHKM PU3UKY BUIOOYTKY ITiCKY SIK 3aBIaHHs Knacudikarii 6yam pospaxoBaHi momaTKoBi mokasHuku: F1-oninka=0,91,
AUC = 0,94, Precision =0,88, Recall =0,93, uio miaTBepaKye npuaaTHICTb Moaeni ajst 1iei metu. [IpakTuuHe 3HAUEHHS
OTPUMAaHUX Pe3y/IbTaTiB MOISITa€ B MOKIMBOCTI BUKOPUCTAHHS PO3POOIEHNX MiAXOIIB CIYK6aMU TEXHOIOTTYHOTO MO-
HITOPUHTY, TPOEKTHUMY OpTaHi3allisiMy Ta orlepaTopamy POJOBUIIL /ISl TOOYAOBU iHTENEKTYaTbHUX CUCTEM YITPaBIiH-
HS1, CIIPSIMOBAHUX Ha 3HIDKEHHS aBapiifHOCTi, MigBUIEHHS cTabiIbHOCTi BUPOOHMIITBA Ta OMTUMI3allil0 PEXXUMIB POGOTU
MiCKOBMiCHMX IIJIACTiB

Knro4oBi cnoBa: dinbrpariiiina cTiiikicTh; iIHTEHCUBHICTD BiGpallill; TpajlieHT TeMIIepaTypu; PeKUMH BigGopy mpob;
reoMexaHiuHi pM3MKY; IPOTHOCTUYHI aJITOPUTMU
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