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Mechanical and tribological behavior of multilayer
and monolayer TiN-based coatings
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Abstract. This study investigates the mechanical and tribological properties of monolayer TiN coatings and multilayer
TiN/TiCN coatings deposited via direct current magnetron sputtering onto titanium substrates (VT1-0). The coatings were
characterized by microstructure, nanohardness, elastic modulus, and tribological performance under lubricated friction condi-
tions. Scanning electron microscopy (SEM) revealed that the coatings exhibit a uniform microstructure without visible defects
and a typical columnar growth morphology. Nanoindentation tests demonstrated that the multilayer TiN/TiCN coatings possess
enhanced hardness (up to 23.5 GPa) and elastic modulus (191 GPa) compared to the monolayer TiN, attributed to interlayer
strengthening effects and redistribution of residual stresses. Tribological tests using a ball-on-disk configuration under lubri-
cated conditions showed that the multilayer coatings exhibit a significantly lower coefficient of friction (0.10-0.13) and im-
proved wear resistance compared to the TiN coating. This behavior is associated with TiCN layers, which reduce interfacial
adhesion, promote uniform load distribution, and facilitates the formation of a protective tribofilm. The results confirm that the
TiN/TiCN multilayer coatings offer superior mechanical and tribological properties, making them promising candidates for

engineering components operating under friction and wear conditions.
Keywords: multilayer coating, magnetron sputtering, coefficient of friction, nanohardness, wear resistance.
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1. Introduction

Recent advances in materials science and surface engi-
neering have increasingly focused on the development of
high-performance protective coatings to reduce wear and
friction in tribological components of machines and mecha-
nisms [1-3]. Among such coatings, titanium nitride (TiN)
and titanium carbonitride (TiCN) compounds are fascinat-
ing due to their high microhardness, chemical inertness, and
thermal stability. Multilayer systems such as TiN/TiCN
exhibit improved operational properties by combining the
strength TiN with's enhanced plasticity of TiCN, effectively
mitigating stress accumulation during service [4-6].

The key parameters determining the effectiveness of such
coatings include tribological and nanomechanical properties,
such as coefficient of friction (CoF), wear rate (WR), nano-
hardness, and elastic modulus. These properties are strongly
influenced by the coating’s structure, surface morphology,
and deposition parameters. Direct current (DC) magnetron
sputtering is widely used in scientific and industrial settings
to produce coatings with high density, uniform microstruc-
ture, and strong adhesion to the substrate [7, 8]. However,
optimizing multilayer systems requires comprehensive stud-
ies, including investigations of morphological features and
tribological behavior under boundary lubrication conditions.

Most tribological studies of TiN/TiCN multilayer coat-
ings have been conducted under dry sliding conditions in

ambient air. While this approach allows for evaluating basic
wear characteristics, it does not always reflect the actual
operating conditions of tribological components in mechani-
cal engineering and other industries. In recent years, growing
attention has been paid to testing in liquid media that simu-
late realistic friction and wear processes in mechanical sys-
tems. Testing in lubricated environments—such as oils and
functional fluids—provides deeper insight into the influence
of lubrication on tribological behavior, including changes in
CoF, WR, and the mechanism of protective film formation
on the contact surface.

For instance, SuY.L. [9] investigated multilayer
TiN/TiCN/TiN coatings under both dry and lubricated condi-
tions using HD-150 oil and water-based lubricants. Results
showed that under HD-150 lubrication, the CoF decreased to
0.25, and wear was completely absent due to the formation of
a protective tribofilm at the contact surface. In contrast, dry
sliding conditions resulted in severe surface damage, iron
oxide formation, and fluctuations in CoF.

Tribological tests of multilayer TiIAICN and TiTaCN coat-
ings under dry and lubricated conditions [8] revealed that the
CoF ranged from 0.13 to 0.85 in dry sliding. At the same time,
under lubrication, it dropped significantly to 0.0015-0.081,
with the minimum value (0.0015) recorded for TiAICN™.
The WR in lubricated environments was also considerably
lower — for example, 7.4 x 10~ mm*N-m for TIAICN-2,
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In another study [10], the tribological performance of
nanostructured coatings was evaluated under reciprocating
sliding against 100Cr6 steel balls using paraffin oil as a lub-
ricant, under varying loads (2 and 7 N) and temperatures (30
and 100°C). The CoF remained largely unaffected by testing
parameters; however, a significant reduction in wear volume
was observed at elevated temperatures.

Despite extensive research on TiN/TiCN multilayer coat-
ings, tribological assessments under lubricated conditions
remain limited in scientific literature. This study deposited
monolayer TiN and multilayer TiN/TiCN coatings on VT1-0
titanium substrates via DC magnetron sputtering. The prima-
ry objective was to investigate the mechanical and tribologi-
cal properties of these TiN/TiCN-based multilayer coatings
under lubricated friction conditions.

2. Materials and methods

Multilayer TiN/TiCN and monolayer TiN coatings were
deposited by direct current (DC) magnetron sputtering using
a VTI1-0 titanium target (equivalent to GRADE 2) with a
diameter of 99 mm. As substrates, finely polished titanium
plates (15 x 15 mm, VT1-0) and p-type Si(100) wafers (SW
GmbH, Schramberg, Germany) were used. The silicon sub-
strates were employed for morphological investigations,
while 58 mm-diameter titanium discs served as substrates for
tribological testing.

All substrates underwent surface preparation involving
sanding with abrasive paper and polishing with diamond paste.
The prepared substrates were mounted on a substrate holder
inside the vacuum chamber. The chamber was evacuated to a
base pressure of 10~ Pa, after which ion cleaning was per-
formed using argon at a pressure of 0.2 Pa, voltage of 2.5 kV,
and current of 20-25 mA for 30 minutes, employing an APEL-
IS-21CELL ion source (Applied Electronics, Tomsk, Russia).

Following ion cleaning, the substrates were positioned
opposite the APEL-MRE100 magnetron source (Applied
Electronics, Tomsk, Russia). A constant substrate bias volt-
age of —100 V was applied, and the target-to-substrate dis-
tance was maintained at 300 mm. The reactive gases used
were propane and nitrogen, with argon as the inert carrier
gas. The flow rates of both reactive and inert gases were
regulated using PPG-12 mass flow controllers (Eltochpribor,
Moscow, Russia). All deposition parameters for the TiN and
TiN/TiCN coatings are summarized in Table 1.

Table 1. Deposition parameters of TiN and TiN/TiCN coatings
by DC magnetron sputtering

Deposition parameters

Coating Deposition Chamber Inert and reactive Plasma Voltage,
. . pressure, current,
time, min gas flow, L/h v
Pa A
. Ar=1.3;
TiN 140 0.4-0.45 No= 0.08 2 530-550
. . Ar=1.3;
W a0 04045 CHe- 031 2 530-550
N, =0.08
. . Ar=1.3;
NG 140 04045 CH-03L 2 530-550
N, =0.08

Surface morphology of the coatings was examined using
a JXA-8230 electron microscope (JEOL, Tokyo, Japan). All
samples were analyzed in backscattered electron mode
(COMPO) at various magnifications. Coatings were deposit-
ed on silicon substrates to facilitate cross-sectional thickness
measurements.

Nanohardness measurements were conducted using a Na-
noScan-4D nanohardness tester (Nanoscan, Moscow, Russian
Federation). Ten indents were made with a Berkovich indenter
under a load of 100 mN. The penetration depth of the indenter
into the coating ranged from 350 to 450 nm. The Young’s
modulus and hardness were determined using the Oliver and
Pharr method [11]. Hardness and modulus profiles were plotted
based on the obtained data, considering standard deviations.

Tribological properties of the coatings were evaluated us-
ing a ball-on-disk configuration on a TRB3 tribometer (CSM
Instruments, Peseux, Switzerland) at room temperature under
lubricated sliding conditions with ambient humidity of 42%.
A Wezzer 80W-90 transmission oil was used as a lubricant.
The tribological testing parameters were as follows: sliding
speed of 1 cm/s, normal load of 5 N, wear track radius of 5
mm, total sliding distance of 160 m (5000 cycles), and data
acquisition frequency of 50 Hz. The test conditions met the
international standard DIN 50324 [12]. A 3 mm diameter
ball of 100Cr6 bearing steel was used as the counterbody.

3. Results and discussion

Figure 1 presents the surface morphology and coating
thickness analysis results of TiN-based coatings obtained by
scanning electron microscopy (SEM). All deposited coatings
exhibit a uniform and smooth surface morphology, free of
visible defects or microcracks. Minor inclusions (nucleation
sites) are present, which may be attributed to the deposition
process or the formation of microstructural phases. However,
their occurrence is minimal and does not significantly impact
on the overall morphology of the coatings.

No substantial variations in surface morphology were ob-
served among the different coating types. The graph in the
lower right corner of Figure 1 shows the measured thickness
values of the coatings. The monolayer TiN coating exhibited
a thickness of 4.4 um, whereas the multilayer TiN/TiCN and
TiN/TiCN/TiN/TiCN coatings showed thicknesses of ap-
proximately 4.0 um. This difference is attributed to the high-
er deposition rate of TiN compared to TiCN under identical
magnetron sputtering conditions. Cross-sectional SEM anal-
ysis of the monolayer TiN coating revealed a columnar mi-
crostructure characteristic of such coatings [13].

The results of nanohardness (H) and Young’s modulus
(E) measurements for all investigated coatings are presented
in Figure 2a. The graph shows that the multilayer coatings
exhibit the highest values, with H=20-23.5 GPa and
E =161-191 GPa. It should be noted that these values reflect
surface-level hardness, as the indenter penetration depth was
confined to the uppermost layer. Nevertheless, the multilayer
structure significantly contributes to surface hardness during
nanoindentation due to several mechanisms: interfacial
strengthening (Hall-Petch effect at the nanoscale), restriction
of dislocation motion, and hardening induced by residual
stress accumulation.

Studies [14-16] have demonstrated that alternating lay-
ers with differing mechanical properties enhance hardness
compared to monolithic coatings. Among all tested sam-
ples, the four-layer TiN/TiCN/TiN/TiCN coating showed
the highest hardness value of 23.5 GPa, which may be at-
tributed to the optimal combination of TiN and TiCN lay-
ers. TICN further reinforces the coating structure in this
case, increasing stiffness and resistance to mechanical de-
formation [4, 17].
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Figure 2. Nanohardness and Young’s modulus data of TiN-
based deposited coatings

Figure 2b displays the calculated H/E and H3/E? ratios,
which are recognized indicators of resistance to mechanical
degradation and failure [18]. According to the literature,
higher values (H/E > 0.1) are associated with reduced wear
rates and lower material loss [19]. From this perspective, all

TiN/TiCN/TiN/TiCN multilayer coatings demonstrated the
highest H/E and H3/E? values, exceeding the threshold of
H/E > 0.1 (indicated by dashed lines), confirming their supe-
rior resistance to mechanical failure.

The wear resistance of carbonitride coatings is deter-
mined by their microstructure, hardness, and adhesion. These
characteristics significantly impact the CoF and WR, which
are, in turn, governed by material mass loss during operation
[6, 20]. Tribological tests of TiN-based coatings under lubri-
cated sliding conditions revealed low CoF values. This effect
can be attributed to a combination of factors: low interfacial
adhesion, effective lubrication performance, the possible
formation of oxide films, and the high stiffness of TiN all
contribute to consistently low CoF under lubrication.

The CoF for all coatings was measured against 100Cr6
steel balls under lubricated conditions. The average CoF was
calculated after completing 5000 sliding cycles.

Figure 3 presents the graphs of the CoF with averaged val-
ues of all TiN-based coatings deposited on titanium substrates
after tribological testing.

0.15

—m—a— TiN coating

—a—a—  TIN/TICN coating

—e—eo— TiIN/TICN/TIN/TIiON coating
0.14
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Figure 3. Averaged CoF of the deposited coatings on titanium
substrates
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According to the results, the average CoF values range
from 0.10 to 0.13. Among the tested coatings, monolayer TiN
exhibited the highest CoF of 0.13. In contrast, the multilayer
coatings demonstrated smoother and lower CoF values than
the monolayer TiN coating.

These improved tribological properties are attributed to
introducing the TiCN layer, which reduces adhesive friction
and enhances load distribution across the coating surface [21,
22]. Incorporating two TiCN layers with differing composi-
tion and structure further reduced friction, possibly due to
improved crystallinity. These layers may enhance the lubri-
cating behavior of the surface and lower contact resistance,
ultimately resulting in minimal friction.

No visible wear tracks were observed on the surfaces of
the coatings after tribological tests, which may indicate either
minimal material loss or complete wear resistance, as previ-
ously reported in studies [23-26].

Thus, the findings of this study confirm that the
TiN/TiCN multilayer coatings (both two- and four-layer
variants) exhibit significantly higher wear resistance and
durability than pure TiN coatings.

4. Conclusions

A comprehensive study was conducted on the mechanical
and tribological properties of monolayer TiN and multilayer
TiN/TiCN coatings deposited via direct current magnetron
sputtering. The main findings are summarized as follows.

SEM analysis revealed that all coatings possess a homo-
geneous, defect-free microstructure with a characteristic
columnar morphology.

Due to interlayer strengthening and dislocation blocking
effects, the TiN/TiCN multilayer coatings demonstrated
enhanced hardness (up to 23.5 GPa) and elastic modulus
(191 GPa) compared to TiN.

Under lubricated sliding conditions, the multilayer
TiN/TiCN coatings exhibited significantly lower friction
coefficients (0.10-0.13) and superior wear resistance than
monolayer TiN. These improved tribological properties are
attributed to the optimized layer architecture, reduced adhe-
sion, and formation of protective tribofilms.

No significant wear tracks were observed on the multi-
layer coatings, confirming their high durability under lubri-
cated friction conditions.

The results confirm that TiN/TiCN multilayer coatings
offer superior operational performance to monolayer TiN,
making them promising candidates for engineering compo-
nents subjected to friction and wear. Future work will further
optimize layer thickness, interfacial architecture, and deposi-
tion parameters to enhance coating performance under real-
world operating conditions.
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TiN Heri3iHaeri KonNKadATTHI :KIHE OIPKAOATTHI KAOBIHAAPABIH
MEXaHMKAJBIK KOHE TPUOOJIOTUsJIBIK KacHeTTepi
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AnpaTtna. bepinaren »ymbpIcTa TYpakThl TOKTHI MarHeTpoHABI Oypky omiciMeH tutan Herisinzeri (BT1-0) ynrinepre
TYHIBIpEUTFaH MOHOKa0atTel TiN skoHe kemkabaTthl TiN/TiCN kaOBIHZAPHIHBIH MEXaHUKAIBIK JKOHE TPHUOOIIOTHSITBIK
KacueTTepi 3eprrenai. JKaObHIapApIH MHUKPOKYPBUIBIMBI, HAHOKATTBUIBIFEI, CEPIIMIIIK MOIYJ JKOHE MalJIaHFaH YHKeIic
JKaFJaWbIHIAFbl TPHOOJIOTIUIBIK CHIIaTTaManaphl Tainnaasl. CKaHepIeHTiH AMeKTPOHIBIK MuKpockonwst (COM) HoTmkenepi
OapnblK  KaOBIHOApABIH OIpTEKTI JKOHE aKaychl3, OaraHa KYpBUIBIMOBI MHKpPOCTPYKTypara W€ eKEHIH KepCeTTi.
Hanounpaenranus a/ici OoiibIHIIa anbiHFaH MajgiMerTepre caiikec, TIN/TiCN kenkaOaTThl KaObIHAAPBIHBIH KATTHLUIBIFRI (23.5
I'Tla pneiiin) men cepmimainik moayni (191 T'Tla) monokaGartel TiN-MeH cambICThIpFaHga KOFapbl, OyJ1 KabaTapaibIK
OCpiKTEHY J>KOHE KaIIbIK KEpHEyJepIiH KadTta OeminyimMeH tycinmipuienmi. «lllap-mguck» cxemacwsl OOWBIHIIA MaillaHFaH
yHKeJic KaraaibiHIa KYPri3iuireH TpHOOIOTHSUIBIK ChIHAKTap KONKadaTThl KaObIHAapAbIH Yiikenic koadduuuentiniy (0.1—
0.13) TeMeH eKeHIH >KoHE TO3yFa TO3IMJAULIIIIHIH KOoFapbl ekeHiH kepcerTi. byn Hotmxke TiCN KabarrapblHBIH €HIi31TyiMEH
OaiinaHpICThI, oylap >kaOblH OETiHIH aJre3WsiCblH TOMEHJETIIN, XYKTeMEHIH OipKenki TapajayblHa >KOHE KOPFaHBIIITHIK
TpubokabaT Ty3utyiHe bIKman eremi. AnbiHFaH HOTIOKenep TiN/TiCN kenkaOaTThl KaOBIHIAPHIHBIH MEXaHUKAIBIK JKOHE
TPUOOJIOTHSJIBIK KAaCHETTEPiHIH >KaKCcapraHbIH JIQJICNICHAl JKOHE oJapibl YHKeJic NeH TO3yFa YIIBIPAHTBIH HHXKEHEPIK
KOMIOHEHTTEp/Ie KOJIaHyFa Ooamarsl 30p eKeHIH KopCceTeIi.

Hezizei ce30ep: konkabammol 2Hcabbin, MacHempoHObl OYpKY, YuKenic Kodpuyuenmi,
MesiMOLNIK.
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Mexann4yeckoe 1 TPHO0JOrHYECKOE MOBeIeHNEe MHOTOCJIOMHBIX U
OHOCJIOMHBIX NOKPLITHHA HA 0CHOBE TiN

b.K. Kenxanues, A.K. KeH)KeI‘yJIOB*, A.A. MamaeBa, A.B. [1laanukun, b.b. Kmmbekopa

Hnemumym memannypeuu u oboeawjenus, Anmamor, Kazaxcman
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AnHoTanus. B naHHo#t paboTe uccienoBaHbl MEXaHUYECKHE U TPHOOJIOTUYECKIEe CBOWCTBa MOHOCIIOWHBIX MOKPbITHH TiN
U MHOrocHoWHBIX MOKphITUH TiN/TiCN, ocaIeHHBIX METOAOM MAarHeTPOHHOI'O pACHBUICHHS IMOCTOSIHHOTO TOKa Ha
tutaHoBbie Toioxkku (BT1-0). IIpoBeneHa ux xapakTepuCTUKa ¢ TOYKU 3PEHUS MUKPOCTPYKTYPbI, HAHOTBEPJOCTH, MOTYJIs
YIPYTOCTH U TPUOOIOTHUECKUX XapaKTEPUCTUK B YCIOBHAX TPeHHs co cMa3kod. CKaHHpYIOIIasi 3JIeKTPOHHAsT MUKPOCKOIIUS
(COM) noxkasana, 9T0 MOKPBITHSI UMEIOT OJJHOPOJHYIO MUKPOCTPYKTYPY 0€3 BUIUMBIX 1e(eKTOB M XapaKTEepHBIH CTOI0UATHII
poct. HcnblTaHuss MeTOJOM HaHOWH/AEGHTUPOBAHUS NPOJEMOHCTPHPOBANN, 4YTO MHoOrocioiHble mOKpbITUs TiN/TiCN
00amaroT MOBEIMIEHHOH TBepaocThio (1o 23.5 I'Tla) u momymem ynpyroctu (191 I'Tla) mo cpaBHeHHIO ¢ MOHOCTOHHBIM TiN,
YTO OOBSCHSACTCS MEXKCIOMHBIM YINPOYHEHHEM M IepepaclpefelieHneM OCTaTOYHbIX HampspkeHHH. Tpubosormyeckne
UCTIBITAaHHSA [0 CXEME «IIAP-AHCK» B YCIOBHAX CMa3aHHOT'O TPEHUS TTOKA3aJH, YTO MHOTOCIOHHBIE TOKPBITUS IEMOHCTPUPYIOT
3HaYUTENbHO MeHBINH Kod(p¢ummeHT TpeHus (0.1-0.13) ¥ MOBHIMIEHHYI0O W3HOCOCTOMKOCTH MO cpaBHeHHI0O ¢ TiN. Ot0
o0ycnoneno BBeneHueM cinoeB TiCN, KOTOpbIe CHIDKAIOT a[re3ui0, CIOCOOCTBYIOT PABHOMEPHOMY pacIpeAeICHHIO Harpy3KH
U (opmupoBaHMIO 3amUTHON TpuOOIUIEHKH. [loiydeHHbIE pe3yNbTaThl MOATBEPXKAAIOT, YTO MHOTOCJIOMHBIE MOKPBITHUS
TiN/TiCN o0naparoT yJay4ImIeHHBIMH MEXaHWYECKUMU M TPHUOOJOTMYECKUMH XapaKTePUCTHKAMH, 4TO JeNaeT UX
NEePCHIEKTUBHBIMHU I IPUMEHEHHUS B UHKCHEPHBIX KOMIIOHEHTaX, pab0TaONINX B YCIOBHUIX TPEHUS U H3HOCA.

Kniouesvle cnoga: mnozocnoiinoe nokpvimue, MAazHempoHHOe pAchnblienue, KodQ@uyueHm mpeHus, HAHOMBEEPOOCMb,
U3HOCOCHOUKOCMb.
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Abstract. The article discusses the prospects for developing lithium-ion batteries, emphasizing lithium-enriched transition
metal oxides used as cathode materials for lithium-ion batteries (LIB). The primary focus is on materials with the formula
xLi2MnOs-(1—x)LiMO: (where M=Mn, Ni, and Co) that exhibit high discharge capacity (over 250 mAh/g) and specific energy
(over 950 Wh/kg), surpassing traditional cathode materials such as LiCoO:, LiMn204, and LiFePOs. These oxides combine the
monoclinic phase of Li2MnOs and the trigonal phase of LiMO., which ensures their high performance. However, the authors
note several problems, including low speed characteristics, irreversible capacity of the first cycle, and degradation of voltage
and capacity during cycling. These problems are linked to the creation of spinel-like structures, unwanted reactions at the sur-
face with the electrolyte, and the release of oxygen. The authors propose modification methods like protective coatings, alloy-
ing, and the creation of composite structures to enhance the characteristics. The article also includes an overview of other
common cathode materials such as LiCoO2, LiMn2O4, LiNiO: and their combinations, highlighting their advantages and limita-
tions. Special attention is paid to promising materials, including LiNii/3Co1/sMni/302 and LiFePOs, which have balanced elec-
trochemical and economic properties. It was also emphasised that further research is needed to understand the degradation
mechanisms and optimise the structure of lithium-enriched oxides. Resolving these issues can help create better and more
reliable cathode materials for LIB, which is crucial for advancing electric vehicles and other energy-intensive technologies.
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1. Introduction

The history of lithium-ion batteries (LIB) originates in
the discoveries of Alessandro Volta and Luigi Galvani in
electrochemistry in the early 19th century, which initiated
the research of chemical current sources. A significant
contribution was made by Michael Faraday, who developed
the laws of electrolysis and introduced the term “ion”.

Early rechargeable batteries such as lead-acid, nickel-
cadmium, and nickel-iron served as the basis for further
development. LIB's commercial breakthrough came in
1990, when Sony introduced batteries with graphite anodes
and cathodes from LiCoO:, contributing to the development
of electric mobility. Despite the achievements, LIB re-
search continues to improve the materials for the cathode,
anode, electrolyte, and other components to increase
productivity and reduce cost, as evidenced by the large
number of publications and conferences on this topic.

Special attention is paid to cathode materials, where it is
necessary to increase the specific capacitance, expand the
cycling voltages and ensure stability during long-term cycling.
It is essential to find cheaper and environmentally friendly
alternatives to the toxic and expensive LiCoO,, which is wide-
ly used in industry. LiMn2Os spinel is considered a promising

© 2025. M.Sh. Dyussembayev, S.B. Yulussov, A.T. Khabiyev, S. Dilibal

cathode material due to its low cost, low toxicity and high
thermal stability, especially in the charged state. However, the
known disadvantages of LiMn:Oa4, such as unsatisfactory cy-
clability and poor reproducibility, require further research and
optimisation, including cationic and anionic doping, changes
in stoichiometry, and surface modification.

2. Materials and methods

2.1. Overview of widely used oxide cathode materials of
lithium—ion batteries

During the development of cathode materials for lithium-
ion batteries (LIB), lithium cobaltate LiCoO: turned out to be
the most effective, which is still widely used in the industrial
production of LIB [1]. This compound has a layered structure
similar to a-NaFeO: or the structure of rock salt. The crystal
structure of LiCoO: consists of densely packed layers of
cobalt (Co*") and lithium (Li") ions alternating along the
(111) plane. Since such an ordering (111) violates the hexag-
onal symmetry of the lattice, LiCoO: crystallises in the space
group R3m with unit cell parameters a=2.816A and
c=14.08 A. Figure 1 shows a schematic representation of
the crystal structure of LiCoO., illustrating the layered ar-
rangement of lithium, cobalt, and oxygen atoms.
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Figure 1. Schematic representation of the LiCoO: structure [2]

The theoretical capacity of lithium cobaltate (LiCoO2)
during electrochemical cycling is 274 mAh/g in the voltage
range of 2.5-4.3 V. However, a significant disadvantage of
this material is that its practical capacity is theoretically lim-
ited since the structure of Lil-xCoO, is not stable when
lithium is deintercalated to x > 0.5. This limitation and the
high cost of cobalt served as an incentive to search for alter-
native cathode materials for lithium-ion batteries with higher
electrochemical capacity, energy and better resistance to
cycling [2]. Lithium-manganese spinel LiMn20O4 has become
one of the successful materials developed. The Li-Mn-O
system is more complex than the Co-O system and includes
more than ten stable compounds with different structures and
degrees of manganese oxidation. Figure 2 shows the iso-
thermal cross-section of the Li-Mn—O phase diagram and an
enlarged fragment indicating stoichiometric compositions
with rock salt, spinel, and defective spinel structures.

(b)

Figure 2. Isothermal cross-section of the Li-Mn—O phase dia-
gram: (a) — general view of the isothermal section showing phase
regions of Li-Mn—O compounds; (b) — enlarged fragment illus-
trating the location of stoichiometric compositions with rock salt,
spinel, and defective spinel structures [3]

The Li-Mn-O system is a complex phase diagram with
various stoichiometric and defective spinel structures. The
Mn;Oa4-LiaMnsO12-A-MnO: triangle characterises these spinel
compositions (Figure 2). The general formula Laxmans—xO4
(0 < x < 1.33) describes stoichiometric spinel structures lo-
cated between Mn3O4 (x = 0) and LisMnsO2 (x = 1.33).
Manganese oxides with the Mns—xO4 (0 < x < 1) defective
spinel structure are located between MnsOs and y-MnOs...
The lithiated manganese oxides with the defective spinel
structure Li2O-yMnO: (y > 2.5) are located on the line be-
tween LisMnsO12 and A-MnO2, which determines the constant
valence of the Mn*" ion. Phases with the structure of rock salt
LizMns—z0; (0 < z < 2) are located on the line between MnO
(z =0) and LizMnOs (z = 2). The LiMn20s compound initial-
ly attracted attention as a cathode material for lithium-ion
batteries (LIB), being cheaper and less toxic compared to
LiCoO: [4].

The crystal structure of LiMn2O. spinel is a tightly
packed cubic anionic lattice, where cations occupy octahe-
dral and tetrahedral positions (Figure 3).
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Figure 3. Schematic representation of the spinel structure of
type A[B2]04 [5]

There are two limiting cation placement options: In nor-
mal spinels, A cations are in tetrahedral positions (8a), and B
cations are in octahedral positions (16d). Half of the A and B
cations in reversed spinels occupy octahedral positions,
while the remaining B cations occupy tetrahedral positions.
A continuous series of intermediate structures is possible
between these variants, allowing cations with different va-
lences to be in various positions. However, one of the disad-
vantages of LiMn.Osx is the potential structural rearrangement
of spinel into a layered rhombohedral LiMnO: structure.

One of the disadvantages of LiMn20s as a cathode mate-
rial for lithium-ion batteries is its relatively low theoretical
discharge capacity of 148 mAh/g. At the same time, in
practice, this compound can only provide 100-140 mAh/g.
On the other hand, lithium nickelate (LiNiO2) was consid-
ered a promising cathode material capable of producing
about 200 mAh/g. However, its production is fraught with
several problems [6].

The LiNiO: structure, similar to LiCoO:, has a specific
setup known as the R3m space group, where lithium and
nickel ions are found in octahedral positions 3(a) and 3(b)
within a tightly packed cubic arrangement of oxygen. How-
ever, there is a fundamental difference between these com-
pounds. The Jahn-Teller effect causes the NiOs octahedra to
change shape in the nickelate structure because of the Ni**
ions. Also, getting a consistent and correct LiNiO2 compo-
sition is difficult because trivalent nickel becomes unstable
at high temperatures during the synthesis [7]. Divalent
nickel ions take up some of the spots where lithium would
generally be in the oxide structure, so the nickelate formula
is better expressed as [Li;.Ni,>"]3a[Ni;..>"Ni?"] 3b[O2] 6e.
So, for LixNiO:, the structure changes from rhombohedral
to monoclinic when the value of x is between 0.4 and 0.75
because of Jahn-Teller distortions and some nickel ions
moving to where lithium ions are; at the same time, the
rhombohedral structure is present when x is between 0.75
and 1. Also, lithium nickelate breaks down quickly because
of reactions with the electrolyte and isn't stable enough
when heated, which has restricted its use as a cathode mate-
rial in industry [8].

Nickel-based compounds show high discharge capacity,
like LiMO2-type layered structures with M being Ni, Co, and
Mn. Consequently, numerous studies are devoted to creating
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cathode materials containing nickel-doped cobalt, manga-
nese, and other metals, which can be easily synthesised and
have favourable electrochemical characteristics [9].

The presence of manganese, cobalt, and nickel enhances
the thermal stability and structural stabilisation of cathode
materials. Based on the study of individual oxides LiCoOs,
LiNiO., and LiMnOs, researchers have developed mixed sys-
tems combining oxides of cobalt, nickel, and manganese [10].

Since LiCoO, and LiNiO; structures belong to the same
spatial group, oxides in the Li-Co-Ni-O system can form
almost ideal solid solutions [11]. The LiNiyCo;—O, solid
solution was proposed and patented in 1989 as a cathode
material. Many compounds containing cobalt and nickel have
been studied, including LiNiyCo;yO, (0<y<1). These
metals can synthesize solid solutions in a wide temperature
range (500-1000°C). Solid solutions in this system can exist
as a layered or spinel structure, depending on the synthesis
conditions.

The structure of solid solutions based on LiNiO: and
LiCoO: is more resistant to lithium deintercalation up to
x = 0.3 (Os type structure), allowing higher capacitance char-
acteristics [12]. However, LixNiyCo;—yO, compounds are
also characterised by a lower degree of cationic mixing than
LiNiO,, with an increase in nickel concentration in LixNi-
yCo—yO; oxides, the degree of cationic mixing increases,
which is associated with the appearance of divalent nickel.
Nevertheless, an increase in the nickel content leads to a rise
in the specific capacity of solid solutions in the Li—-Co—Ni—O
system. LiNiyCo;—yO, compositions with y = 0.7-0.8 are the
most effective [13].

Many scientists have studied the various compositions in
this system using multiple synthesis methods, such as solid-
phase, coprecipitation, variations of the sol-gel process, and
others. According to the data analysis, the conditions and
method of synthesis significantly impact the size of the
formed particles, morphology, texture, density, and final
electrochemical properties of the compounds. In addition,
studies have been conducted on compounds in the Li-Ni-Co-
O system doped with other elements [14].

Some researchers believe that the compound
LiNi;3Co13Mn; 30, with an exact ratio of components is the
most balanced solid solution composition in the LiCoNiMnO
system since it has an optimal combination of capacity, pow-
er, lifetime, thermal stability, safety and cost [15]. Numerous
works devoted to studying this compound continue to arouse
scientific interest. Figure 4 shows the model of the crystal-
line structure of the LiNii/3Co1/3Mni/30: layered oxide, illus-
trating the arrangement of transition metal ions and lithium
within the layered framework.
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Figure 4. Model of the crystalline structure of the
LiNi1/3Co:/3sMn./50: oxide [16]

In addition to the above-mentioned compound
LiNii/3C01/3Mn/30,, there are other compounds in the triad
of transition metals nickel, cobalt and manganese that are of
industrial interest for use as cathode materials for lithium-ion
batteries [17]. The phase diagram of the LiCoO: - LiNiO: -
LiMnO: system (Figure 5) shows the compositions used in
the industrial production of cathodes for lithium-ion batter-
ies. These compositions are characterised by an optimal
combination of electrochemical, structural, and economic
parameters, which makes them promising for commercial use
as cathode materials.
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Figure 5. Phase diagram in the triple CO, LMO, LMO system
(dots indicate compositions used on an industrial scale [18])

Unlike manganese- and nickel-based cathode materials,
lithium iron phosphate (LiFePOs) electrodes with a triphylite
structure are characterised by increased structural and ther-
mal stability during lithium ion extraction.

The crystal structure of LiFePOas belongs to the ortho-
rhombic spatial group Pnma with unit cell parameters
a=1.033 nm, b=0.601 nm, and ¢=0.4693 nm. Figure 6
schematically shows the ideal and real crystal structures of
LiFePO..

Figure 6. Schematic representation of ideal (a) and real (b)
LiFePOs structures [17]

The LiFePOs. framework structures consist of FeOs octa-
hedra and POs tetrahedra touching oxygen vertices in the b-c
planes and common edges. The PO tetrahedra are not inter-
connected. Along the ¢ axis, lithium atoms are located in
interstices, forming chains moving along the a-c planes. In
the a-c planes, iron atoms form zigzag chains at the vertices
of octahedra oriented parallel to the c axis. The iron atoms
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occupy the M2 positions, and the lithium atoms occupy the
M1 positions. The oxygen structure is a slightly distorted,
tightly packed hexagonal structure. Due to the strong cova-
lent P-O bonds forming a three-dimensional delocalised
chemical bond system, LiFePOs retains thermodynamic
stability even at temperatures up to 200°C.

Significant efforts by researchers are aimed at improving
the electrochemical characteristics of existing cathode mate-
rials for lithium-ion batteries. Because the breakdown of
cathode materials with reactive nickel starts on their surfaces,
creating protective coatings is a key research focus. To en-
hance how well cathode materials work, researchers com-
monly use methods like applying coatings, making compo-
sites, adding different elements, creating core-shell struc-
tures, and other ways to modify them.

Covering the surface of cathode materials makes them
more stable and enhances their electrical features, like capac-
itance, how long they last, and speed. Composite materials
made of a cathode compound and conductive additives help
boost electronic conductivity and enhance electrochemical
features. Doping cathode materials with various elements can
modify their structure and redox properties and, as a result,
lead to a change in electrochemical behaviour. Core-shell
structures are also a promising approach for increasing the
stability and improving the characteristics of cathode materi-
als [19, 20].

3. Results and discussion

3.1. Lithium-enriched transition metal oxides with the gen-
eral formula xLi2MnQOs (1-x) LiMO:, (M = Mn, Ni, Co)

A promising direction in the field of cathode materials for
lithium-ion batteries is complex lithium oxides of nickel,
cobalt and manganese with an excess of lithium compared to
the stoichiometry of LiMO., called “Li-rich” in English liter-
ature. These materials were first proposed by a group of
researchers led by Michael Thackeray from Argonne Nation-
al Laboratory [21]. Their structure typically includes two
compounds: lithium manganate (LioMnOs), which has a
monoclinic shape, and lithium oxide (LiMO-), which has a
trigonal shape. The formula of these materials can be repre-
sented as xLixMnOj;-(1-x)LiMO,, where M=MnNi,Co,,
x+y+z=1, or formally as Li(1+yyM'(1-y)O: or Li[Li;M'(_y)]O: in
excess of lithium.

The main benefits of Li-rich oxides are their ability to
store much energy (over 250 mAh/g) compared to other
known materials like LiCoO:2 (140 mAh/g), LiMn2Os (120-
140 mAh/g), LiNixCoyMnzO: (160 mAh/g), and LiFePO.
(160-170 mAh/g), as well as their high energy output (more
than 950 Wh/kg) at an average voltage of 3.5-3.6 V. Addi-
tional advantages are their relatively low cost and toxicity
due to the reduced content of cobalt and manganese [21].

The Li-rich oxides of the Li2MnOs fraction (monoclinic,
pr. C2/m) and LiMO: (trigonal, pr. R3m) have densely
packed face-centred cubic layers with an interlayer distance
of about 4.7 A between the planes (001) in the monoclinic
structure of Li2MnOs and (003) in the trigonal structure of
LiMO:, which contributes to their interaction.

According to some researchers, the Li2MnOs compound
is electrochemically inactive when cycled to a voltage of 4.4
V, which stabilises the structure of the entire material. When
cycling to a higher voltage (4.6-4.8 V), a significant increase
in the specific capacity of materials is associated with the
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activation of the monoclinic structure by removing lithium
and oxygen, as well as the participation of the oxygen anion
(02 O2n) in the redox process. Deeper oxidation and reduc-
tion of transition metal cations are also possible. The litera-
ture offers various explanations for the abnormally high
capacity and the observed decrease in capacity during cy-
cling of Li-rich oxides. Figure 7 presents a schematic com-
parison of the crystal structures of the monoclinic Li2MnOs
phase and the trigonal LiMO- phase, highlighting their struc-
tural differences and layered arrangements.

Li,MnO, LiMO, (M = Mn, Ni, Co) The characteristic LiMng
(Mn") (MJ» or ML-/MZb) unit of Li;MnO,
‘ —
.\,.i ) \\\’ \/‘ \_. octahedrs
’ —— e =l
Ve A
»

Figure 7. Schematic representation of the structures of the
monoclinic phase (Li2MnQO;) and the trigonal phase (LiMO:) [22]

The key problems associated with using lithium-enriched
oxide cathode materials are the reduction of voltage and
capacity during cycling, high irreversible capacity on the first
cycle, and limited speed characteristics. Despite significant
research efforts, no materials that are free of these shortcom-
ings have been found. The reasons for this behaviour of these
complex systems have not been definitively established [23].
The formation of spinel-like domains inside the layered
phase and side reactions of the surface with the electrolyte
and its decomposition products are considered to be one of
the factors causing a drop in capacity during cycling. In this
case, releasing Li2O with the formation of oxygen, lithium
hydroxide, and carbonate plays a crucial role [24].

As mentioned before, when lithium-enriched oxides are
used at high voltage, they change their structure, but we don't
fully understand how this happens. The literature emphasises
the importance of the initial structure of these materials, but
the relationship between the microstructure and its electro-
chemical properties is currently not completely clear [25]. It
also remains unclear whether the lithium-enriched structures
are a composite or a solid solution at the nanodomain level.
Recent studies using high-resolution transmission electron
microscopy and characteristic electron energy loss spectros-
copy confirm the existence of a nanodomain structure [26].
The conditions and methods of material synthesis, as well as
their composition, are undoubtedly crucial in this matter.

4. Conclusions

In conclusion, it should be noted that the further devel-
opment of lithium-ion batteries requires close attention to the
materials of the positive electrode, particularly to promising
lithium-enriched oxides as potential cathode materials. How-
ever, the existing disadvantages of these materials, such as
limited energy consumption, degradation during cycling, and
the complexity of analysing their structures, make their in-
dustrial application difficult.

The inconsistency of the data presented in the literature
highlights the need for further fundamental research to un-
derstand better the influence of various factors on the func-
tional characteristics and performance of lithium-enriched
oxides. Identifying ways to improve their performance while
reducing degradation during cycling is also necessary. Solv-
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ing these problems is an essential prerequisite for the possi-
ble industrial introduction of lithium-enriched oxide materi-
als as high-energy cathodes for lithium-ion batteries.
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AnjgaTrna. Makanajga JIUTHH-UOHIBI akkymyusTtopiapiasiH (JIMA) ngamy mnepcnexkTuBaigapbl KapacThIpPbUIANbl, aTar
aiiTKaH/na, KaTOATHl MarepHajjap peTiHIe KOJJIAHbUIATBIH JIMTHHre Oall aybicnaibl MeTalsl OKCHITEepiHe Oaca Hazap
aynapbutaznel. Herisri Hazap xLizMnOs-(1—x)LiMO: (myanarst M = Mn, Ni, Co) ¢dopmynansl MaTepuangapra ayIapbUiFaH,
oJlap KOFapbl Pa3psAATHIK CHIMBIMIBUIBIKIIEH (250 MA-caf/T-7aH actam) >koHe MeHIIKTI sHeprusmeH (950 Br-car/kr-nan
JKOFapbl) epekieneHeni, Oy osapabl ocTypiai karoarel Marepuampap — LiCoO», LiMn:0Os4 xone LiFePOs-nen
canbICThIpFania tuimMaipek ereni. by okcunrep LiMnOs-tiH MoHOKIMHAIK (azacsl MeH LiMO-q-HiH TpUroHanbas! a3acklH
OipikTipim, >KOFapbl OHIMALIIKKE KON KeTKizemi. Auaiiia, aBTopiap Oipkarap Macejejepre Hasap ayjapajabl: TeMeH
KBUIIAMIBIK CHIIATTaMaJapbl, ajIFalKbl IUKIAAFBl KAUTBIMCBI3 CHIMBIMIIBUIBIK JKOHE IUKIIK )KYMbIC OapbIChIH/IAa KepHEY MEH
CBHIMBIMIIBUTBIKTEIH TOMEH/EYl. byJl KeMIIuTikTep MIMUHENb Topi3Al KYphUIBIMIApAbIH TY3UIyiMEH, 3JICKTPOJIMTIICH IIeKapaa
JKaHaMa peakIMsUIapMEH >KOHE OTTEKTiH OeniHyiMeH OalimaHbIcTRL. MyHpmall KeMINITKTepAi O YIIiH KOPFaHBIC
XKaObIHAAPBIH KOJNIaHy, JIETHPJIEY JKOHE KOMIIO3UTTIK KYPBUIBIMIAp Kacay CHUSAKTHI MOAW(HKAIMIIAY 9IiCTepl YCHIHBLIAIBL.
Maxkanaga coHgaii-ak KeHIHEH KOJIaHbUIaThIH 0acka karoarsl Marepuaimapra — LiCoO2, LiMn20a, LiNiO: xoHe oapsiH
KOMOMHAIMsUTApbIHA IOy  JKacalibill, ONapJAblH  apTHIKWIBUIBIKTAPBl ~MEH IIeKTeylepi TangaHaapl. Ocipece,
LiNi1/3Co1/3Mn1/30: xoHe LiFePOs cusKTBI mepClieKTHBAIbI MaTepuaigapra epekine KeHU1 OesiHreH, cedebi omap
JNIEKTPOXUMHUSUIBIK JKOHE HDKOHOMHKAJIBIK TYPFBIAAH OHTalnbl Kacuerrepre ue. CoHpaii-ak nuTuiire 0aldl OKCHATEPIIH
KYPBUIBIMBIH OHTAMIaHBIPY JKOHE JIeTpafaliisi MeXaHU3M/IepiH TepEeHIpeK TYCIiHy YIUiH KOCBhIMIIA 3epTTeyJIepAiH KaKeTTiirl
aran etinre. by mocenenepni wenry JIMA yuriH sxorapsl THIMII 9pi TYPaKThl KATOATH MaTepHajiapAbl 93ipieyre MyMKIHIIK
Oepirt, 2IeKTPOMOOMIIBAIIK ITeH 6acKa J1a SHEPTHSHBI KOIT KaKeT €TETiH TEXHOJIOTHSIIapIbIH IaMyblHa BIKITAN €Tyl MYMKIiH.

Hezizei co30ep: numuti-uoHObl aKKyMyIsmopaap, Kamoomvl Mamepuaioap, aumuiimer oavvimelizan okcuomep, Lerich
okcuomepi.
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AHHoTanus. B cTathe paccMaTpUBAIOTCS NMEPCICKTHBBI Pa3BUTHS JIUTHH-UOHHBIX aKKYMYJISITOPOB C aKIICHTOM Ha JIUTHH-
oboraiéHHble OKCHJIbI MIEPEXOAHBIX METAJIOB, HCIIOIb3yEMbIX B KAUECTBE KAaTOJHBIX MATEPHAJIOB JJIS JIUTHH-UOHHBIX aKKy-
myisitopoB (JIMA). OcHoBHOe BHUMaHKE yaenseTcs MaTepuanaM ¢ popmynort xLi,MnOs-(1-x)LiMO; (tme M=Mn, Ni, Co),
KOTOpBIE JIEMOHCTPUPYIOT BBICOKYIO paspsaHyr éMKOCTh (Oonee 250 MA-4/T) u yaenbpHYyIo 3Hepruto (cBoime 950 Bt u/kr),
MPEBOCXOIS TPATUIIMOHHEBIC KaTOAHbIe MaTepuaibl, Takue kak LiCoO,, LiMn,O4 u LiFePO4. OTH OKCHABI codeTaroT B cebe
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MOHOKJIMHHYIO (a3zy LixMnO; u tpuronansuyto ¢aszy LiMO,, urto obecrieunBaeT UX BBICOKYIO MPOHM3BOAUTEIBHOCTh. THAKO
ABTOPBI OTMEUAIOT PsiJ MPOOJIEM, BKIIOYAs HU3KHE CKOPOCTHBIE XapaKTEePHUCTHKH, HEOOPATUMYIO EMKOCTh IEPBOr0 LUKIIA U
JETPaIaliiio HANPSOHKEHUsI U EMKOCTH TPH LMKIMPOBAHUU. DTH HEJOCTATKU CBSI3aHBI ¢ 00pa30BaHUEM ILITIHMHENEION00HBIX
CTPYKTYD, TOOOYHBIMU PEaKLMIMU Ha TPAHUIIE C JIEKTPOJIMTOM M BBICIEHHEM Kuciiopoaa. it yiaydIieHus XapaKTepHCTHK
MIPeAJIararoTCsl METObI MOAN(HUKALINH, TAKHE KaK 3aIUTHBIC TIOKPBITHS, JETHPOBAHNE M CO3/1aHHE KOMIIO3UTHBIX CTPYKTYp. B
CTaThsl TAKXKE BKIIFOUEH 0030p JPYIHX pacrpoCTpaHEHHBIX KaTOIHBIX Marepuaos, Takux kak LiCoO,, LiMn,O4, LiNiO> u ux
KOMOHMHAINH, MTOJUEPKNBAs NX MPEUMyIIecTBa U orpaHndeHus. Ocoboe BHUMaHUE yJeIsieTCs MepCIeKTUBHBIM MaTepHajaM,
Britodas LiNil/3Co1/3Mn1/30; u LiFePOs, xoTopsie 06nanaroT cOanaHCHPOBaHHBIMU IEKTPOXUMUYECKUMH B 3KOHOMHYE-
CKUMH cBoWcTBaMH. Takxe ObUIO MOAYEPKHYTa HEOOXOIMMOCThH NalbHEHIINX MCCIECIOBAHHUN ISl MOHMMAHHS MEXaHH3MOB
JeTpajlalliy U ONTHMU3AIMU CTPYKTYPBI JINTHH-000TamEHHBIX OKCHIOB. PemeHne 3Tux 3a7ad MOXKeT criocoOCTBOBATh paspa-
00TKe BBICOKOA((EKTHBHBIX U CTAOMIBHBIX KAaTOIHBIX MaTepuanoB ais JIMA, 9To BaKHO I pa3BUTHS HIIEKTPOMOOMIFHOCTH
U JPYTHUX S3HEPTOEMKHUX TEXHOJOTUH.
Kouesvie cnosa: numuii-uontvie akkymyisimopsbl, KamooHvle Mamepuaivl, 0602aujeHHvle Jumuem okcuowl, Lerich okcuoul.
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Abstract. This paper presents the results of a study of the strengthening of iron ore raw materials obtained by oxidative
roasting of granules and pellets using gaseous fuel and agglomeration with combustion of solid fuel in the agglomeration layer.
Differences in the mechanisms of mineral formation of granules, pellets and agglomerates appear at the stage of liquid-phase
strengthening and are due to the different role of iron in forming the strengthening melt. At the same time, in the agglomerate,
granules and pellets, iron is in different valence states, affecting the processes' features. Iron can be in a trivalent state in the
iron-silicate melt of granules and pellets and is not a silicate-forming component of the charge. The silicate compositions of the
binders in the entire studied range of basicities (0.3-1.5) are located along the line of the CaO—SiO, connection, which is de-
termined using the phase diagram of the CaO-Fe;03;—SiO, system. During agglomeration, the silicon-containing melt is
formed under conditions of excess FeO, which directs the process of mineral formation during the creation of the iron-silicate
binder of the agglomerate. Under standard agglomeration conditions, silicate binders with a basicity of 1.0-1.5 are formed in
the olivine field of the CaO-FeO-SiO; phase diagram, covering a wide range of compositions. The processes of mineral for-
mation in batches, by hardened methods, both during the firing of granules, pellets, and during agglomeration, have shown that
changing the oxidation potential of the gas phase is an effective lever on the path not only to improving the properties of fer-
rous sand - a waste product of alumina production, but also to creating both new binders and new types of iron ore raw materi-
als suitable for smelting ferrosilicon.
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1. Introduction To date, various works on red mud processing have been
presented worldwide. However, not all studies conducted are
of interest from the metallurgical engineering perspective.
Many red mud processing technologies are distinguished by
the high cost of implementing the presented studies, and
most of them are accompanied by complex and multi-stage
processing. Red mud, by its composition, can be used in
various areas of industry. The work [9] presents multiple
options for using red mud in different sectors. The presented
studies consider pyrometallurgical, hydrometallurgical meth-
ods, direct use of red mud, and catalysts in the chemical
industry. For example, in [10], the processing of red mud is
approached critically. In [11], it is proposed to use red mud
as a filter for water purification. In [12], it is proposed to
subject red mud to pyrometallurgical processing and use it as
a building material.

At JSC Aluminum of Kazakhstan, about one million tons of
waste sludge accumulates yearly in waste dumps. A significant
part of the waste sludge is considered substandard and used only
in highway construction as bulk material. As is known, the
bauxite deposits of Kazakhstan are distinguished by a large
amount of iron and silicon. Therefore, ferrous sands with a

Alumina is known to be produced from bauxite using the
Bayer sintering method [1]. These methods produce a large
amount of sludge. One of these sludges is called waste (red)
sludge. According to sources [2, 3], 0.9 to 1.5 tons of red
mud are produced from bauxite for every ton of alumina. To
date, red mud has no further use and is stored in sludge
fields. The latter occupy vast territories and cause enormous
harm to the environment. Such sludge fields occupy 10 to 50
hectares and store millions of tons of waste [4].

Some sources report that between 2.0 billion [5] and 4.0
billion tons of alumina production waste [6] have accumulat-
ed worldwide, and vast amounts of money are spent on main-
taining such sludge storage facilities. According to [7] alone,
the Ural alumina refineries in Russia have accumulated 100-
300 million tons of waste.

Alumina production sludge contains a high amount of al-
kali and therefore poses a danger to the environment. The
disaster in Hungary in 2010 (Kolontar) is well known. As a
result of a dam break, about 700 thousand tons of sludge
were released. People and wildlife suffered, and houses were
destroyed [8].
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Fe,0; content of 50-65% are separated at the first stage of baux-
ite processing by the leaching method. These ferrous sands are
sent according to the general scheme to sludge fields and do not
find further use. As a result, together with the remains of red and
gray sludge, ferrous sands lose their value as iron ore material,
mixing with other sludges.

Regarding iron oxide, approximately 10 million tons are al-
ready irretrievably lost. Let's consider the iron content in ferrous
sands, which are sent to the sludge field in approximately 500
thousand tons per year, as substandard material. This situation is
only in Kazakhstan. And according to [13], over 2.7 billion tons
of bauxite waste have accumulated worldwide, increasing by
120 million tons annually. However, due to their physical and
chemical properties, ferrous sands are suitable for inclusion in
metallurgical processing. From this material, it is possible to
obtain granules, pellets and agglomerates for use in producing
ferrosilicon and other alloys (cast iron and steel). For example,
in ferrosilicon production, the obtained granules are quite suita-
ble as a substitute for iron shavings.

When using waste for smelting metals and alloys, two prob-
lems are solved: including accumulated waste in metallurgical
processing in the form of a semi-finished product and reducing
the environmental burden. Ferrosilicon can be obtained by re-
ducing the silicon contained in the studied ferruginous sand and
the obtained iron ore agglomerate by over 13%. The need to
include iron ore agglomerate in the charge is explained by the
fact that oxygen compounds of iron at relatively low tempera-
tures can easily interact with SiO; to form silicate melts. The
theoretical temperature of silicon reduction by carbon according
to the reaction SiO; + 2C = Si + 2CO is 1669°C, and the eutec-
tic temperature is 1178°C in the FeO-SiO, system. When using
iron ore materials in the charge during the smelting of ferrosili-
con, the processes of melting the charge, rather than reduction,
are advanced. With the appearance of silicate melts in the bath
of the ferroalloy furnace, the specific electrical resistance of the
charge sharply decreases, its components stratify, and silicate
slag accumulates, which leads to a breakdown in the furnace

Table 1. Chemical composition of the samples studied

Ne Materials Fegen Fe,04 FeO

1 Ferrous sand is a waste product of alumi- 31.62 56.78 918
na production

2 Iron ore agglomerate (Basicity 1.2) 55.6 31.33 28.9

The chemical composition of ferruginous sands was de-
termined by X-ray fluorescence analysis on a portable Pro-
spector 2 LE X-ray fluorescence spectrometer (Figure 2)
with a measurement range of chemical elements from Mg to
U in the range up to 0.01 %.

Figure 2. X-ray fluorescence analysis of ferruginous sands
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operation. Therefore, in connection with the process theory, it is
necessary to use the appropriate material that meets the re-
quirements of electric smelting. For this, a thorough study of the
mineral formation processes occurring during high-temperature
firing in the materials under study (granules, pellets and ag-
glomerates) is necessary.

2. Materials and methods

To work with ferrous sands - waste from alumina produc-
tion, samples were taken at JSC «Aluminium of Kazakhstan»
to obtain iron ore agglomerate in laboratory conditions, in
which the optimal parameters for sintering ferrous sands
were developed [14] (Figure 1).

Figure 1. Ferrous sands - waste from alumina production

Also, in the course of the research, a thermodynamic
analysis of the phase formation processes during agglomer-
ation was carried out using the state diagrams of the FeO-
Ca0-Fe;03-A1,03 and FeO-MgO-Fe,03-Al,03 systems and
the effect of dolomite additives in the composition of the
sinter batch was studied, which made it possible to deter-
mine the optimal amount of magnesium oxide in the batch
and identify new phases [15]. The chemical composition of
ferrous sands and the resulting iron ore agglomerate are
given in Table 1.

Si0, ALO; CaO MgO S P PPP
6.25 12.16 2.54 1.62 1.12 0.064 12.57
13.28 6.58 16.5 3.62 0.86 0.13 3.18

Figure 3 shows samples of iron ore pellets and agglomerate
obtained from ferrous sand and waste from alumina produc-
tion. Optical microscopy in reflected light using a metallo-
graphic inverted microscope, METAM LV-32, was used to
study the morphology of the agglomerate samples (Figure 4).

(a)

(b)

Figure 3. Iron ore pellets (a), iron ore agglomerate (b)



. Zhunusova et al. (2025). Engineering Journal of Satbayev University, 147(3), 14-19

Figure 4. Metallographic inverted microscope METAM LV-32

The micrographs reveal structural features and surface
texture characteristic of the sintered phases present in the
samples.

3. Results and discussion

In industrial conditions, the main processes of strengthen-
ing iron ore raw materials are oxidative roasting granules and
pellets using gaseous fuel and agglomeration with solid fuel
combustion in the agglomeration layer. Under real roasting
conditions, fluxed pellets and agglomerates undergo a similar
path of phase transformations at the stage of solid-phase
sintering until the appearance of a liquid phase. This path
includes dehydration, dissociation and amorphization of
minerals of host rocks, as well as decomposition of fluxes
with the formation of ferrites.

Differences in the mechanisms of mineral formation of
granules, pellets and agglomerates appear at the stage of
liquid-phase strengthening and are due to the different role of
iron in forming the strengthening melt. In this case, in the
agglomerate and pellet, iron is in different valence states,
which affects the features of the processes. In the iron-
silicate melt of granules and pellets, iron is in a trivalent state
and is not a silicate-forming component of the charge. The
silicate compositions of the binders in the entire studied
range of basicities (0.3-1.5) are located along the CaO-SiO,
bond line, which is visible in the phase diagram of the CaO—
Fe,05-Si0;, system. According to the diagram shown in
Figure 5, the compositions of the silicate binders are in the
crystallization region of iron-free mineral phases: cristobalite
(Si0), wollastonite (CaSiOs), rankinite (Ca3;Si,O7) and
dicalcium silicate (Ca;SiOs). In real pellet compositions,
trivalent iron enters the melt from calcium ferrites, which are
formed at the solid-phase sintering stage and are the primary
source of the strengthening melt.

In the zone of maximum temperatures, the finely dis-
persed fraction of hematite contained in ferruginous sand
passes into a melt. When the pellets are cooled under the
existing technological firing mode conditions, the melt
solidifies predominantly in a glassy form, retaining some of
the iron in the trivalent state. A batch of pellets was pro-
duced to compare the processes of mineral formation in
pellets and agglomerates made from ferruginous sand.
However, difficulties associated with pelletizing ferrugi-
nous sand arose during their production, since, according to
the theory of pelletizing [16-18], the most unfavorable
effect on the process is exerted by the particle size in the
range of 0.1-1.6 mm.

16

Sio,

CaO

Fe,O,

2CaOfFe,0,

CaOFe,0, CaO2fe,0,

Figure 5. Phase diagram of the CaO - Fe:0s - SiO: system.
Location of composition areas of silicate binders of fluxed pellets:
1 — compositions providing high strength during reduction of
pellets with a SiO: content of more than 5%; 2 — the same, with a
Si0: content of less than 5% [17]

As the data in Table 2 shows, the fractional composition
of the studied ferruginous sand corresponds to this range. In
this case, the bulk of the ferruginous sand falls on the frac-
tion of 0.2-1.0 mm, making up 63.7% of the total volume.

Table 2. Granulometric composition of ferruginous sands

-0.06
2.0

-0.2-0.06
14.7

-0.5-0.2
432

-1-0.5
20.5

-3-1
6.8

-5-3
12.8

Fraction, mm
Units of measurement, %

Finely dispersed iron-containing aspiration dust generat-
ed in steelmaking was used to improve the conditions for
pelletizing ferruginous sands. The resulting pellets were
subjected to firing. During pellet firing at temperatures below
the solidus point in air, complete crystallization of the glassy
phase occurred with the release of iron in the form of hematite
and the formation of iron-free silicate phases. Their composi-
tion depended on the basicity of the pellets and corresponded
to the crystallization region in the CaO—SiO, binary system.

During agglomeration, the silicon-containing melt is
formed under conditions of excess FeO, which directs the
process of mineral formation during the creation of the iron-
silicate bond of the agglomerate. Under standard agglomera-
tion conditions, silicate bonds with a basicity of 1.0-1.5 are
formed in the olivine field of the CaO—FeO-SiO- phase dia-
gram, covering a wide range of compositions adjacent to the
crystallization region of dicalcium silicate.

(b)

Figure 6. General view of the microstructure of the agglomer-
ate (a, b) x100: 1—magnetite; 2 —wustite; 3 — magnesia; 4 —
hercynite; 5 — pores
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Based on Figure 6, it can be noted that the content of non-
metallic impurities in magnetite of one genetic variety of iron
ore agglomerate remained relatively stable within a specific
volume of the sintering batch, but varied significantly at differ-
ent levels of the sintering cake. The stability of the composition
is explained by the fact that only those components of the batch
that are within a specific elementary volume are involved in the
process of solid solution formation. At the same time, fluctua-
tions in the content of impurities in magnetite of different
genetic varieties along the height of the cake are due to the
temperature and heat regime of sintering and the amount of
liquid phase formed at each level of the sintering batch.

An example is the transformation of grains of the original
magnetite into a solid solution of hercynite FeAl,O4 in mag-
netite. By analyzing the distribution of zones with different
compositions, it is possible to indirectly estimate the state of
the ore material in the roasting zone. The composition of the
olivine phase in each specific case is determined by the ba-
sicity of the melt and the content of divalent iron, which
affects its change from calcium-iron olivine, known as fer-
romonicellite (CaFeSiO4), to ferrous olivine, or fayalite
(FeSiO4) [17]. In melts that have been fluxed, the composi-
tion does not reach the fayalite phase (Fe2SiO4). The maxi-
mum content of the fayalite component in the olivine phase
can be up to 80%, with 56.5% FeO present in the melt and a
minimum melting point of 1130°C, which is confirmed by
the data presented in Figure 7. Ferromonticellite and fayalite
are two low-temperature phases in the olivine class, with
melting points of 1208°C and 1205°C, respectively. Between
them, there is a continuous series of solid solutions with a
minimum temperature of 1120°C. This corresponds to a
composition containing 80% fayalite in a solid solution.

Suppose the melt at the maximum temperatures of the
agglomeration process contains high concentrations of diva-
lent iron, which is released as an oxide phase when the ag-
glomerate cools. In that case, its final composition is deter-
mined by the oxidation potential of the gas phase.

°€
1500

T

f - CaxSiOs
solid solution

1400
liq.

1300

B - CazSiOs

solid solution+tliq. CaFe

olivna-+tliq.

f - CazSiOs
solid solution and
Ca-Fe olivna

N

11007504

Fe2Si04

0
Yo

1 1 . ' 1
20 40 CaFeSiOsg( 80

Figure 7. Section of the CaSiOy - FeSiOy system [17]

In raw materials of a more complex composition, con-
taining oxides of aluminum contained in ferruginous sands
(Table 1) and magnesium, the role of these impurities in
forming raw materials is primarily determined by the techno-
logical parameters of strengthening [19]. Aluminum oxide,
during the firing of pellets, is a component of the binding
phases. With different basicity of silicate melts, Al,O; will
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be part of the ferrite phases or glass. In the composition of
silicate binders, Al,Os is an acidic oxide and plays the same
role as silica, leading to a decrease in the basicity of the
binder. AL,Os is part of the ore, ferrite, and silicate phases
during agglomeration. The proportion of aluminum in the
composition of various phases at the time of agglomerate
formation. The lower the oxidation potential of the gas
phase, the more iron oxide and Al>O; in the system in the
form of a hercynite solid solution FeAl,O; in the magnetite
component of the agglomerate. At a high oxidation potential
of the gas phase, aluminum remains predominantly in ferrite
and silicate phases. The formation of hercynite in a solid
solution of magnetite was studied in [18].

4. Conclusions

Magnesium oxide in granules and pellets obtained by oxi-
dative roasting at the stage of liquid-phase strengthening is a
source of FeO. Depending on the basicity of the pelletized
material, magnesium oxide, together with FeO, is consumed
for the construction of silicate phases at a basicity of
Ca0/Si0, = 0.3-0.7. It is part of the magnetite solid solution
(Fe, Mg) Fe;Os, which is formed at the contact of hematite
with a magnesium-containing silicate melt at a basicity of
pellets above 0.7. Magnesium oxide in pellets leads to the
dissociation of trivalent iron. Magnesium oxide and FeO de-
termine the direction of mineral formation in pellets. Since
MgO leads to dissociation of trivalent iron only in the melt,
and a small amount of iron dissolves in the pellet melt com-
pared to the agglomerate, the newly formed FeO is not enough
to change the mineral formation of the pellet binder with a
basicity higher than 0.7. Therefore, all divalent iron and mag-
nesium are spent constructing a magnetite solid solution.

During agglomeration, depending on the ratio of divalent
to trivalent iron in the melt, which is determined by the oxi-
dation potential of the gas phase, MgO is part of the ore
phase or silicates. The more FeO in the melt, the more MgO
in the lattice of the magnetite phase.

Thus, the processes of mineral formation in batches, by
hardened methods, both during the roasting of granules and
pellets, and during agglomeration, have shown that changing
the oxidation potential of the gas phase is an effective lever.
In this case, not only are the properties of ferrous sand, a
waste product of alumina production, improved, but also new
bonds and new types of iron ore raw materials are created in
the form of granules, pellets, and agglomerates suitable for
use as a charge in smelting ferrosilicon.
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Anparma. Ocbl J)XyYMbICTa Ta3 TPi3[i OTHIHABI MalanaHa OTBIPBII, TYHIPIIIKTEp MEH LIEKEMTACTapbl TOTHIFY apKbLIbI
KYHAIpy JKOHE arioMepammsUIblK KadaTTa KAaTTBl OTHIHIBI JKaFy apKbUIBI arfioMepanusuiay Ke3iHAe ajblHFaH TeMip KeHi
IIUKI3aTBIH OEpIKTEHAIPY 3epTTeyJepiHiH HOTIDKenepi Kenripinred. TyHiprmikTep, IIeKeMTacTap MeEH arjioMeparrapia
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0aiIaHBICTRIPFBIIITAPBIH CHIUKATTH Kypambl CaO—SiO; cwi3biFbl OoibiHma opHanacaasl, 0yi1 CaO—Fe,03—Si0; xyiieciniy
KY# AMarpaMMachiH KOJIIaHy apKbUIbl aHBIKTAIa(bl. ATIOMepanus Ke3inae kpemauid 6ap 6ankbiMa FeO-HbIH apThIK Meiepi
JKaFaiiblHaa Ty31iei, OyJ1 arinoMepaTTarbl TeMip-CHIMKATThI 0aiIaHbICTBIPFBILITEIH MUHEPA TY3YILi NPOLECIH OaFbITTal/IbI.
ArIoMepanusHbIH CTaHIApTTH sKarmaimapeiaaa 1.0-1.5 Herizaumikreri cunukartel Oaitmansictap CaO-FeO—-SiO; xkyiiecinig
KYH AMarpaMMachIHIAFbl OJIMBHHAIK 6picTe TY3UIeHi XKoHE KYpaMIapbIHBIH KCH ayKbIMBIH KaMTUABL. TYHipIIiKTep MEH
[IeKeMTacTapbl KYHAIpYy MEH arjoMepanusuiay apKblibl OepiKTeHAIpINTreH MMKi3aTTapia MUHepald TY3UIyAiH JXKypyl ra3s
(ha3acBIHBIH TOTBHIFY IIOTCHIHAIBIH ©3TepPTy — TJIMHO3EM OHIIPICIHIH KAIIBIFBl OONBIT TAaOBUIATHIH TEMIpIi KYMHBIH
KAaCHETTEepiH KaKcapTyla FaHa eMeC, COHAai-aK »aHa OalaHBICTHIPFBIIITAD MEH jKaHa TYpJeri TeMip KEeHI NIMKi3aThl
yKacayabIH Ja THIMIII TeTirl eKeHiH KOPCEeTTI.
Hezizzi co30ep: memipni Kym, aznomepayusl, Jicenmexmey, memip Kenoi aznomepam, guiocmep.

Oco0eHHOCTH MUHEPAT000Pa30BaHUs B CTPYKTYPe KeJIe30PYIHbIX
MaTepHaJIOB ¢ MO3UIUHN TUATPAMMBI COCTOSIHHSI CHCTEMBI

Ca0O-Fe20:3-Si02
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AnHoTanus. B HacToseil pabore MpUBOIATCS PE3yNIbTaThl MCCIIENOBAHUS YIPOUYHEHUS JKEIEe30PYIHOTO CHIPBS, IOJTY-
YEeHHbIC IIPU OKHUCIUTEIBHOM OOXKHUI'€ OKAThIMIEH ¢ MCIIOIb30BaHUEM ra3000pa3HOrO TOIUIMBA M arjIOMEpalldil CO CKUTaHUEM
TBEPJIOTO TOILJIMBA B arJIOMEPAllMOHHOM ciioe. Pa3znuuust B MexaHH3Max MUHEPaIoo0pa3oBaHMs OKaTHIIIEH U arjgomMepaTa mpo-
SIBIISIFOTCSL HA CTAMU JKUIKO(A3HOTO YIPOYHEHUsI U 00YCIIOBIEHBI PA3IMYHON POJIBIO JKele3a B (POPMUPOBAHUH YIIPOUHSIOIIE-
ro pacmiaana. IIpu 3ToM B arjaomepaTe U OKATHIIIE JKEJIe30 HaXOAUTCS B Pa3HBIX BAJIEHTHBIX COCTOSHUSIX, YTO BIMSIET HA OCO-
OEHHOCTH TIPOIECCOB. B jKeNne30CHIMKaTHOM paciiiaBe OKaThIIIeH )Kene30 HaXOJUTCs B TPEXBAIEHTHOM COCTOSIHUM U HE SIBJISI-
eTCsl CHIIMKaTOOOpa3yIomM KOMIIOHEHTOM IUXThl. CHIIMKaTHBIE COCTaBBI CBA30K BO BCEM HCCIIECJOBAHHOM JIMaIla3oHE OC-
HosHocre# (0.3-1.5) pacnomaratorcs Brons uHuK coequHerns CaO—SiO2, KOTopoe onpeenseTcs: NPy UCTIONB30BaHUN JTHa-
rpammsbl coctosiaus cucteMbl CaO—Fe,03—Si0». Tlpu arnomeparyu KpeMHHNHCOAEpKaK paciuiaB GOpPMHUPYETCS B YCIOBHUIX
n30bITKa FeO, 9To HampaBisieT MpoIiecC MHUHEPATO00pa30BaHMS NPH CO3IAHUM JKENE30CIIINKATHOW CBA3KH arioMepara. B
CTaH/IAPTHBIX YCJIOBHSAX arjJoMEpalliy CHIMKATHBIE CBSI3KM ¢ OCHOBHOCTBHIO 1.0-1.5 ¢opMupyIOTCSI B OJTMBHHOBOM IIOJIE JHa-
rpammbl coctosiaust CaO—FeO—-SiO,, oxBaTbiBasi NIMPOKHIA Uania30H cOCTaBoB. [Iporiecchl MUHEPanooOpa3oBaHus B MIMXTaX,
YIPOYHEHHBIMHU CIIOCO0AMH, KaK MPU 00XKHUI'e OKATHILICH, TaK M MPU arJioMepalvy MOKa3allH, YTO U3MEHEHHNE OKUCIUTEIFHOTO
NOTEHIMaja Ta30Boi (a3bl SBISETCS JCHCTBEHHBIM PhIYaroM Ha MYTH HE TOJBKO YJYYIICHHUS CBOWCTB JKEJIE3UCTOro TecKa —
0TXOJIa INIMHO3EMHOT0 IPOU3BO/CTBA, HO M CO3/1aHUs, KaK HOBBIX CBA30K, TaK U HOBBIX BHJIOB JKEJIE30PY/THOTO CHIPbS.

Kniouesvle cnosa: sicenesucmoiii necox, aznomepayus, cnekanue, sHene3opyonblil aznomepam, Quiocsl.
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Abstract. Ventilation for underground mines plays an essential role in production activities by ensuring labor safety and
maintaining environmental conditions. Mine ventilation is also one of the most effective methods for preventing methane gas
and coal dust explosions. Therefore, it is necessary to investigate the ventilation network annually and calculate the overall
ventilation requirements for underground mines in the Quang Ninh coalfield. Based on the production plan and ventilation
needs of the Khe Cham Coal Mine, the authors surveyed and evaluated the mine ventilation network, thereby proposing solu-
tions to improve the ventilation system and calculating the ventilation parameters for 2025. To achieve the research results
presented in this article, the authors used methods such as data collection, analysis and synthesis, field surveys, result analysis
and evaluation, combined with numerical modeling using ventilation software to verify calculation results. To ensure ventila-
tion for Khe Cham Coal Mine in 2025, two main fan stations — Nel at level +35 and Ne2 at level +112 should be operated joint-
ly, with the following calculated working modes: fan station Nel at level +35: airflow of 193.72 m?/s, air pressure of 448
mmH:0O, impeller angle of 40°; fan station Ne2 at level +112: airflow of 155.8 m?/s, air pressure of 419.5 mmH-O, impeller
angle of 35°. Based on the analysis of data collected at the Khe Cham Coal Mine, the paper assesses the overall ventilation
status of the mine. It proposes solutions to improve the ventilation network, ensuring safety during production activities. Addi-
tionally, it determines the combined working mode of the two main fan stations, providing a foundation for developing the
general ventilation plan for Khe Cham Coal Mine in 2025.

Keywords: coal mine, ventilation system, airflow, air pressure, Khe Cham Coal Mine.
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1. Introduction inspect and survey the mine ventilation network every year to
ensure ventilation conditions and safety in the mine. There are
many studies on mine ventilation calculation and mine ventila-
tion network inspection. Some typical studies on ventilation
inspection and solutions [6, 7], mine ventilation model [8, 9],
optimal calculation of ventilation network and adjustment of
mine airflow [10, 11, 12, 13], solutions to stabilize mine venti-
lation network, reduce airflow leakage and balance airflow in
underground coal mines [14, 15, 16]. In addition, some other
typical studies related to adjusting air pressure balance and
ventilation for mechanized mining longwall [17, 18, 19].

In the Quang Ninh coal mine area, Vietnam, ventilation
calculations and mine ventilation network inspections are
carried out regularly. In recent years, several typical studies
related to ventilation solutions have been conducted at Ha
Lam, Quang Hanh, Duong Huy, Ha Long and Cam Thanh
Coal Mines [20, 21, 22, 23, 24], studies to determine the
reasonable working mode of the main fan have been con-
ducted at Thong Nhat and Nam Mau Coal Mines [25, 26],
and studies on the application of ventilation calculations
using software [27, 28].

The main task of general ventilation for underground coal
mines is to provide sufficient and necessary clean air for
people working in the mine according to regulations [1].
Mine ventilation contributes to diluting the concentration of
toxic and explosive gases to the allowable safety limit, dilut-
ing the concentration of dust generated during mine opera-
tions to the permissible limit, and removing it from the mine.
At the same time, it also contributes to improving the micro-
climate conditions at working locations in the mine [2]. As
mentioned in many studies, calculating and selecting mine
ventilation methods is an essential problem. It depends on
many factors, including the mine gas factor and mine class,
which are among the factors that need to be considered [3].
Calculating general ventilation for mines is difficult, partly
due to the extensive mine tunnel system, simultaneous ex-
ploitation of many longwalls, and different exploitation lev-
els, which leads to complex ventilation diagrams [4, 5].

Due to changes in the tunnel system in underground coal
mines, the mine output also changes annually to match the
actual production. Therefore, it is necessary to periodically
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In 2024, Khe Cham Coal Mine operated with a produc-
tion capacity of 1.8 million tons, with nine longwalls work-
ing simultaneously. The mine is developing tunnels and
extracting coal from levels =300 to —100. Two main fan
stations provide general mine ventilation: Nel at level +35
and Ne2 at level +112.

— fan station Nel at level +35: equipped with a 2K56-
Ne30 fan, impeller angle of 35°;

—fan station Ne2 at level +112: equipped with a 2K56-
Ne30 fan, impeller angle of 35°.

The current mine ventilation situation in 2024 shows that
the general ventilation situation of the mine is facing many
difficulties, and it is often necessary to maintain 3-4 auxiliary
fan stations in the mine to meet the ventilation requirements,
which leads to potential risks of unsafe production. The pro-
duction plan in 2025 will continue to maintain exploitation
with an output of 1.8 million tons. To ensure the production
plan, it is necessary to dig nearly 16,000 meters of tunnel,
prevent and cut thousands of meters of tunnel, and exploit 10
longwalls operating simultaneously.

The above domestic and foreign studies have all men-
tioned the method of calculating mine ventilation, solutions
to improve mine ventilation efficiency, and solutions to bal-
ance mine air pressure. However, the research and survey of
mine ventilation network, as well as ventilation calculation
for Khe Cham Coal Mine in 2025 have not been carried out.
Therefore, it is necessary to assess the current status and
determine the working mode of fan stations for Khe Cham
Coal Mine to ensure safety in production and the working
environment. The research results of the paper are the basis
for application in actual production at Khe Cham Coal Mine.

2. Materials and methods

2.1. Study area

The study was conducted at the Khe Cham Coal Mine,
located in Mong Duong Ward, Cam Pha City, Quang Ninh
Province, Vietnam. The mine is situated approximately 20
km north of the Cam Pha city center, along the left side of
Route 18A from Ha Long to Mong Duong [29]. It is bor-
dered by the Bac Huy fault to the north, Khe Cham II-IV
Coal Mine to the south, Khe Cham I Coal Mine to the east,
and Khe Tam Coal Mine to the west. The location of the Khe
Cham Coal Mine is illustrated in Figure 1.

LANG SON

TP. HAI PHONG * == 0/

Figure 1. Location map of the Khe Cham Coal Mine (modi-
fied from [30])

21

2.2. Current status of the Khe Cham Coal Mine ventila-
tion system diagram

In 2024, Khe Cham Coal Mine operated nine longwalls
simultaneously, distributed across three seams: 14.5, 14.4,
and 14.2 [31].

Coal seam 14.5 included five longwalls (14.5-33.1, 14.5-
28A, 14.5-28B, 14.5-28.1, and 14.5-12.5), all exploited using
drilling and blasting technology with chain support. The
operating levels for these longwalls were as follows:

—14.5-33.1: from —126 to —158;

—14.5-28A: from —95 to —143;

—14.5-28B: from —126 to —155;

—14.5-28.1: from —136 to —170;

—14.5-12.5: from —269 to —275.

Seam 14.4 included one longwall (14.4-23), exploited us-
ing drilling and blasting technology with chain support, op-
erating from —140 to —162.

Coal seam 14.2 included three longwalls:

—14.2-12, exploited using fully mechanized technology
with shield support, from —182 to —208;

—14.2-10, exploited using drilling and blasting technolo-
gy with chain support, from —169 to —173;

—14.2-1, exploited using drilling and blasting technology
with chain support, from —182 to —213.

To ensure ventilation for the nine simultaneously operat-
ing longwalls and airflow consumption areas mentioned
above, Khe Cham Coal Mine applies the exhaust ventilation
method based on a side ventilation diagram, with the main
fan stations located at +35 and +112 levels, as detailed below
(Figure 2). Complex multi-level ventilation system is im-
portant for maintaining air quality, diluting hazardous gases,
and ensuring the safety of miners across all active longwalls.

(b)

Figure 3. The ventilation system diagrams of Khe Cham Coal
Mine [31]
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The diagrams in Figure 2 illustrate the airflow organiza-
tion, the arrangement of the main fan stations, and the ventila-
tion pathways supplying fresh air to the working longwalls.

Fan station Nel equipped with a 2K56-Ne30 fan (one work-
ing fan and one standby fan), installed at the +35 level. Fresh
air enters through the auxiliary inclined shaft, descends to the
shaft station at the —300 level, and passes through the transport
brake incline from +25 to —90. It then follows the brake in-
clines and haulage levels to the consumption areas of Seam
14.5 (14.5-33.1 longwall), Seam 14.4 (14.4-23 longwall), and
Seam 14.2 (14.2-12 and 14.2-10 longwalls), reaches the venti-
lation level, and exits through the upper ventilation brake
incline to the exhaust fan station at the +35 level.

Fan station No2 equipped with a 2K56-Ne30 fan (one
working fan and one standby fan), installed at the +112 level.
Fresh air enters through the auxiliary inclined shaft, descends
to the shaft station at the —300 level, and passes through the
transport brake incline from —168 to —145. It then follows the
brake inclines and haulage levels to the consumption areas of
Seam 14.5 (14.5-28A, 14.5-28B, 14.5-28.1, and 14.5-12.5
longwalls) and Seam 14.2 (14.2-1 longwall), reaches the
ventilation level, and exits through the upper ventilation
brake incline to the exhaust fan station at the +112 level.

2.3. Research methods

The study employed a combination of field measure-
ments, data analysis, and numerical modeling techniques to
assess the ventilation system at Khe Cham Coal Mine.

Specialized measuring equipment was utilized to collect
field data, including air speed meters; Japanese Aneerroid S8
barometers; temperature and humidity meters manufactured
in Japan and China; and handheld gas and air meters produced
in Poland, Germany, and China. Measurements and surveys
were conducted at critical locations within the mine, including
the two main fan stations (Nel at +35 level and Ne2 at +112
level), longwall faces, preparation roadways, and large open-
ings. A comprehensive synthesis analysis was performed
based on the data collected during field surveys. The data were
systematically evaluated and compared to identify ventilation
characteristics, airflow distribution patterns, and potential
issues within the existing ventilation network.

Table 1. Assessment of airflow and speed through the longwalls

To supplement field observations and enhance the relia-
bility of the analysis, two ventilation simulation software
packages were employed PATH Network Diagram Software
and Kazamazu Ventilation Software (Japan).

The PATH software simulated the mine ventilation net-
work, particularly under complex conditions. Each ventila-
tion diagram was represented as a PATH network, allowing
the determination of air pressure values across all flows pass-
ing through the network nodes. The maximum air pressure
within the mine ventilation system was identified based on
these calculations.

Kazamazu software was applied to accurately model and
analyze the working modes of the main fans. The key func-
tionalities of the Kazamazu software included identifying the
main components of the mine ventilation network; determin-
ing system limitations and critical points; editing and analy-
sis of simulation results and analysis of standard airflow
distribution across the ventilation network.

These combined research methods provided a compre-
hensive basis for evaluating the current ventilation status and
for developing proposals to optimize the ventilation system
at Khe Cham Coal Mine.

3. Results and discussion

3.1. Assessment of the current status of the ventilation
system of Khe Cham Coal Mine (2024)

3.1.1. Assessment of ventilation of the longwalls

Regarding the airflow direction in the longwalls, the ven-
tilation pattern is generally from bottom to top, which com-
plies with safety regulations for mines with explosive gas
conditions. In some longwalls where the airflow moves from
top to bottom, additional fresh air is supplied to dilute me-
thane concentrations. However, it is recommended that the
dust control regime in these areas be closely monitored to
ensure safe working conditions.

Regarding the airflow and airspeed through the
longwalls, the results of the calculations and field measure-
ments of the required airflow are presented in Table 1.

Airflow (m?/s) Speed of air, m/s
Ne Name of . . Cross- . .
longwall Field Maximum Assessment . 2 Field Allowing Assessment
section, m
1 14.5-28.B 6.9 12 1.5
2 14.4-12 7.82 21 1.7
3 14.5-28.A 9.98 14 1.4
45‘ 133:1(5)2 160.'9192 }i insufficient 4.6 12"522 0.25-4 Enough
6 14.4-16 8.28 12 1.8
7 14.4-23 6.44 10 1.4
8 14.2-1 7.82 11 1.7

Analysis of the data in Table 1 shows that the airflow
passing through the longwalls in all eight surveyed
longwalls does not meet the required standards. Consider-
ing losses through the worked-out areas and the pre-digging
brake inclines, the airflow should reach at least 70% of the
calculated airflow values. In particular, the 14.4-12
longwall demonstrates a significant shortfall, lacking ap-
proximately 50% of the maximum required airflow. Re-
garding the composition of toxic and harmful gases in the
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longwalls, automatic centralized monitoring data and actual
field measurements indicate that the concentrations of toxic
gases (CHa, CO2) are within allowable limits. However, in
the 14.5-28.A longwall, CO: emissions into the working
area have been detected. In this case, it is necessary to pro-
vide additional airflow into the longwall and install a tem-
porary ventilation door if there is insufficient space to con-
struct a permanent crosswall.
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This measure would help prevent air leakage from the
exploited area, thereby reducing the ingress of COs: into the
longwall. Regarding microclimate conditions in the
longwalls, the measurement and survey results show that the
air temperature generally remained within allowable limits
but was close to the upper threshold. Therefore, measures
such as mist spraying and increasing fresh air intake into the
mine are recommended to lower the temperature and enhance
airflow through the longwalls. Additionally, in 2025,
longwalls with opposite airflow directions, such as 14.4-16
and 14.2-9, will require adjustments, including reducing the
slope of the longwalls and adding fresh air to the polluted
airflow before it mixes with the common return air.

Regarding booster fans for longwall ventilation, while
this solution provides timely support for production without
needing pre-digging brake inclines and rim roadways to

supply and remove air, it also presents several disadvantages.
Using booster fans significantly increases electricity con-
sumption, as each longwall requires two FBD2x30 kW fans
operating continuously. Moreover, reversing the airflow in
the event of an incident becomes more difficult. Importantly,
electric motor-driven booster fans cannot effectively prevent
the ignition of methane gas in mines with explosive gas haz-
ards. Consequently, while the current solutions are effective
in the short term, they are considered temporary. They must
be replaced by the proper excavation of ventilation routes
and the calculation of fresh air supply for the respective
longwalls.

3.1.2. Assessment of the longwalls ventilation
The measurement and survey data on the ventilation sta-
tus of the preparation roadways are presented in Table 2.

Table 2. Assessment of airflow and speed through the preparation roadways

Measurement results

Ne Name of roadways
V, m/s
1 Haulage level of 14.5-29A
2 Haulage level of 14.5-24.1
4 Ventilation level of 14.2-2
5 Ventilation level of 14.5-35A
6 Haulage level of 14.5-10.2
7 Haulage level of 14.5-35A
8 Ventilation level of 14.2 0.3
9 Haulage level of 14.5-36.1
10 Ventilation level of 14.5-36.1
11 Haulage level of 14.5-33.2
12 Haulage brake incline of 14.5-37
13 Haulage level of 14.5-21.1
14 Haulage level of 14.5-24.1

Analysis of the data in Table 2 shows that most of the
preparation roadways meet the ventilation requirements.
However, two ventilation roadways, specifically the Ventila-
tion level of 14.2-2 and the Ventilation level of 14.2, exhibit
insufficient airflow compared to the calculated airflow re-
quirements. These areas require additional ventilation
measures to ensure compliance with safety standards and
maintain suitable working conditions.

Most roadways have average ventilation lengths ranging
from 100 to 500 meters, thus ventilation operations do not
face significant difficulties. The fans' locations comply with
the regulations, adequate ventilation capacity is sufficient,
and the airflow sufficiently meets the requirements for mine
excavation activities.

The installed booster fans are in good working condition.
Ventilation ducts are correctly installed and maintained un-
der the ventilation methods applied at the mine. The airflow
supplied to the working faces generally meets the required
levels, and the microclimate conditions at the faces are with-
in acceptable limits as regulated. However, in some working
faces, insufficient airflow has been observed. Therefore, it is
necessary to inspect the pipe connection points and the over-
all condition of the ventilation pipes to identify and rectify
any deficiencies promptly.

3.1.3. Assessment of the longwalls ventilation

The ventilation works of the mine, as identified during
the survey, include the fan station houses, fan drifts, ventila-
tion doors, ventilation doors with adjustable regulators, ven-
tilation gates, and partitions.
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Q calculation

S, m Q. ms result (m¥/s) Assessment
9.3 2.79 2.8 Enough
9.3 2.79 22 Enough
7.8 2.34 2.6 Insufficient
9.3 2.79 2.8 Enough
9.3 2.79 2.8 Enough
9.3 2.79 2.8 Enough
7.8 2.34 2.6 Insufficient
9.3 2.79 2.8 Enough
9.3 2.79 2.8 Enough
9.3 2.79 2.8 Enough
9.3 2.79 2.8 Enough
7.2 2.16 2.2 Enough
7.2 2.16 2.2 Enough

The fan stations Nel and Ne2 are solidly and firmly con-
structed, providing stable support for the mine ventilation
system. The quality of the fan drifts ensures effective air-
flow, contributing to the overall efficiency of the ventilation
network. The ventilation doors throughout the mine are ar-
ranged reasonably, with a solid structure that effectively
regulates airflow within the mine.

The ventilation gates, installed to prevent air leakage at
the two main fan stations, are of good quality and maintain
air leakage within the allowable limit of O, = 5 m?/s, as regu-
lated. Additionally, these ventilation works contribute signif-
icantly to preventing air leakage into the exploited areas, thus
maintaining safe and efficient ventilation conditions
throughout the mine.

3.1.4. Assessment of the working capacity of fan stations

The results of calculations, measurements, and surveys of
the working modes of the main fans at the two fan stations
are presented in Table 3.

Table 3. Working modes of the main fans

Stations Nel Ne2
Name of fans 2K56-Ne30 2K56-Ne30
Impeller angle, degree 35 30
Working mode by calculation:
— Airflow, m3/s; 165 140
— Air pressure, mmH-O 305 230
Working mode according to
measurement and survey:
— Airflow, m%/s; 182.04 270
— Air pressure, mmH-O 182.04 160
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Analysis of the data presented in Table 3 shows that the
two main fan stations are operated in association to create air
pressures of 270 mmH>0 and 160 mmH:O for stations Nel
and Ne2, respectively. These air pressures are within the
normal operating range of the installed fans.

The measurement results indicate that when both fans are
operated jointly, the total airflow reaches 265 m3/s. However,
the maximum air pressure at fan station Nel, measured at
270 mmH-O0, is significantly lower than the calculated value
and the rated capacity of the fan. Therefore, the actual work-
ing mode of the two fans does not fully meet the optimal
performance parameters. Nevertheless, the system can be
adjusted to increase the airflow into the mine, thereby im-
proving ventilation efficiency.

3.2. Proposed solutions to improve the ventilation net-
work to ensure safety

3.2.1. General viewpoint

In order to develop an effective solution for completing
the general ventilation system of the entire mine, it is neces-
sary to unify the overall approach and implement the follow-
ing specific technical ventilation measures:

—ensure that sufficient airflow is provided to all con-
sumption areas of the mine;

—avoid placing local fans in dirty air tunnels to ventilate
the longwalls, as this could compromise air quality and ven-
tilation efficiency;

—in longwalls with opposite airflow directions, fresh air
must be introduced into the polluted airflow to improve air
quality during its passage through the common return airways.

3.2.2. Proposed solutions

To address the ventilation issues identified above, the fol-
lowing solutions are recommended:

—excavate a brake incline in front of the 14.5-36
longwall area to provide a fresh air supply;

— excavate a rim roadway to direct polluted air from the
ventilation level of 14.4-17 to the haulage brake incline be-
tween levels —145 and —268 of Seam 14.2;

—excavate a rim roadway from the ventilation level of
14.2-2 to the middle gate of Seam 14.2 to improve ventilation;

— excavate a rim roadway from the haulage brake incline
between levels —83 and —150 to the haulage level of 14.2-9
of Seam 14.2 to supply fresh air to the 14.2-9 longwall;

— excavate a rim roadway from the ventilation level 14.5-
29A to the haulage brake incline between levels —100 and
—160 of Seam 14.4.

— perform calculations and adjustments of the ventilation
network to establish a reasonable and optimized ventilation
mode for the mine.

3.3. General ventilation calculation for Khe Cham Coal
Mine in 2025

3.3.1. Determining of consumption places

Consumption places in Khe Cham Coal Mine include the
airflow supplied to longwalls, dead-end, and large opening
(power stations) calculated according to the mining and tun-
neling plan (Tables 4-6).

Table 4 summarizes the longwalls planned for simultane-
ous operation in 2025 at Khe Cham Coal Mine, including
their daily production outputs. These data are essential for
determining the required ventilation airflow to ensure safe
mining operations.
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Table 4. Longwall mining plan

Output,
Ne Longwall tons/dar;-night
1 14.5-37.1 600
2 14.05.1932 646
3 14.04.2017 547
4 CGH 14.2-9 880
5 14.5-33.A 584
6 CGH 14.2-2 1000
7 14.5-12.5A 600
8 14.5-29.A 749
9 14.5-36.1 500
10 | 14.2-11.1 560

Table 5. Prepared a tunnel excavation plan

z

Area, m?
13.1
12.5
13.1
12.5
13.1
12.5
12.5
16.1
16.1
13.1
12.5
11.2
11.2
22
13.1
16.1

Tunnel/Heading
Ventilation level of 14.5-28B
Haulage level of 14.5-28B
Ventilation level of 14.5-36.2
Opening heading of 14.5-36.2
Haulage level of 14.5-39
Opening heading of 14.5-39
Opening heading of 14.4-21
Ventilation level of 14.2-3
Opening heading of 14.2-3
Ventilation level of 14.2-12.1
Opening heading of 14.2-12.1
Ventilation level of 14.2-14
Haulage level of 14.2-14
Drainage roadway at —290 level
Ventilation-haulage crosscut at —280 (North side)
Ventilation incline from —180 to —280 levels

0 N AW~

16

Table 6. Large openings requiring ventilation

Ne Facility

Fan station at +35 level
Pumping station at —90 level
Pumping station at —220 level
Pumping station at —160 level
Fan station at +112 level
Pumping station at —300 level

Pumping station at —200 level

Capacity, kW
2750
1350
700
700
4650
3750
900

NN R W~

Table 5 presents the prepared tunnel headings, excava-
tions, and their cross-sectional areas. Table 6 outlines the
major large openings, such as fan and pumping stations,
requiring ventilation in the mine. These facilities are critical
for calculating the airflow needed to maintain appropriate
microclimate and operational conditions.

3.3.2. Calculating the general airflow and air pressure for
the entire mine

The general airflow requirement for Khe Cham Coal
Mine is calculated using the following formula [32]:

0 =L1(L1- 20 +X 00 + X O + 20, ), mss, (1)

where: 1.1 is the coefficient referring to the possibility of
uneven air distribution; > Q. is total required airflow for
ventilating the longwalls (m%s); Y Q. is total required air-
flow for ventilating the dead-end tunnels (m?/s); > Q; is total
required airflow for ventilating the large openings (m?¥/s);
> Qne is total airflow leakage through ventilation structures
(m3/s). The results of calculating the total required airflow
for consumption places are shown in Table 7.
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Table 7. Table of calculation results of the required airflow of consumption places

Ne Name of consumption places ai?fﬁ?xlrr;% /s
| Longwall, Qi
1 Longwall of 14.5-37.1 13
2 Longwall of 14.5-32 13
3 Longwall of 14.4-17 11
4 Longwall of CGH 14.2-9 18
5 Longwall of 14.5-33.A 12
6 Longwall of CGH 14.2-2 21
7 Longwall of 14.5-12.5A 13
8 Longwall of 14.5-29.A 16
9 Longwall of 14.5-36.1 10
10 Longwall of 14.2-11.1 12
20k 139
11 Large opening, Oy
1 Pumping station of -90 level 9
2 Pumping station of -220 level 5
3 Pumping station of -160 level 5
4 Pumping station of =300 level 25
5 Pumping station of —200 level 6
2O 50

From the results presented in Table 7, substituting the
values into Equation (2), the general airflow requirement for
the mine is calculated as follows:

0,, =1.1:(1.1:139+61.5+50+13.9) ~ 306 m?s, )

LAWY 14213

2]

Figure 3. Ventilation diagram of Khe Cham Coal Mine in 2025

The general air pressure of the mine is calculated using
the following formula [32]:

H =R-0%, mmH,0. 3)

where: R is aerodynamic resistance of the tunnel, kyu;
Q is airflow through the tunnel, m?/s.

When designing the mine ventilation system, the general
aerodynamic resistance is determined based on the flow with
the maximum air pressure, while other flows are adjusted
accordingly. To calculate the general air pressure of the
mine, it is necessary to determine the air pressure for all
flows within the ventilation network. However, identifying
the flow with the maximum air pressure can be very chal-
lenging when the complex network contains multiple nodes.

Ne

—
=]

0NN AW N
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. Required
Name of consumption places airflow, m?/s

Dead end, Q.

Ventilation level of 14.5-28B 33
Ventilation level of 14.5-28B 3.2
Ventilation level of 14.5-36.2 33
Opening heading of 14.5-36.2 3.2
Haulage level of 14.5-39 33
Opening heading of 14.5-39 4.9
Opening heading of 14.4-21 33
Ventilation level of 14.2-3 4.1
Opening heading of 14.2-3 4.8
Ventilation level of 14.2-12.1 34
Haulage level of 14.2-12.1 3.9
Ventilation level of 14.2-14 2.8
Haulage level of 14.2-14 34
Drainage roadway of —290 level 5.7
Ventilation- haulage crosscut of —280 34
level at North side )
Ventilation incline of —180 / —280 level 4.1
> O 61.5
Airflow leakage (3.0, = 10%y 0O) 13.9

Based on the calculation results of airflow for the mine
O =306 m’/s, proceed to distribute airflow to consumption
places. Based on the principle of standard airflow distribu-
tion, the airflow distribution results are shown on the ventila-
tion diagram in Figure 3.

The PATH network diagram software was applied in this
study to address this. Based on the ventilation diagram con-
structed in PATH, a matrix was generated to calculate and
identify the flow corresponding to the maximum air pressure
using the PATH Table. According to the calculation results,
the flow passing through the nodes 3-5-8-12-15-18-25-29-
35-39-43-50-52-54 (as shown in the ventilation diagram in
Figure 3) exhibited the highest air pressure, with a value of
H o = 363.05 mmH,0. Therefore, the general air pressure of
the mine is determined as: H, = Hua = 363.05 mmH,0.
These results form the basis for selecting, adjusting, and
operating the main fans to ensure stable and efficient ventila-
tion throughout Khe Cham Coal Mine in 2025.
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3.3.3. Determining the appropriate working mode of the
main fans

The appropriate working mode of the main fans must
meet several requirements: it should ensure the required
airflow and air pressure, operate within the practical and
stable region of the fan characteristic curves, and maintain
overall stability in the mine’s production process.

Based on the 2025 ventilation plan results, the total re-
quired airflow for Khe Cham Coal Mine was determined to be
306 m3/s. According to the ventilation diagram in Figure 3, the
airflow requirements were distributed between the two main
fan stations, with fan station Nel requiring O; = 166 m*/s and
fan station Ne2 requiring O, = 140 m’/s. Similarly, the air
pressure requirements were determined based on the PATH
network diagram analysis results. The calculated pressures
necessary to maintain proper airflow through the ventilation
network were H; =352.07 mmH>O for fan station Nel and
H, =363.05 mmH,O for fan station Ne2 [33].

The appropriate working modes of the main fans were
determined based on these airflow and air pressure values.
The fans must operate with parameters that satisfy the venti-
lation demands and ensure efficient energy use and reliable
functioning throughout the mine's operations. The calculated
operating parameters for the main fans are summarized in
Table 8.

x: 1397y: -678

Table 8. Working mode of the main fan stations of Khe Cham
Coal Mine in 2025

‘ Name of | Airflow Airpres- | Engine Impeller
Stations fans (Q), m¥s sure (H), = power, angle,
’ mmH,O Kw degree
Nel level +35 | 2K56-Ne30 182 415 1250 40
No2 level +112 | 2K56-Ne30 154 408.1 1250 35

Thus, the selected operating parameters for the main fans
ensure that the ventilation system will meet both the produc-
tion needs and the safety requirements of Khe Cham Coal
Mine in 2025.

3.3.4. Use ventilation software to verify calculation results
To re-check the operating capacity of the fan stations to
meet the calculated airflow and air pressure requirements,
Kazamaru ventilation calculation software must be used to
check and determine the reasonable working mode of the fan
stations. Based on the calculation results of the airflow, air
pressure of the ventilation network, and the impeller angle of
the fans, use Kazamazu ventilation software (Japan) to deter-
mine the main fans' working mode accurately. Enter the re-
sistance parameters of the roadway adjusted according to the
PATH network, the characteristics of the 2K56-Ne30 fan into
the Kazamazu software for calculation. The airflow results are
shown in Figure 4, and the fan working points in Figure 5.

Figure 4. Diagram to determine the actual airflow of combined working fans using Kazamazu software

Fan:Node Pres Vol Cor
55- 56 447986 193.72 0
54- 57 419.455 155.80 0

< >

Figure 5. Working parameters of fans Nel and No2 in 2025 us-
ing software

Thus, the software results demonstrate that the reasonable
working points of the fans are consistent with the design
calculations, as shown in Table 9.
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Table 9. Table of calculation of airflow and air pressure after
putting the fans into use (using calculation software)

. Airflow Air pressure

Stations Name of fans (Q), m¥/s (H), mmH,0
Nel level +35 2K56 - Ne30 193.72 447.986
No2 level +112 2K56 - Ne30 155.8 419.455

Through checking the airflow and air pressure of the
flows, it was verified that the performance of the fans meets
the requirements compared to the initial calculation results.
This confirms that the selected working modes for the main
fan stations are adequate to ensure stable and safe ventilation
at Khe Cham Coal Mine in 2025.



C.H Nguyen et al. (2025). Engineering Journal of Satbayev University, 147(3), 20-29

5. Conclusions

Khe Cham Coal Mine, one of the largest underground
mines in Vietnam, is characterized by complex geological
conditions and is classified as a type Il mine according to
methane gas risk classification. The survey results, field
measurements, and ventilation calculations conducted in
2024 indicate that the general ventilation status and micro-
climate conditions in the mine largely meet the required
standards. However, the temperature at the longwalls re-
mains high, reaching approximately 29°C, and insufficient
airflow was recorded at several longwalls, particularly at the
fully mechanized longwall faces, necessitating additional
airflow to ensure operational safety.

The PATH network diagram software proved suitable for
calculating airflow pressure values across the ventilation
network. Additionally, the application of Kazamazu ventila-
tion software significantly enhanced the reliability of deter-
mining the combined working mode of the main fan stations.
The analysis of the ventilation network in 2025 using these
software tools yielded the following results: for fan station
Nel at level +35, an airflow of 193.72 m?/s, an air pressure of
448 mmH-0, and an impeller angle of 40° were determined;
for fan station Ne2 at level +112, an airflow of 155.8 m3/s, an
air pressure of 419.5 mmH-0, and an impeller angle of 35°
were identified.

To ensure proper ventilation and maintain fire safety con-
cerning methane gas, it is essential to organize excavation
works, including pre-digging brake inclines and rim road-
ways, to introduce fresh air into the longwalls and properly
discharge polluted air. These measures are necessary to
maintain safe ventilation patterns in the longwall areas.

Survey results also indicate that the resistance in some
branches of the ventilation network has increased by 20% to
50% compared to the calculated values. This increase is
attributed to the narrowing of ventilation and transportation
tunnels over time. Therefore, regular inspection of the tun-
nels’ cross-sectional areas is required to implement timely
measures for improving ventilation efficiency.

Finally, during the mining process, it is necessary to con-
tinuously monitor and inspect the ventilation system, tem-
perature, mine gas concentrations, and overall mine re-
sistance, with particular attention to airflow distribution in
the branches serving the longwalls.
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BrerHam, X3-Uam Kemip HIaXTaCBIHBIH KeJIETY KYHeciH 0araJiay KoHe
JKeJIIETY KeJICiH dKAKCaAPTy 00MbIHIIA YCHIHBICTAP
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Amngarna. JKepacTel urepy Ke3iHAEC JKENIETy OHIIPICTIK KBI3METTe MAaHBI3IBI PO aTKapaasl, Oy EHOCKKE Kayil
TOHIIPMEHII >KOHE KOpIIaraH OpTaHBIH THICTI jkarmaitmapbiH cakTaigel. COHBIMEH Karap, >KENIeTy METaH MEH KeMip
[IaHBIHBIH JKapBUTYBIH OOJABIpMAYIBIH €H THIMII omictepiHiH Oipi Oombim TaObpmamel. OckiFaH OalTaHBICTBI JKBUT CaifbIH
KENIeTy KemiciH 3eprren, KyaHrHWHB KeMip OaccelHiHIH KepacThl IIaxTalxapbl YIIiH JKAJIBI JKEIICTY KaKETTITIKTepiH
ecenTey Kaxer. Xe-UaM keMip IIaXTachbIHbIH ©HAIPICTIK jKOCHApbl MEH JKENIETY KKETTUIrIH eCKepe OTBIPBII, aBTopiap
LIAXTaHBIH KENJETy KEeIIiCIH 3epTTel, Oaranapl, KeJIAeTyAIH CU-)KYHeciH xkakcapTy OOWbIHINIA MeniMIep YChIHbI, COHIai-
aK 2025 KpUTFa apHaJIFaH Kejljaery napamerpiiepid ecenteni. Ockl Makanaaa KeNTIpUIreH HOTHKENepre KOJ JKeTKI3y YILIiH
JICPEKTEP/Il JKUHAY, TAay JKOHE CHHTE3JCY dJICTepi, MallaNbIK 3epTTeyiIep, HOTIKEIEPIl Tajaay JKoHe Oaranay, COHIai-aK
ecenreyepi TeKcepy YIIiH MaMaHIaHIBIPBUIFAH JKENJCTYy OarmapiaMaiblK JKacaKTaMachlH KOJIZAaHA OTBHIPBIT CaHJIBIK
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MOJENbIeY KONOaHBUIABL. Xe-YaM KeMip IIaxTachIHBIH JKENICTITyiH KaMTamachl3 ety yurH 2025 XbUIBI €Ki Herisri
JKEJIETKIN CTAHIUSHBIH OipJIeCKeH >KYMBICHI YCHIHBIIAABI - Kekkuekreri Nel +35 sxoHe ropu-xommartbipaarsl Ne2 +112.
OmapablH JKYMBICBIHBIH €CENTIK peXuMIepi Kenecigei: kerokuekreri Nel skenmeTkim ctaHmuschl +35-aya mbFBIHEL 193.72
M3/c, KbichbiM 448 MM cy. KanakrapablH Oypbuty Oypbinibl 40°; ropu3oHTTarsl Ne 2 sKeIIeTKil cTaHuuschl +112-aya NIBIFBIHbL
155.8 m%/c, kpicbiM 419.5 MM cy. CT., UBIK NBIIAKTAPBIHBIH aiiHaly Oypbimbl 35°. UaMm IaxTachiHia KMHAIFAH JEPEKTEPI
Talay Heri3iHae Makauaja >KeJACTYIIH JKallbl JKardaidblHa Oara Oepuiil, Tay-KeH >XYMBICTAphlH JKYPridy KesiHje
KayiIci3AiKTi KAMTaMachl3 €TETIH XKeJIETy JKENICIH JKeTUNipy mapanapsl yebiHbUIFaH. CoHal-aK, yKi-eKi HEeTi3r1 JKeNaeTKIII
CTaHIMSHBIH KEPTUTIKTI )KYMBIC peKUMIepl aHbIKTaIbl, Oy Xe-Uam mraxtachiHbiH 2025 JKbIIFa apHAJIFaH Kbl KEJIIETy
YKOCTIApbIH JKacayra Heri3 0oiajpl.
Hezizei co30ep: KoMmip waxmacsi, jHceioemy JHCyieci, aya agbiHbl, aya KblCbIMbl, KOMID WAXMACH.

OueHka BeHTWISLIMOHHOU CUCTEMBbI U NMPEAJI0MKEHUS 110 YJIYYIICHHU IO
BEHTUJIALMOHHOM ceTH YyrojibHoi maxrel Kxe-Uam, BbeTrHam
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AHHoTauus. BeHTWIImMsA 1pu moa3eMHOM pa3paboTKe WUrpaeT BaKHEHIYIO POJIb B MPOU3BOICTBEHHOW NEATEIFHOCTH,
obecrieunBast 0€30MaCHOCTh TPyJa M IMOJIAEPKaHWE HaUIeKaIIUX YCIOBUI OKpykaromieil cpensl. Kpome Toro, BeHTHIISALUS
SIBJISICTCS OJHUM U3 HauoOoJjee 3¢)¢)GKTI/IBHBIX METOAOB MPCAOTBpAICHNA B3PLIBOB METaHa U yFOHLHOﬁ neld. B ¢Bs13u ¢ oTHM
HeO6XOZ[I/IMO €XKEroJHO HCCIECA0BATH BECHTUWIAIUOHHYIO CE€Thb U paCCUYUTHLIBATDH O6I_III/IC BCHTUJSIIUOHHBIC l'[OTpe6HOCTI/I JJIsL
MOJ3EMHBIX INAXT yrojbHOrO OacceiiHa KyaHTHWHB. YUWTBHIBas NMPOM3BOACTBEHHBIH IUIAH M MOTPEOHOCTH B BEHTHIISIIMU
yrojbpHOW maxTel Kxe-Yam, aBTOpbI MpoBesn 00cIeJOBaHHE U OLEHKY BEHTHIISILIMOHHON CETH INAXThl, IIPEUIOKIIN PEIICHUS
10 YJIy4YIICHWIO CHCTEMBbl BEHTWIAINHM, a TaKkKe PAacCUMTAIN BEHTWIAMOHHBIE mapamerpsbl Ha 2025 rox. st mocTkeHns
Pe3yJIbTaToB, MPEJCTABICHHBIX B JaHHOH CTaThe, HCIOJIB30BAINCH METO/ABI cOOpa, aHamM3a U CHHTE3a JaHHBIX, ITOJIEBbIE 00-
CJIC/IOBAHUs, aHAIN3 M OLIEHKA PE3yJIbTATOB, a TAKXKE YHCICHHOE MOJAEIHMPOBAHUE C NMPHUMEHEHHEM CIICIHAIN3UPOBAHHOTO
BEHTWIALMOHHOTO IIPOTPaMMHOTO obecriedeHust Ast Bepudukamu pacyeToB. i1 oOecriedeHus BEeHTHIISIINHY YTOJIBHOH Iax-
oI Kxe-Uam B 2025 romy pexoMeHayeTcs COBMecTHas padoTa ABYX TVIAaBHBIX BEHTHIIATOPHBIX cTaHmuii - Nol Ha ropm3oHTe
+35 u No2 na ropuzonte +112. PacueTHbie pexxuMbl HX paboTHI cemyronIie: BeHTIIIATOpHAA cTanus Nel Ha ropusonTe +35 —
pacxon Bo3ayxa 193,72 m3/c, naBienue 448 MM BOJ. CT., yroJ MoBOpoTa Jionatok 40°; BeHTUIIATOpHAs cTaHIust No2 Ha ropu-
30uTe +112 — pacxon Bo3ayxa 155,8 m*/c, naBnenue 419,5 MM BOA. CT., yroj moBopoTa jionatok 35°. Ha ocHoBaHMU aHain3a
JaHHBbIX, CO6paHHI)IX Ha MIaxTe Kxe-an, B CTAaTh€ JaHa OLICHKaA O6H_ICFO COCTOSIHHSA BCHTUIIAIUN U NPCIITOKEHBI MEPHBI 10
COBEPIICHCTBOBAHUIO BEHTWISLIHOHHON CETH, oOecreunBarone 0e30macHOCTh MPU BEJCHUH TOpHBIX padot. Takxke onpese-
JICHBI COBMECTHBIE PEXUMBI pabOTHI IBYX OCHOBHBIX BEHTHIIITOPHBIX CTaHIMA, YTO CIY)KMT OCHOBOM JJIsl pa3paboTKy 001Iero
miaaHa BeHTUsiuu maxTsl Kxe-Uam Ha 2025 rog.

Knrouesvie cnosa: yeonvhas waxma, 6eHMUIAYUOHHAA CUCEMA, pacxo0 8030yXa, oaesieHue 6030yxa, yeoavhas waxma Kxe-
Yam.
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Abstract. The whole world aims to reduce coal consumption, but despite such a policy, there are countries where its con-
sumption continues to grow (China, India). If coal consumption grows, the volume of ash and slag waste (materials) that must
be utilized and processed to obtain final products grows. The main elements included in the by-product of coal combustion are
Si0,, A,O3, and Fe>Os. The paper provides a review of the use and processing of ash and slag materials for recycling as well
as potential directions for their disposal: as well as potential directions for their disposal: cement production, geopolymer, in
zeolite synthesis, microsphere separation, in agriculture, in land reclamation, in phytoremediation as reagents for water purifi-
cation, in road construction for backfilling abandoned mines. The authors employed physicochemical analysis methods to
confirm that the primary components of the material are SiO; (65.9%) and Al,O3 (22.5%). It has been established that a high
proportion of silicon and aluminum can be an effective raw material for construction and geopolymer materials, as well as in
the production of ceramic products. Availability of Fe,O; (5.54%) suggests possibilities for its use in catalytic processes and
pigment production. The alkaline reaction of the aqueous extract of the ash (pH = 9.25) correlates well with its chemical com-
position and confirms the presence of active alkaline components in the material. This alkaline nature of the ash favors geopol-
ymerization processes and increases the material's reactivity when interacting with acidic activators. Additionally, the minor
presence of TiO» (1.11%) may improve the mechanical properties of ash-based materials.

Keywords: circular economy, green economy, industrial waste, ash and slag dumps, greenhouse gases, fly ash, ash and
slag materials, fuel slag, ash and slag mixture.
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1. Introduction specifies that this only applies to those that do not have car-
bon dioxide capture technologies. By the Decree of the Presi-
dent of the Republic of Kazakhstan dated June 10, 2024,
amendments were made to the transition to a green economy.
The document stated that .... «The transition to a green econo-
my is the main way to achieve the SDGs, fulfilling the prom-
ised contribution of Kazakhstan to reducing greenhouse gas
emissions under the Paris Agreement while ensuring economic
and environmental sustainability...». Coal energy remains a
significant sector of industry, ensuring energy savings for most
settlements and industrial sectors. However, the volume of
accumulated slag materials reaches more than 30 million tons,
and this problem is acute in the transition of the legislative and
regulatory environmental framework to international stand-
ards. Another critical aspect of ecological sustainability for
coal energy is the concept of a Circular Economy, aimed at
eliminating the dependence of economic growth on the vol-

Kazakhstan has committed itself to the international
community to accelerate the reduction of the share of natural
hydrocarbons in the country's energy balance, namely, re-
placing coal as the least environmentally friendly energy
source. And this fact plays a huge role in strengthening the
climate agenda (SDG 13), thereby calling for abandoning
hydrocarbon energy sources in the future and achieving car-
bon neutrality by 2060 [1], linking this with alternative ener-
gy. However, another side to this issue is the low reliability
of these energy resources, which depend on unstable weather
conditions in Kazakhstan. Another fact of «acceptance» of
coal is the final agreement following the UN Climate Con-
ference (COP 26), which recorded a deal to «gradually re-
duce» rather than «stop» coal consumption. The agreement
also calls for intensifying efforts to reduce the volume of
electricity production at coal-fired power plants. Still, it
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ume of natural resources and the transition from a linear econ-
omy to a circular one. This can be achieved by using existing
funds and assets, materials and reserves, i.c., by reducing the
volume of raw materials consumption and reducing the
amount of waste generated [2].

Using coal as a primary fuel source results in a considerable
amount of waste, depending on the method of capture and re-
moval, such as slag, fly ash, and other by-products that must be
disposed of and processed by the natural resource user. In a few
countries, ash and slag materials (ASM) are a by-product of coal
combustion, which, due to the wide variety of solid fuels, differ-
ent combustion conditions, as well as different methods of cap-
ture and removal, differ in chemical and mineralogical composi-
tion, physical properties, melting point, radioactivity and other
characteristics [3].

According to the legislation of Kazakhstan, namely Article
130 [4], ash and slag are classified as «technogenic mineral
formations (TMF) of energy production in the production of
electric and (or) thermal energy by generating units». Accord-
ing to the Waste Classifier, ash and slag are non-hazardous
waste. That is, we can observe a contradiction in the regulatory
framework of the Republic of Kazakhstan, where ash and slag
are classified as both TMF and «waste». For successful man-
agement of ash and slag at the enterprises of the fuel and ener-
gy complex of the Republic of Kazakhstan, the first step
should be a legislative change in the status of ash and slag and
the use of the term «ash and slag materials» or «by-product of
coal combustiony, which can be used in various sectors of the
economy of the Republic of Kazakhstan.

2. Materials and methods

During the combustion of solid fuel, and depending on the
method of capture and removal, the following coal combustion
by-products are formed:

1) fly ash — finely dispersed material (particle size from 3-5
to 100-150 pm), formed from the mineral part of pulverized
fuel, captured by special devices from the flue gases of thermal
power plants;

2) fuel slag — aggregated and fused ash particles from 0.15
to 40 mm in size;

3) ash and slag mixture — a mixture of fly ash and slag
formed during their joint removal to the dump.

The formed coal combustion by-products (CCB) are
shown in Figure 1, and their main types are shown in gaseous
and solid states.

CO, CO,, SO,, Nox,
NO, hydrocarbons

[ oo ]

[ coal combustion products } [

[ furnace slag ]

coal
burning

wet (FGD) and dry (SDA) flue
gas desulfurization materials

slag from the lower burning
zone

other coal combustion
products

Figure 1. Classification of coal combustion products accord-
ing to WWCCPN [5]
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Solid CCBs include fly ash, slag from the lower combus-
tion zone, fuel slag, fluidized bed (FB) ash, and flue gas
desulphurization products formed by dry and wet methods
[6]. Here are several key areas where ash and slag materials
can effectively utilize.

2.1. Use of CCBs in the production of construction mate-
rials

ASM has found the most excellent application in con-
struction in cement and concrete technologies. Using ash and
slag reduces the cost of production of construction materials
(cement, dry mortar, concrete, foam blocks, bricks, paving
slabs). To reduce the environmental impact associated with
cement production (concrete), the use of other additives to
cement, in addition to Portland cement clinker, is currently
increasing. Ash and slag can be used as additives. The prima-
ry process in cement and concrete production technology
leads to significant CO, emissions during the decomposition
of limestone into calcium oxide at high temperatures created
during combustion. For each kg of cement produced, there is
0.5-0.9 kg of fly ash, which, according to the authors, is one
of the best solutions for reducing the consumption of fossil
mineral resources, because a large amount of ash and slag
can be obtained at a low price. Instead of disposing of ash
and slag at landfills, they can be used in cement production,
which is effective from an environmental and economic point
of view and meets sustainable development goals.

This paper [7] discusses the use of fly ash in cement pro-
duction. Study [8] presents data on the application of fly ash
in concrete and the effect of a specific percentage content on
fresh and hardened concrete (mechanical properties and
durability, microstructure of fly ash, impact of the type and
size of fly ash particles). In addition to fly ash with a high
SiO; content, granulated blast furnace slag (GBFS) can also
be used as an additive to Portland cement clinker [9-15]. The
use of GBFS began in 1865 in Germany, while fly ash dates
back to the beginning of the 20th century [16, 17]. The world
production of these industrial by-products is approximately
900-1000 million tons for fly ash and about 140-330 million
tons for blast furnace slag [18]. Both discussed components,
like Portland cement clinkers, are produced in a high-
temperature process and are commonly used as central com-
ponents in cement and/or as concrete components.

The utilization rate of granulated blast furnace slag in the
composition of cement and concrete is more than 90%, while
fly ash is around 30% [19]. The relatively low utilization of
fly ash is due to its variable quality and different coal com-
bustion methods, such as combining coal combustion with a
dry flue gas desulphurization process in fluidized bed boilers,
etc. Study [20] analyzes the main trends regarding fly ash and
granulated slag use in cement, concrete and other binder
composites. Attention is also given to the properties and po-
tential applications of using fly ash in cement composites as a
product of other coal combustion methods and ash obtained
from the combustion of alternative fuels, mainly biomass.

Information about «green concrete» is mentioned in the
article [21]. The authors developed a technology for pro-
cessing fly ash and carbon dioxide into a new type of con-
crete. «Green» concrete was created from a semi-dry mixture
of fly ash by pressing, and then it was cemented and hard-
ened by a hydration reaction and accelerated carbonation.
The authors studied the role of Na,COj activation by «accel-
erated carbonation» during chemical reactions and phase
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transformations, by changing the mechanical properties and
microstructure of new concrete from waste. Accelerated car-
bonation (up to 4 hours) improved the mechanical strength and
microstructural integrity of concrete from fly ash, which
worked more effectively with the addition of Na,COs. As a
result of activation of the fly ash mixture with sodium car-
bonate, various hydration products were obtained due to in-
creased alkalinity and dissociated CO3? ions. Therefore, ac-
celerated carbonation transformed the initial hydration prod-
ucts, contributing to natural hardening (carbonation)—
microscopic crystalline phases formed by carbonation mixed
with hydrated matrix phases. As a result, the carbonate prod-
ucts formed in situ acted as cementing agents. They contribut-
ed to creating a new cement-like and binding microstructure in
concrete obtained from waste without using traditional cement.
The work's experimental part confirmed this method's tech-
nical efficiency, demonstrating the potential for recycling
significant volumes of solid waste from landfills. The process
allows for producing new types of cement-free carbon-
activated concrete, which opens prospects for more environ-
mentally friendly, urban and infrastructural construction.

The production of geopolymers is another area of the
construction industry. Anti-slip materials are formed due to
the alkaline activation of inorganic compounds rich in Al,O;3
and SiO,. This process includes the formation of a three-
dimensional structure of SiO4 and AlO4. Geopolymer is a
modified binder for Portland cement concrete obtained from
fly ash. It exhibits high heat and chemical resistance, making
it an excellent choice for constructing rigid pavements at air
bases [22].

In study [23], fly ash is used for the production of bricks,
the content of which improves the compressive strength of
the brick and improves its frost resistance

The use of CCBs in road construction is a well-known
fact, which is regulated by regulatory documents:

—GOST 9128-97 Asphalt concrete mixtures for roads,
airfields and asphalt concrete.

— GOST 23558-94 Crushed stone-gravel-sand mixtures
and soils treated with inorganic road and airfield construction
binders.

— GOST 30491-97 Organic and mineral mixtures and
soils reinforced with organic binders for road and airfield
construction.

—ODM 218.2.031-2013 Methodological recommenda-
tions for using fly ash and ash-slag mixtures from coal com-
bustion at thermal power plants in road construction.

2.2. Use of CCBs as backfill material in mines

Voids formed during the underground extraction of min-
eral resources in depleted mines can lead to artificial disas-
ters, such as flooding due to subterranean water break-
throughs or earthquakes caused by mine collapses. Depleted
mine spaces are often filled with a mixture of cement, sand,
and gravel; however, this method is expensive and does not
always restore the required strength and structure of the rock
mass. As an alternative solution, industrial waste mixtures
known as backfilling material fill abandoned mine spaces
[24]. This waste mass helps prevent ground subsidence,
increases the stability of underground structures by managing
rock pressure, and prevents deformation of the overlying
strata up to the surface. It also eliminates ore liquefaction,
optimizes waste disposal methods, and offers numerous other
advantages [25-30]. Backfilling materials may include mine
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tailings and special binders prepared at the surface. Natural-
ly, any neutral industrial waste can be used for this purpose
(e.g., fly ash and slag materials, construction waste, etc.).
The advantages of this technology include easier roof control
during ore extraction and the utilization of industrial waste at
mining sites.

Backfill materials can be divided into two main groups.
The first is cementless backfill material, and the second is
cement [31,32]. When using backfill material without ce-
ment, the waste material is filled without adding any binder.
When using cemented backfill, a specific binder, such as
Portland cement, is added to the solid waste mixture [33].

One type of cemented backfilling material is paste back-
fill [33-35]. A significant number of studies in the field of
waste management focus on various binders and alternative
pozzolanic materials [33], one of which is paste backfill.
This material has been widely adopted worldwide and is
currently in high demand. The advantages of paste backfill
lie in its technical and economic benefits and its ability to
incorporate large volumes of industrial waste compared to
other backfilling technologies used in mining. Globally,
more than 100 mines utilize this backfilling method [36].

In the study [37], the authors demonstrated that there are
research results on the development of paste backfill for
mines using tailings, fly ash, and slag. The potential for ap-
plying paste backfill in underground mines worldwide, par-
ticularly in India, was highlighted. It was noted that many
studies have been conducted on strength properties, structural
changes, economic feasibility, and leaching behavior of
backfilling materials. However, the question of how strength
evolves remains open.

2.3. Use of CCBs in agriculture, land reclamation and
phytoremediation

Flue Gas Desulfurization Gypsum is a gypsum obtained
by cleaning the flue gases of thermal power plants from SO,
and SOs3 using the lime method with Ca(OH)2:

SO,+Ca(OH),+/20,—CaS04-2H,0.

The resulting CaSO4-2H,0 (calcium sulfate dihydrate) is
an analogue of natural gypsum widely used in agriculture as
a fertilizer.

In the study [38], the authors compare FGD gypsum's and
natural gypsum's chemical properties, showing that these
substances exhibit similar behavior and effects on the studied
crops. However, FGD gypsum, which has a finer particle size,
possesses a higher degree of purity than natural gypsum.

There are three main uses of gypsum in agriculture, ac-
cording to the US EPA. (2008) Agricultural uses for flue gas
desulfurization (FGD) gypsum, EPA530-F-08-009 [39]:

1. Source of nutrients for plants;

2. To improve the physical and chemical properties of
the soil;

3. To change the structure of the soil. This promotes the
formation of large soil aggregates, thereby reducing soil
erosion and leaching of nutrients. It also supports rapid water
absorption, reducing surface runoff of sediments with pesti-
cides and other pollutants, preventing them from entering
water resources.

As an example of nutrient application, studies on the
yield of alfalfa and soybeans can be cited [38], where yields
increased following the application of FGD gypsum. FGD
gypsum was also studied on alfalfa crops [40], revealing that
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yields improved on soils with an acidic subsoil layer without
affecting the concentration of heavy metals. However, the
fluoride concentration in the plant biomass was reduced,
leading to a «significant decrease in health risks for animals
feeding on these plantsy». It was noted that using gypsum in
highly sandy soils may increase the leaching rate of magne-
sium (Mg) and potassium (K) through the soil profile, poten-
tially resulting in deficiencies of these nutrients.

The study [41] demonstrated the benefits of applying
FGD gypsum and humic acid to improve the physicochemi-
cal properties of soil and enhance canola crop productivity.

According to Buckley, M.E., & Wolkowski, R.P., soy-
bean yields increased with gypsum application rates up to 1.2
tons per hectare, but exceeding this rate led to a decline in
yields to levels observed in the control plots (without fertiliz-
er application) [42].

In study [43], an evaluation was conducted based on two
summer experiments on using FGD gypsum to effectively
reclaim flood-prone lands with high salinity and improve
herbaceous and woody plant growth on these lands. The rate
and extent of reclamation were assessed, driven by the accel-
erated desalination process resulting from the exchange of
calcium ions (Ca?") with sodium ions (Na*).

However, an alternative perspective is presented in [44],
which states that the content of essential nutrients such as
nitrogen, phosphorus, potassium, sulfur, calcium, and mag-
nesium is low in waste materials, making fly ash and slag
«biologically sterile». The lack of plant-available organic
substances, particularly the low content of humic acids in ash
and slug waste, indicates that their use as a nutrient source
for plants is limited. The use of ash and slag waste as a sub-
stitute for traditionally applied liming materials for periodic
and maintenance liming of acidic soils is also restricted.
Studies [45] show that applying ash and slag waste may
improve soil structure and water-physical properties. How-
ever, its use as a soil conditioner should be evaluated case by
case, due to the potential for exceeding provisional permissi-
ble concentrations of arsenic and cadmium, which are classi-
fied as Class I hazardous elements. Study [46] also explores
fly ash as a soil additive, emphasizing its physical character-
istics, including structure, water retention capacity, bulk
density, and pH, making it a promising material for agricul-
tural purposes. Despite its potential benefits for agricultural
use, including addressing nutrient deficiencies and pest con-
trol, fly ash can also contain toxic heavy metals and radioac-
tive elements. Therefore, the amount and method of fly ash
application depend on factors such as soil type, crop variety,
prevailing agroclimatic conditions, and the specific proper-
ties of the ash itself. Another critical aspect of such studies is
monitoring both qualitative and quantitative soil parameters,
plant growth, and the content and bioaccumulation of heavy
metals in environmental components due to excessive fly ash
application [45-47].

Another promising direction for using coal combustion
by-products (CCB) is phytoremediation, which is used to
restore degraded lands, such as ash disposal sites. This tech-
nology involves using local or native plant species (shrubs,
trees, grasses, aquatic plants) and associated microorganisms,
as well as chelating agents to enhance the uptake of metals
from waste by plants [47, 48]. The review [49] proposes the
reclamation of ash and slag disposal sites through vegetation,
shrub plantings, and microbial inoculants. Microbial consor-
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tia play a crucial role in the physicochemical transformation
of ash materials, while the application of organic substances
promotes the establishment of plant cover. The morphologi-
cal, physiological, and antioxidant responses of plants grown
on ash disposal sites are examined in detail. The review iden-
tifies plant species demonstrating high biomass production,
strong nitrogen-fixing capabilities, and soil microbial diversi-
ty development support. These studies focus on the challenge
of restoring vast areas of ash dumps to foster ecosystem
resilience and return degraded lands to productive use — an
approach aligned with the principles of the circular economy.

3. Results and discussion

Ash and slag materials (ASM), according to the Subsoil
Use Code of the Republic of Kazakhstan, are classified as
man-made mineral formations — products of pyrotechnologi-
cal processes occurring in the combustion chambers of ther-
mal power plants (TPPs). Depending on the type of solid fuel
and the physicochemical processes occurring in these boiler
units, ash and slag formation can occur without melt for-
mation, partial melting, or complete melting of the original
components. The release of gaseous and vaporous substanc-
es, decarbonization, melting, crystallization, and silicate
formation of the initial raw material accompany this. Thus,
the choice of utilization methods for ASM depends on its
composition, fuel characteristics, and physicochemical and
mechanical properties. The research used ash and slag mate-
rials from TPP-2, which were removed as slurry and pumped
through a pipeline system to a designated area («map») of the
ash and slag disposal site.

X-ray phase analysis of fly ash from the thermal power
plant (Figure 2) showed that its crystalline structure predom-
inantly consists of the following mineral phases: mullite
(Al4.6aSi1.3609.68, 47.4%), quartz (SiO2, 41.0%), magnetite
(Fe2.0460a4, 3.7%), maghemite (Fe:0s, 3.5%), calcite (CaCOs,
2.9%), and titanium dioxide (TiOz, 1.6%). The predominance
of aluminosilicate minerals (mullite and quartz) is due to the
high content of SiO:. and Al:Os in the original coal. At the
same time, the presence of iron oxides (magnetite, hematite),
calcium (calcite), and titanium reflects the composition of the
ash-forming components of the fuel. The identified phase
composition of fly ash determines its physicochemical prop-
erties and potential application areas, for example, as a raw
material for producing geopolymers, ceramics and construc-
tion materials.

X-ray fluorescence (XRF) analysis revealed that the main
components of fly ash are SiO; (65.9%) and ALO; (22.5%).
The high proportion of silicon and aluminum suggests that ash
may be an effective raw material for building geopolymer
materials and some ceramic applications. The presence of
Fe;0; (5.54%) opens up possibilities for its use in catalytic
processes and pigment production.

The presence of alkaline earth and alkali metal oxides -
CaO (1.94%), MgO (0.572%), Na,O (0.913%) and K,O
(0.559%) causes the alkaline reaction of the aqueous extract of
ash (pH = 9.25). This pH value correlates well with the chemi-
cal composition and confirms the presence of active alkaline
components in the material. The alkaline nature of ash favors
geopolymerization processes and increases the material's reac-
tivity when interacting with acidic activators.
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Figure 2. X-ray phase analysis of thermal power plant ash

TiO, (1.11%) can improve the mechanical properties of
ash-based materials. The revealed ratio of the main compo-
nents and the alkaline nature of the material determine the
main areas of its practical application:

— as a precursor for the synthesis of geopolymers,

— as an active mineral additive in building mixtures,

— as a raw material for the production of ceramic materials,

— as a potential component of catalytic systems.

Ash and slag waste from the combustion of Ekibastuz coal
at the Thermal Power Plant-2 in Almaty has the composition
shown in Table 1.

Table 1. Results of X-ray fluorescence analysis of the main elemental composition of the initial samples of ash and slag waste at TPP-

2 in Almaty
Sample name ;
K Ca Ti Sr Mn
Ash slag 0.185 1.72 1.06 0.017 0.17
Fine ash 0.166 1.14 1.12 0.016 0.067
Slag 0.174 1.49 1.43 0.031 0.08

As can be seen from the table, ash and slag contain the
most silicon, aluminum, and iron. The bulk density of ash
and slag is 1.07 g/cm’; the sieve analysis results are present-
ed in Table 2.

Table 2. Results of the sieve analysis of waste from Almaty TPP-2

Size, mm Outlet, %
+1 0.044
0.5-1 0.044
0.2-0.5 7.08
0.1-0.2 35.1
0.071-0.1 23.7
-0.071 34.0
Total 100

The primary particle size class is -0.24+0 mm (92.83%).
Considering the required size class (-0+0.74 mm), during the
processing of technogenic raw materials, the proportion of
material that involves grinding will not exceed 66.0%.

The study of aluminosilicate microspheres in ash and slag
waste was carried out using a JEOL scanning electron micro-
scope (Japan), equipped with an energy-dispersive X-ray
analyzer «JCM-6000 PLUS» (Figures 3, 4).

Composition, %

Si Fe (0] Zn Al Zr C
23.91 8.75 49.9 0.006 11.3 0.016 1.75
24.3 2.58 50.47 0.03 12.45 0.017 6.64
26.02 4.54 52.2 0.02 12.89 0.02 0.19

Aluminosilicate microspheres are glass-crystalline alumi-
nosilicate beads formed during high-temperature flame com-
bustion of coal. They are the most valuable components of
ash waste from thermal power plants. These are hollow,
nearly perfectly shaped silicate spheres with smooth surfaces,
ranging in diameter from 10 to several hundred micrometers,
with an average of about 100 um. This raw material is valua-
ble for the production of construction materials. It can also
be used as an inert material without additional processing.

Free aluminosilicate microspheres make up about 30% of
the sample volume, while most of the sample consists of
fragments of loose porous slags and, less frequently, individ-
ual crystals. In many cases, accumulations of the smallest
microspheres are observed in the pores of the slag.

The size of aluminosilicate microspheres typically ranges
from 1-3 micrometers (and fractions of a micrometer) up to
30-40 um and rarely up to 100 um. In addition to aluminosil-
icate microspheres, the sample also contains iron-rich micro-
spheres (which appear light gray in the images). Alongside
perfectly spherical formations, ellipsoidal, bulbous, globular
shapes, «sphere-in-sphere» structures, fused aggregates of
two or more spheres, and broken spheres and hemispheres.
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Figure 4. Different morphological types

The surface of aluminosilicate microspheres is general-
ly smooth and dense, but it may also be porous, rough, or
irregular (in cases of encrustations of different composi-
tions or tiny microspheres). The surface of iron-rich micro-
spheres is typically textured or ribbed due to the dense,
patterned intergrowth of magnetite crystals; it may also be
smooth when the microspheres are composed of iron with
impurities or aluminosilicates with a high iron content. The
composition of the aluminosilicate microspheres studied is
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somewhat variable. While the dominant elements remain
Al Si, and oxygen, the content of Mg, Ca, and Fe varies —
for example, Ca may reach up to 17% by weight, and Mg
up to 13% by weight. The composition also includes vary-
ing amounts of K, Na, Ti, S, P, and Cl. In some cases, the
mineral composition of the microspheres is heterogeneous,
showing tiny inclusions of carbonaceous material or fine
disseminated intermetallic compounds such as Pb-Sn or
Fe-Cr.



S. Nurmakova et al. (2025). Engineering Journal of Satbayev University, 147(3), 30-39

4. Conclusions

Analysis of scientific publications by foreign authors has
led us to conclude that, first and foremost, ash and slag mate-
rials should be excluded from the «waste» category, as they
represent a versatile material suitable for use in various in-
dustrial sectors. Moreover, valuable components extracted
from them can be used to produce a wide range of products.

In addition, integrating coal combustion products from
thermal power plants into industrial circulation will reduce
their accumulation in ash disposal sites and prevent the storage
of new volumes. This will contribute to the creation of zero-
waste production systems and reduce the environmental bur-
den of the fuel and energy sector. Research conducted at Sat-
bayev University on ash and slag waste from TPP-2 in Almaty
allows us to conclude that these materials can be used for the
following purposes:

— as a precursor for the synthesis of geopolymers

— as an active mineral additive in building mixtures

— as a raw material for the production of ceramic materials.
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AnpaTtna. Bykin onem keMip maiinananyabl a3aiTyra OarbITTaiFaH, OipaKk MyHIal cascaTKa KapamMacTaH, OHBI MaiaaHy
KeJieMi ecin xatkaH ennep Oap (Kprrait, Yunicran). Erep xemipai maiinanany keyiemi ecce, OHAA KYJ-KOX KaJABIKTapPBIHBIH
(MaTepuanmapbIHBIH) KOJeMi apTajbl, all oJapabl KoJere apaTy HeMece KaiTa eHuey kKaxkeT. SiO», AlOs, Fe,O; xemipmi
KaFyZbIH KaHaMa eHIMIHIH KypaMbIHa KipeTiH Heri3ri sneMeHTTep. JKyMbIcTa KYJI-KOK MaTepHaliapblH [IEMEHT, T€OIOINMep
OHJIpiCiHAE, IEONUT CHHTE3iHAe, MHUKpochepaHsl Oenyae, aybul IMApYallbUIBIFBIHIAA, JKEpPAi MeTHopalusiay/a,
¢uropemMenuanyana, CyAbl Ta3apTy YIIIH PeareHT peTiHIE, KON KYPBUIBICBIHAA, NMailalaHbUIFaH MIaxTalapAsl TOJNTBIPY
Ke3iH/e maiganany XKoHe KaliTa eHzey, KoJere jkapaTy CHUAKTHI OarbITTaphl OOWBIHIIA MIONY JKacaFad. ABTOpiap (hU3UKaJIbIK-
XMMUSUTBIK TaJlay SAiCTEpiHiH KeMETIMEH KyJI KOXKIapbIHBIH Heri3ri KypamsiHa Si0; (65.9%) sxone Al,O3 (22.5%) kipeTiHiH
pacrazabl. HoTmkecinme »orapbl KOHLIEHTPAIMSJaFbl KPEMHUI MEH allFOMHHUI KYPBUIBIC JKOHE TeONOIMMEPIIIK MaTepuaiap
YILIIH, COHIal-aK KepaMUKaIbIK OyWbIMAAp OHIpICiHIAe THiIMJI INUKi3aT Ooyia anaThiHbl aHbIKTaIAbl. Kypambianarsl Fe,Os
(5.54%) xaranuTHKaNbIK IpOLECTEPAE XKIHE MMTMEHTTEP OHIIpiciHAe KonnanyFa 0omaasl. Cyibl KYJl CHIFBIHIBICBIHBIH CIITLN
peakuusicel (pH = 9.25) Kyn KOKAAapbIHBIH XUMISUIBIK KYpaMbIMEH JKaKChl KOPpeJIIUsUIAiIbpl )kKoHe MaTepuania OeiceHi
CUITITI KOMIIOHEHTTepAiH Oap ekeHAiriH pacraiinsl. Ocbulaiiina, KYJNOiH CUITII TaOWFaThl TeONOJIMMeEpiey HpolecTepiHe
KoJIaiissl 00J1a b1 )KoHE KBIIIKBUT aKTHBATOPIAPMEH SPEKETTECY Ke3iH/Ie MaTepHaIblH PEaKIMUIBIK KaOIIeTiH apTThIpaabl. Al
TiO;-niH a3 memmepi (1.11%) Kyare HETi3meNil KacajlfaH MaTepHaIapIblH MEXaHUKAIBIK OHIMIUIITIH jKaKcapTyFa BIKITalX
€Tyl MYMKIiH.

Hezizzi co30ep: yupkyiapavlk 3KOHOMUKA, HCACHLL IKOHOMUKA, OHOIPICMIK KANOLIKMAP, KYA-KOXC YUiHOiLiepi, NapHUKMIK
2a30ap, KynA0iH wbl2ybl, KY-KONC MAMepuaioapbl, OmulH KoHCOapbl, KYA-KOIHC KOCNACHI.

NHHOBaNMOHHBIE MOAXOABI K NepepadoTKe 30J101JIAKOBBIX
MAaTepPHAJIOB TOILIMBHO-IHEPIreTHYECKOr0 KOMILJIEKCA B KOHTEKCTE
YCTOMYHUBOIO Pa3BUTHUA
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AnHOTanus. Bech Myp HareneH Ha COKpalleHHe MoTpeOIeHNs yTiis, HO HECMOTPSI Ha TaKylo MOJUTHKY €CTh CTPaHBI, I'7ie
ero motpebnenne nponoirkaet pactu (Kwurait, Uamus). Ecom pacrer morpebneHne yrist, TO pacTeT 00beM 30JOMUIAKOBBIX
OTXOJIOB (MaTepHaJIOB), KOTOPBIE HEOOXOANMO yTHIM3HPOBATH, MEpepadoTaTh ¢ MOydeHHe KOHSYHOH mpoaykiun. B padote
BBINOJIHEH 0030p MO HCIOJIB30BAHHIO U TEPEPAOOTKE 30JI0IUIAKOMATEPHAIOB, M BO3MOXKHBIC HAlPaBICHUS yTHIIN3aINH: TIPO-
H3BOACTBO IIEMEHTA, T'€ONOJIMMEpa, B CHHTE3€ LIEOIUTOB, B pa3aeleHMd MUKPOC(hEpEl, B CEIBCKOM XO3SHCTBE, B MEIHOPALUH
3eMellb, B (PUTOpEMENAINY, B Ka4eCTBE PEAareHTOB Ul OYUCTKH BOJBI, B JOPOKHOM CTPOUTEIBCTBE, IIPH 3aCHIIKE OTpabdo-
TaHHBIX MAXT. OU3NKO-XUMHUYECKUMH METOJAMHU aHAIM3a aBTOPBI MOATBEPIUIN, YTO B OCHOBHOI COCTaB 30JI0IUIAKA BXOAAT
Si0; (65.9%) u ALO3 (22.5%). BeiBox — KpeMHHI U QJIIOMHHUI, coJiep)Kalluecs B BHICOKOW KOHLEHTPALMU, MOTYT OBITH 3(¢-
(l)eKTI/lBH])IM CBIPEEM JId CTPOUTECJIbHBIX U T'C€OIMOJMMEPHBIX MAaTCPUATIOB, d TAKKE B MPOU3BOJACTBEC KECPAMUYCCKUX H3)leﬂﬂﬁ.
Hamuune Fe,Os; (5.54%) oTkpbIiBaeT BO3MOXKHOCTH JUIsl €€ MCIOJB30BaHUSI B KaTaJIUTHUUYECKUX IMPOIECCaX M MPOU3BOJICTBE
nurmenToB. lllenounas peakmust BogHOW BBITSDKKH 3016l (pH = 9.25) xopomio Koppenupyer ¢ XMMHYECKHM COCTaBOM 30-
JIOLIJIaKa | MOJATBEPIKAAET HAJIWINE aKTHBHBIX IIEJIOYHBIX KOMIIOHEHTOB B Marepuaie. TeM caMbIM IIEeIOYHast IPUPOJIA 30JIbI
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OJaronpuUsTCTBYET MPOLIECCaM Ie0NOIMMEPH3ALH U MTOBBIIIAET PEaKIIMOHHYIO CIIOCOOHOCTh MaTepHaa IpH B3auMOICHCTBUH
C KHCJIBIMH aKkTHBaTOpamu. A HezHauutenbHoe npucyrctBue Ti0; (1.11%) MoxkeT crocoOCTBOBAThH YIIyHIIEHHIO MeXaHHYe-
CKUX XapaKTepUCTUK MaTepPHaJIOB HA OCHOBE 30JIbI.

Kniouesvle cnosa: yupkynisaphas sKOHOMUKA, 3€1€HAs IKOHOMUKA, NPOU3EOOCMEEHHbIE OMX00bl, 30JI0ULIAKOOMEATb, Nap-
HUKOBbLE 2a3bl, 30JI0YHOC, 30JI0UIAKOMAMEPUATbl, MONTUBHbLL WLAK, 30JI0ULIAKOBAS CMEC.
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Abstract. This study presents the methodology, approach, and results of calculating the components of water and salt bal-
ances based on three years of field research on the reuse of collector-drainage water in the Tasmurun area of the Bakbakty
irrigation system, under arid and low-water conditions typical for water-demanding rice fields. Balance calculations were
based on data from in situ observations with active involvement of local farmers, ensuring data reliability. The water balance
showed a slight negative discrepancy ranging from 0.4-0.6% in 2022 and 0.001-0.02% in 2023-2024, confirmed by groundwa-
ter level monitoring and maps. The salt balance showed a slight accumulation, with values from +0.016 to +0.29 t/ha in field
No. 2 and +0.049 to +0.089 t/ha in field No. 4. Seasonal salt increases were linked to leaching regimes and the dominance of
easily soluble salts, posing no threat to land reclamation status.

Keywords: water and salt balance, irrigated lands, drainage systems, collector-drainage water, salinity, water quality.

Received: 10 January 2025
Accepted: 15 June 2025
Auvailable online: 30 June 2025

1. Introduction

The review and analysis of domestic and international
publications and scientific studies demonstrate increasing
attention to water and salt balance research and the reclama-
tion status of rice irrigation systems. These issues have be-
come central in recent years as tools for actively managing
irrigated areas' water-salt regime and regulating groundwater
levels during both the growing and non-irrigated seasons for
rice and accompanying crops. The growing scarcity of water
resources necessitates the search for additional sources of
irrigation water, including the reuse of collector-drainage
water formed within rice irrigation systems [1-4].

For example, Y. Okuda (2020) [5] presented results of
water and salt balance studies on agricultural lands subject to
leaching, using shallow subsurface drainage combined with
traditional drainage. Secondary salinization in arid regions
was shown to raise groundwater levels. The system was
implemented on farmland in Uzbekistan.At the 16th Interna-
tional Conference «Monitoring of Geological Processes and
Ecological Condition of the Environment», Rokochynskiy et
al. (2022) [6] analyzed the causes of unsatisfactory hydrolog-
ical and reclamation conditions in Danube rice irrigation
systems. Their study proposed improving drainage efficiency
by reducing the vertical infiltration rate in the drainage zone
to no more than 25 mm/day. Turchenyuk et al. (2017) [7]
examined the water balance and salt distribution in arable
lands, wastelands, and ponds in a typical irrigated area. A
water balance model was developed to assess irrigation im-
pacts on soil salinity across different land types. R. Singh,

J.C.van Dam, and R.K.Jhorar [8] applied a calibrated
SWAP agro-hydrological model to assess water and salt
balances on farm fields. Soil hydraulic properties were iden-
tified as key variables and were calibrated using PEST based
on measured soil moisture and salinity before and after irri-
gation. Kasymbetova and Ergasheva (2020) [9] evaluated the
water-salt balance of floodplain areas, the aeration zone, and
root zone of crops in the Shuruzak massif of the Syrdarya
region, assessing the reclamation status of irrigated lands.
Zaitsev V.B., Semenenko A.N. [10], and Reshetnyak N.F.
[11] described the features of groundwater regimes in flood-
ed rice fields and the effects of groundwater on the dynamics
of water-soluble salts in paddy soils.

Thus, the discussion and analysis of numerous studies
confirm the critical importance of water-salt balance analy-
sis. The justification of real and forecasted parameters for the
quantitative and qualitative potential of collector-drainage
water reuse must be based on accurate water and salt balance
data [12]. Furthermore, in irrigation practice, it is often nec-
essary to evaluate long-term average balances and those
specific to water availability levels and critical seasonal
periods.

Accordingly, this study presents the methodology and re-
sults of calculating all inflow and outflow components of the
water and salt balance at the field level for a rice-alfalfa crop
rotation system. These findings summarize three years of
field-based scientific research on implementing collector-
drainage water reuse technologies in the Tasmurun section of
the Bakbakty irrigation system.
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2. Materials and methods

The field research was conducted in the Balkhash district
of the Almaty region, Republic of Kazakhstan, within the Ili
River basin, specifically in the Tasmurun area of the Bakbak-
ty system of the Akdaly irrigation massif.

The irrigated lands are located within part of the ancient
delta of the Ili River, whose surface was shaped by succes-
sive erosional and accumulative processes against the back-
ground of aeolian activity. The average surface slope is ap-
proximately 0.0002.

Climatically, the area belongs to the desert zone, which,
combined with the shallow depth of the groundwater table,
contributes to the intensive development of salt accumulation
processes in the soil profile.

As a representative site for implementing the technology
of collector-drainage water reuse, the irrigation (Tasmurun
Main Canal) and collector-drainage network (collector K-2)
of the Tasmurun section of the Bakbakty irrigation system
were selected. These systems serve the irrigated lands of
SPK «Miyaly Agro», PC «Dinaray, and LLP «kEDD.

The beneficiaries and direct participants of the experi-
mental studies included three farming enterprises
«Raimbeky», «Bagnury», and «Alga» - affiliated with SPK
«Miyaly Agro» and PC «Dinaray.

The total irrigated area of the six-field rice-alfalfa crop
rotation system is 890 hectares, of which the experimental
area covers 607 hectares, including:

—Field 2. 173 ha (81 ha under SPK «Miyaly Agro» and
KFH «Alga», and 92 ha under PC «Dinaray);

— Field 3. 187 ha under PC «Dinara;

— Field 4. 138 ha under PC «Dinaray;

— Field 5. 109 ha under LLP «EDD».

The cropping structure for 2022-2024 was as follows:
rice was cultivated on fields 2 (173 ha) and 4 (138 ha), while
alfalfa was cultivated on fields 3 (187 ha) and 5 (109 ha)
(Figure 1).

The water and salt balance calculations were based on
empirical data from stationary hydrogeological monitoring,
measurements of collector-drainage water flow, meteorologi-
cal observations, and agricultural and water management
conditions information. These calculations were conducted
separately for two experimental fields (fields 2 and 4), where
rice was cultivated in 2022 under the existing irrigation re-
gimes and technical operation conditions of the Tasmurun
section of the Bakbakty massif, and in 2023-2024 using a
recirculating water use system.

The water balance equation for the irrigated experimental
plots is as follows [12]:

Sw+ Sr+ Sg— S — Se — Si — St = +AS, million m3

)

where:

+AS — balance discrepancy;

Sw— volume of irrigation water;

Sy — atmospheric precipitation;

Sy — groundwater inflow into the experimental site;

Sq — volume of drainage-discharge outflow;

Se — total evaporation;

Si — infiltration into the aeration zone from irrigation and
mixed irrigation-drainage water;

Si— lateral filtration outflow beyond the experimental
plots.
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Figure 1. Schematic map of the irrigation and collector-
drainage network with land use layout for the experimental research
plots (111 rotation system, fields 2, 3, 4, and 5): 1 —irrigation canals;
2 — collectors; 3 —river; 4 —monitoring hydrogeological well and its
inventory number; 5-—boundary of the rice check; 6 —absolute
elevation of the rice check; 7 — field number

The incoming components of the water balance included:
the amount of atmospheric precipitation, the volume of irri-
gation water supplied (including the reuse of collector-
drainage water), and the inflow of groundwater to the exper-
imental plots.

The total volume of precipitation received over the irri-
gated area of fields No. 2 and No. 4 (planted with rice) dur-
ing the hydrological year was calculated using the formula:

Sa = Na . Sr, (2)

where:

Na — total atmospheric precipitation, mm;

Sy — total calculated area, ha.

The volume of irrigation water supplied was determined
based on two conditions: in the first year of the experiment,
the existing irrigation regimes and technical operating pa-
rameters were used; in the subsequent two years, recom-
mended irrigation regimes and rice irrigation technologies
with implementation of a recirculating water reuse system
were applied.

Groundwater inflow to the field-level experimental plots
of the Tasmurun irrigation system was calculated using the
formula:

Sg=J-B-T-365, 3)

where:

J —average hydraulic gradient of the groundwater table
for the hydrological year;

B — width of the groundwater flow, m;

T — transmissivity of the aquifer, m?/day.
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The outgoing components of the water balance included:
the volume of drainage-discharge flow, the total evaporation,
the volume of water that infiltrated into the aeration zone due
to irrigation and mixed irrigation-collector-drainage water,
and the lateral filtration outflow of groundwater beyond the
boundaries of the experimental plots.

Drainage-discharge flow was estimated based on hydro-
metric measurements of collector-drainage water discharge
from the irrigated lands of the experimental plots at certified
hydrological posts during the growing season.

The formula calculated the lateral filtration outflow of
groundwater beyond the experimental area:

Si= J-B-T- 240, (4)

where:

J —hydraulic gradient derived from the post-irrigation
hydroisohypse map;

B — width of the subsurface flow, m;

T — aquifer transmissivity, m?/day;

240 — average duration of the calculation period, days.

The actual parameters were based on maps of filtration
coefficients and hydrogeological cross-sections developed
for the experimental sites.

The volume of moisture accumulated in the aeration zone
was calculated as:

Si=Fq- havg : Wavg,

where:

Fn—total area of the calculated land plots with uniform
groundwater depths and saturated zone thickness, before and
after irrigation (m?). These were determined from monitoring
well data and interpolated according to the delineated calcu-
lation contours for the experimental sites.

havg — average groundwater level change during the irriga-
tion period within the calculation contours (m), obtained
from constructed groundwater fluctuation graphs from 2021
to 2024 (Figure 2);

Wayg — average volumetric water content of the aeration
zone soil, expressed as a fraction. The volumetric moisture
and field capacity values were taken from field and laborato-
ry investigations.

©®)

Janwary
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Figure 2. Groundwater level fluctuation graphs in monitoring
wells located on irrigated lands of the experimental research plots
and adjacent areas during the observation period from 2021 to 2024

The salt balance was calculated using the following equa-
tion:
+AM = Mgn + Mw+ Ma — Mgk_Md_ Mf:

where:
+AM - balance discrepancy;
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Mgn — salt content in groundwater of the balance layer at
the beginning of the calculation period;

Mgk — the same at the end of the calculation period;

My, Ma — the volume of salts brought in with irrigation
water and precipitation, respectively;

Mg, Ms —the volume of salts carried out by the corre-
sponding drainage and underground outflow outside the
massif.

The volume of salts brought in with irrigation water, pre-
cipitation and underground inflow within the calculation
contour was calculated using the equation:

My=W - m,

where:

W — water volume, million m3;

m — mineralization of irrigation water (2022) and mixed
with collector-drainage water (2023-2024) (Figure 3);

(")

groundwater mineralization (Figure 4), mg/dm?®.
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Figure 3. Dynamics of mineralization of irrigation and collec-
tor-drainage waters on irrigated lands of the experimental site and
adjacent territories, a) before the start (2020-2022) and b) during
the research (2023-2024), g/dm?
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Figure 4. Graph of the dynamics of groundwater mineraliza-
tion in monitoring pits on irrigated lands of experimental sites
before the beginning (2022) and during scientific research (2023-
2024), g/dm?
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The salt content in groundwater of the balance layer at
the beginning of the calculation period was determined by
the calculation filtration blocks and by the equation:

Mgn=0.001 - F * (hy — hgw) * W * Mgy,

where:

0.001 — conversion factor;

F — area of the calculation contour, ha;

hy —depth of the balance layer base (10 m);

hgw — average weighted depth of groundwater at the be-
ginning of the calculation period, m

W, — total moisture capacity of aquifers;

Mgw — average weighted mineralization of groundwater
within the calculation contour at the beginning of the calcula-
tion period, mg/dm? (Figure 4).

The volume of salts carried beyond the design contour by
underground outflow was calculated using the equation:

Mf:W'm,

(®)

)

W —the volume of groundwater carried beyond the
design contour by underground outflow (taken from water
balance articles), million m?;

M — groundwater mineralization during the non-growing
season, mg/dm?.

The volume of salts carried beyond the design contour by
collector-drainage runoff was calculated using the equation:

Marain = Warain * M, (10)

where:

W — the volume of collector-drainage runoff (taken from
the water balance) of groundwater carried beyond the design
contour by underground outflow (taken from water balance
articles), million m?;

m — the mineralization of collector-drainage runoff, mg/dm?.

The salt content in groundwater of the balance layer at
the end of the calculation period was determined based on
the calculation filtration blocks and the equation:

Mgc=0.001 - F - (hy — hgwe) - Wh * Mgwe,

where:

hgwe — Weighted average depth of groundwater at the end
of the calculation period, m;

W, — total moisture capacity of aquifers;

Mgwe —Weighted average mineralization of groundwater
within the calculation contour at the end of the calculation
period, mg/dm? (Figure 4).

Wells 184, 306 and 308 — rice; wells 336, 370 — alfalfa;
well 309 — on cutting. Figure 4 shows the graph of the dynam-
ics of groundwater mineralization in monitoring wells on
irrigated lands of experimental sites before the start (2022) and
during scientific and applied research (2023-2024), g/dm?®,

(11)

3. Results and discussion

Table 1 presents detailed results of the calculated inflow and
outflow components of the water balance for irrigated lands at
the experimental plots of the Tasmurun irrigation system.

Table 1. Water balance of irrigated lands at the experimental plots of the Tasmurun irrigation system with the implementation of a field-
level return-flow reuse system of collector-drainage water, before (2022) and during the applied scientific research period (2023-2024)

Components of the balance

On rice crops of experimental field No. 2

On rice crops of experimental field No. 4

sheet ex\ggﬁrn?efnt m%ha million m3 % of ex\ggfil;nent m®/ha million m® %
Incoming balance sheet items
2022 23879 4131 92.9 2022 26082 3.599 93.3
2023 22900/17518* 3.962/3.(*{31* 2023 22900/17**518* 3.16/2.4&7*
Water supply 5382 0.931 93.5 5382 0.743 93.5
2024 22900/17518"  3.962/3.031" 2024 22900/17518" | 3.16/2.417"

5382™ 0.931" 91.4 5382™ 0.743™ 91.0

2022 1489 0.258 5.8 2022 1489 0.206 5.3

Atmospheric precipitation 2023 1241 0.214 4.8 2023 1241 0.171 5.1
2024 1860 0.322 7.2 2024 1860 0.257 74

2022 323.7 0.056 1.3 2022 355.1 0.049 14

Groundwater inflow 2023 3584 0.062 1.7 2023 3333 0.046 14
2024 283.2 0.049 14 2024 384.1 0.053 1.6
2022 25691.7 4.445 100 2022 27926.1 3.854 100
Total 2023 244994 4.238 100 2023 24474.3 3.380 100
2024 25043.2 4.333 100 2024 25144.1 3.470 100

Balance sheet expense items

2022 10930 1.890 41.7 2022 10930 1.5083 38.9
Total evaporation 2023 10930 1.890 425 2022 10930 1.5083 44.6
2024 10930 1.890 43.6 2022 10930 1.5083 43.4
Drainage and discharge 2022 12768 2.209 50 2022 14717 2.031 63.5
flow 2023 11855 2.051 50.3 2023 11348 1.566 46.3
2024 12572 2.175 49.9 2024 11877 1.639 47.1

Moisture accumulation in 2022 1601.0 0.277 6.0 2022 1754 0.243 6.2
the aeration zone 2023 12774 0.221 4.9 2023 1442 0.199 5.9
2024 1304.6 0.179 4 2024 1601 0.221 6.3

2022 514.4. 0.0894 2.3 2022 710.1 0.098 24

Groundwater outflow 2023 549.1 0.095 2.3 2023 797.1 0.11 3.2
2024 595.4 0.103 25 2024 797.1 0.11 3.2

2022 25809 4.465 100 2022 28111.1 3.879 100

Total 2023 246112.5 4.258 100 2023 24490.3 3.383 100

2024 25127.0 4.347 100 2024 25205.1 3.478 100

Balance (discrepancy) of 2022 -117.3(0.4%) -0.020 - 2022 -190(0.6%) - 0.025 -

the balance 2023 - 116.5(0.5%)) -0.020 - 2023 -19.8 (0.001%) - 0.003 -

2024 - 83.8 (0.3%) -0.014 - 2024 -58.1(0.2%) -0.008 -
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Assessment of Precipitation and Irrigation Contributions
to the Water Balance of Rice Fields in the Tasmurun Irriga-
tion System under Conditions of Water Scarcity (2022-2024)

According to data from the Bakanas Regional Meteoro-
logical Station, the total volume of atmospheric precipitation
on the irrigated lands of fields No. 2 and No. 4 amounted to
257.6 and 205.5 thousand m?® in 2022, 214.7 and
171.3 thousand m* in 2023 and 321.8 and 256.7 thousand m?
in 2024, respectively. These values indicate prevailing arid
and water-deficient climatic conditions, as precipitation con-
tributed only 4.5-7.4% to the total inflow components of the
water balance.

In 2022, the volume of irrigation water supplied by the
state municipal enterprise for water management «Bal-
khashirrigation» for rice cultivation in fields No. 2 and No. 4
amounted to 4.13 and 3.59 million m?, respectively. The net
irrigation norm at the field level was 23.87 and 26.08 m?/ha.

With the implementation of recommended irrigation re-
gimes and rice irrigation technologies, including using a
return flow system to reuse collector-drainage waters, the
total irrigation volume in 2023-2024 was reduced. For fields
No. 2 and No. 4, the irrigation volumes were 3.962 and 3.16
million m?, respectively, with a unified net irrigation norm of
22.90 m?/ha. Of these totals, 3.03 and 2.41 million m>® were
supplied from the surface water of the Ili River. At the same
time, 0.931 and 0.743 million m?® originated from collector-
drainage waters pumped from collector K-2 into the Tas-

murun central canal. The substitution of irrigation water with
drainage water accounted for approximately 23.5% across
both experimental sites during 2023-2024.

The calculations confirm that irrigation is the primary
forming component of the water balance, with irrigation
water volumes contributing from 91.0% to 93.4% of the total
inflow balance.

The value of total evapotranspiration was assumed to be
10.93 thousand m*ha for all three years of the study, consti-
tuting more than 40% of the total outflow balance. This find-
ing supports the widely accepted understanding that rice,
being cultivated under waterlogging or partial submersion
conditions, belongs to the group of hydrophytes. Hydrophyt-
ic plants exhibit high transpiration rates and possess perma-
nently open stomatal apparatuses. As a result, the evapotran-
spiration of rice plants is equivalent to the rate of free evapo-
ration from open water surfaces.

Changes in soil moisture reserves in the vadose zone and
groundwater levels (Table 2) were influenced by rice crop
area, infiltration water losses, and the depth of the groundwa-
ter table.

A salt balance calculation was performed to assess the di-
rection of salt transfer processes on irrigated lands. The over-
all salt balance is directly related to the components of the
water balance, since the movement of salts in the aeration
zone occurs in the form of water-salt solutions (Table 3).

Table 2. Moisture accumulation calculations in irrigated lands of experimental sites of the Tasmurun irrigation system before and

during the field studies (2022-2024)
Areaofthe  Average weighted depth

Increrznment, rzsizrrccg calculated o_f groundwater, m Increment,
contour, ha April September
2022 173 3.0 25 +0.5
Field No. 2 2023 173 3.0 2.6 +0.4
2024 173 3.0 2.68 +0.32
2022 138 3.0 2.45. +0.55
Field No. 2 2023 138 3.0 2.55 +0.45
2024 138 3.0 25 +0.5

Note: Table content should follow in your formatted manuscript with appropriate

Volume dueto = Average volumetric mois- Average volumetric
increment, mil- = ture content of soils inthe = moisture content of soils
lion m® aeration zone, Wigtal in the aeration zone, Wiotal
0.865 0.32 0.2773
0.692 0.32 0.2214
0.5597 0.32 0.1791
0.7590 0.32 0.2429
0.6210 0.32 0.1987
0.690 0.32 0.2208

scientific units and descriptions

Table 3. Salt balance of irrigated lands on experimental plots (fields 2 and 4) 111 - its rice-alfalfa crop rotation of the Tasmurun irri-
gation system before the start (2022) and during scientific and applied research (2023-2024)
On rice crops of experimental T/ha On rice crops of experimental T/ha
Balance Elements of salt balance field No. 2 tn field No. 4 tn
sheet items A year of experimental research A year of experimental research
2022 2023 2024 2022 2023 2024
Salt content of the balance layer at the beginning 1.28 1.36 1.344 1.395 2.044 2.53
of the calculation period before sowing rice 221.6 236.15 232,51 192,51 282.07 349.31
The volume of salts brought in with irrigation and 12.178 16.259 17.862 14.345 16.717 17.175
mixed drainage water 2106.84 2812.81 3090.13 2481.69 2306.95 2370.15
Incoming The'v_olu_me of salts brought in by atmospheric 0.301 0.253 0.381 0.301 0.253 0.381
precipitation 52.073 43.769 65.965 41.538 34.914 43.884
The volume of salts brought in by underground 0.226 0.286 0.269 0.302 0.366 0.461
inflow 39.098 49.478 46.537 41.676 50.508 63.618
Total 13.985 18.158 19.856 16.343 19.380 20.547
2419.405 3142.21 3435.14 2255.33 2674.44 2841.81
The salt content of the balance layer at the end of 2.44 3.157 3.120 2.681 3.589 5.111
the calculation period after rice harvesting 422.3 546.16 539.96 370.01 495.25 705.27
Removal of salts by collector-drainage runoff 9.065 11.144 11.943 12,510 10.440 11.521
1568.0 1927.9 2066.2 1726.4 1440.7 1589.8
Outgoing Removal of salts by filtration and discharge of 1.84 3.421 4.378 0.720 4.545 3.109
runoff 318.32 591.833 757.394 99.36 627.21 429.042
The volume of salts carried beyond the calculated 0.350 0.399 0.399 0.497 0.757 0.717
contour by underground outflow 60.55 69.013 69.013 68.596 104.499 98.946
Total 13.695 18.121 19.840 16.408 19.331 20.458
2369.235 3134.933 3432.32 2264.36 2667.678 2832.204
Salt balance (mismatch), + increase, - decrease +0.29 *0.037 *0.016 -0.065 *0.049 +0.089
' ' +50.17 +7.28 +2.82 -9.03 +6.76 +9.61
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The magnitude of the positive discrepancy of the salt bal-
ance in the experimental plots (fields 2 and 4) Il - its rice-
alfalfa crop rotation of the Tasmurun irrigation system before
the start (2022) and during scientific and applied research
(2023-2024) amounted to minimal values, even with the
repeated use of collector-drainage waters from +0.016 to
+0.29 tons/ha in rice field No. 2 and from +0.049 to +0.089
tons/ha in rice field No. 4, which indicates the predominance
of insignificant accumulation of salt reserves in the zone of
active salt exchange during the growing season. The leaching
regime of rice and the prevalence of readily soluble salts in
the chemical composition of groundwater, the increase in
salts is seasonal and will not lead to a regional deterioration
in the meliorative state of irrigated lands.

According to the data of the salt survey and the preliminary
compiled schematic map of the degree and type of salinization
of irrigated lands in the soil layer of 0-0.100 cm, the soils in all
areas after the experimental studies are classified as non-saline
(85% of the surveyed area) and on the lands adjacent to the
collector-drainage network, a narrow strip is represented by
slightly saline, the salinization type is sulfate-sodium-calcium.
In the alfalfa fields, the soils are somewhat saline, and the
salinization type is sulfate-hydrocarbonate-calcium. The salt
content in the soil profile varies from 0.185% in the upper soil
layer to 0.091% at a depth of 60 cm and below.

4, Conclusions

Substantiation of Forecasted Characteristics and the Po-
tential for reuse of collector-drainage water in the Tasmurun
irrigated area of the Bakbakty irrigation system

The justification for forecasted real characteristics, quan-
titative and qualitative potential, and the intensity of collec-
tor-drainage water reuse presented in this study is based on a
comprehensive analysis of the water and salt balances in the
Tasmurun section of the Bakbakty irrigation system. This
system serves the irrigated lands of the agricultural enterpris-
es SPC “Miyaly Agro,” PC “Dinara,” and LLP “EDD.” The
research was conducted over three consecutive years, all
characterized as arid and water-deficient, particularly affect-
ing the water availability of moisture-sensitive rice fields.

A notable strength of the study is that the estimation of
all components of the water and salt balances — both inflows
and outflows — was not based on secondary literature or
archival data. Instead, it was derived from field-based empir-
ical measurements conducted directly by project stakehold-
ers, namely local farmers. This approach ensured the reliabil-
ity and validity of the baseline data used.

The recommended rice irrigation technology incorporated
the reuse of collector-drainage return flow and entailed a
phased water application strategy. During the initial flooding
and maintenance stages (Stages I-111), irrigation relied solely
on river water. During subsequent stages (Stages IV-VI), a
blended water source was used, with drainage water account-
ing for up to 30% and river water for up to 70% of the irriga-
tion volume. In practice, during the 2023-2024 vegetation
periods, collector-drainage waters comprised up to 25% of
the irrigation volume, with the remaining 75% sourced from
river inflow.

Results from the water balance analysis of irrigated lands
revealed a slight negative discrepancy, ranging from 0.4% to
0.6% in 2022 and from 0.001% to 0.02% in 2023-2024.
These deviations correspond to an average drop in the
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groundwater table across the experimental sites — from 0.04
m in 2022 to 0.015 m in 2023-2024 as confirmed by station-
ary groundwater level monitoring and supporting cartograph-
ic materials. These results indicate that the inflow compo-
nents of the water balance exhibit relative stability and are
well-balanced by the outflow components.

The salt balance discrepancy on the experimental rice-
alfalfa rotation fields (fields 2 and 4) of the Tasmurun irriga-
tion system, both before (2022) and during (2023-2024) the
applied research, showed only slight positive values, even
with the reuse of collector-drainage waters. The excess salt
accumulation ranged from +0.016 to +0.29 tons/ha on Field
No. 2 and from +0.049 to +0.089 tons/ha on Field No. 4,
indicating a minor salt buildup within the active salt-
exchange zone over the vegetation period.

The leaching irrigation regime of rice cultivation, the
predominance of highly soluble salts in the groundwater
composition, and the seasonal character of salt accumulation
suggest no adverse regional impact on the reclamation status
of irrigated lands.

Based on soil salinity surveys and a preliminary schematic
map of salinity types and severity in the 0-100 cm soil layer,
most surveyed land (85%) was classified as non-saline fol-
lowing the experimental period. Narrow strips adjacent to the
collector-drainage network showed weak salinization, pre-
dominantly sulfate-sodium-calcium type. Alfalfa fields exhib-
ited weak salinization of the sulfate-bicarbonate-calcium type.
Salt content in the soil profile ranged from 0.185% in the
upper layers to 0.091% at depths of 60 cm and deeper.
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Cyapy YllIiH KOJUIEKTOPJIBIK-APEHAKABIK CyAbl KAUTA
naigajganyaarsl bak0aKTel Kypill cyapy :KyHecCiHiH Cy-Ty3 TeHrepimine
MOHMTOPHUHI KYPri3y

M. O6cametoB!, A. Ucmaryiosal”, B. Mupnac?, B. Kynarun?, JI. Ym6eranues?, T. Paxumos?, B. Paxumopa!

LY. M. Axmeocagun amvinoaser I'uopozeonoaus scane 2e0skono2us uncmumymol, Aimamot, Kasaxcman
2Apusne ynueepcumemi, Apusnv, Uzpauns

*Koppecnondenyus ywin agmop: ismagulovaaidalOl@gmail.com

Anpgarna. by 3eprreyne cynbl KaKeT eTeTiH Kypilll aTKanTapblHA TOH KYPFaK JKOHE CYHI a3 skarnainmapaa bak6akTe! cyapy
xyieciHiH TacMypbIH yuacKeciH/ie KOJUIEKTOPIIbIK-IPEHAX/IBIK Cy bl KaiiTa nalaanany OOMbIHIIA YIII XKL OOMBI XKYpri3iireH
JANaNbIK 3epTTEyJIepiH HEeri3iHae Cy-Ty3 OalaHCHIHBIH Kypamaac OemiKTepiH ecenTey oicTeMeci, TOCIl jKOHEe HOTHUXKeepi
Oepinren. bananc ecenteyiepi aepekTepAiH CEHIMAUIIIH KaMTaMachl3 €Te OTBIPBIIL, XKePriulikTi ¢hepmepiiepai OesnceHi Typae
TapTa OTHIPHIN, in-situ Oakeuiay aepekrepine HerizgenreH. Cy Oamancer 2022 xbuibl 0.4-0.6% sxone 2023-2024 xpuigaps
0.001-0.02% apainbIFbIHIAFBI MIAFBIH TEPIC COMKECCI3MIKTI KOPCETT, OYJI JKep acThl CyJapbIHbIH JEHI€HiHIH MOHUTOPHHTI KoHE
KapTajgapbiMeH pactanasl. Ty3 GamaHChl mamalibl KHUHAKTAy 16l kepceTTi, Ne2 keH opHbiHga +0.016-gan +0.29 T/ra-ra aeiin
xkoHe Ne4 ken opHbraaa +0.049-nan +0.089 T/ra-ra meiiin. Ty34bIH MayCBIMABIK KOO€IOi CINTLICY peKUMIHE )KOHE KYPIIBIKKA
OHall epUTiH TY3JapIblH O0ackiM O0ITybIHA OalIaHBICTHI OO, OYIT KaliTaTaHy KayIli JKOK.

Hezizei ce3dep: cy-my3 Oanancel, cyapmanvl oicepiaep, Kypaamy oicylenepi, KOLIeKMOPabIK-OPEeHANCObIK Cyaap,
MY30bLIbIK, CY CANACHI.

MOHHUTOPHUHT BOTHO-COJIEBOT0 0AJIAHCA PUCOBOM OPOCHUTEILHOM
cucteMbl Bak0aKThHI IPU MOBTOPHOM HCIMOJb30BAHUU KOJLUIEKTOPHO-
JAPEHAKHBIX BO/Jl HA OPOILLICHHE

M. A6cametos!, A. Ucmarynosal”, B. Mupnac?, B. Kynarun!, JI. Ym6eranues?, T. Paxumos!, B. Paxumosal

Unemumym audpozeonozuu u 2eosxonozuu umenu Y.M. Axmedcagpuna, Anmamet, Kazaxcmar
2Vuusepcumem Apusne, Apusne, Uspauns

*Aemop ons koppecnondenyuu: iIsSmagulovaaidal0l@gmail.com

AHHoTanusi. B manHO#l paboTe mpeacTaBiIeHBI METOIOJIOTHS, MOAXOJ W Pe3yabTaThl pacdeTa KOMIIOHEHTOB BOJHO-
COJIeBOro OajaHca Ha OCHOBE TPEXJETHHUX IOJEBBIX HCCICIOBAHMN IO TNOBTOPHOMY HCIIOJIb30BAHMIO KOJUIEKTOPHO -
JIPEHAXHBIX BOJ B paiioHe TacMypyH OpOCHTEIHHON CHCTeMbl BakOaKThl B 3aCyIITUBBIX M MaJOBOJHBIX yCIOBHSIX, Xapak-
TEPHBIX Il BOZOEMKHX PUCOBBIX MoJjei. PacyeTsl 6ananca npoBOAMIMCH HAa OCHOBE IaHHBIX HATYPHBIX HAOJIOAEHHH NpHU
AKTUBHOM y4YacTHW MECTHBIX ()epMEpOB, 4TO 00ECIEUYMIO AOCTOBEPHOCTh NaHHBIX. BoJHBIN OanaHC mokasall HeOOJbLIOE
oTpunarenbHoe pacxoxiaenue B mpeaenax 0.4-0.6% B 2022 rogy u 0.001-0.02% B 2023-2024 romax, MOATBEPAKIECHHOE
MOHUTOPHHIOM YPOBHSI I'PYHTOBBIX BOJ M KapTamu. CoseBoii OasaHC rmoxa3an He3HAYMTEIbHYIO aKKYMYJISIHIO, 3HAYESHUS

46


https://doi.org/10.1016/0378-3774(95)01233-8
https://doi.org/10.1016/0378-3774(95)01233-8
https://doi.org/10.3390/w12113207
https://doi.org/10.21511/ee.08(2).2017.08
https://doi.org/10.3390/su142315645
mailto:ismagulovaaida101@gmail.com
mailto:ismagulovaaida101@gmail.com

M. Absametov et al. (2025). Engineering Journal of Satbayev University, 148(3), 40-47

ot +0.016 mo +0.29 1/ra Ha mone Ne 2 u ot +0.049 mo +0.089 1/ra Ha mose Ne 4. Ce30HHBIE TOBBIIIIEHNS COJIEH OBLIIN CBS3a-
HBI C PEXKMMAaMHU IPOMBIBKH U JIOMHUHUPOBAHHUEM JICTKOPACTBOPHUMBIX COJICH, HE MPEACTABISIONIAX YrPO3bl METHOPATUBHO-

MY COCTOSIHUIO 3€MEJTb.
Knroueswte cnosa: 600H0-conesoll baianc, opowaemvie 3eMiu, OPEHANCHbIE CUCTEMbL, KOJIEKIMOPHO-OPEHANCHbIE 800V,

3dacoJjierue, kaiecmeo 6000bl.
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