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KoHuentyanbHasa moaenb oopMUPOBaHUS FOPCKUX
oTnoxeHnn mectopoxaeHus Xertblioan BocToUYHbIN Ha OCHOBe
CceAUMEHTOSIOrMYeCcKoro aHanumsa KepHa
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AHHOTALUMUA

O6ocHoBaHue. [eonornyeckoe CTPOEHME HOPCKUX OTNOXEHUA MecTopoXaeHns BocTouHbin XKeTbibaw
XapaKkTepuayeTcs 3HayuMTenbHOM haumanbHON HEOOHOPOAHOCTbIO M CIOXHOW MNPOCTPAHCTBEHHOW
N3MEHYMBOCTbIO KOMMEKTOPCKMX CBOWCTB, OOYCIIOBMEHHbIX CMEHOW YCIOBWI OCaAKOHAKOMIEHUS.
HepoctaTtoyHas M3y4eHHOCTb 3aKOHOMEPHOCTeN hopMMPOBaHNA 1 pacnpedeneHns daumanbHbIX Ten
OrpaHVM4MBaET TOYHOCTb FeONOrM4ecKoro MOAENMPOBaHMSA U MPOrHO3a MPOAYKTUBHBLIX 30H. M3yyeHue
N nHTepnpetaumsa daumanbHbIx 06CTAaHOBOK NO3BOMAT AeTallbHO OXapaKkTepu3oBaTb reonornyeckue
YCNoBUS 0CaAKOHaKOMMEHUs, NapamMeTpbl rMAPOANHaMUYECKOrO pexrma n ocobeHHOCTH naneocpeasbl,
4YTO ABMSETCH OCHOBOW ANS cTpaturpadmyeckon Koppensauum, naneoreorpatmyeckux pPeKOHCTPYKLMN
W NpUKNagHbIX reornornyeckMx NPorHo3oB. B cBA3WM € 3TMM BO3HMKAET HeoOXOAMMOCTb AeTanbHOro
CeAVMMEHTONOMMYECKOro aHanusa KepHOBOrO MaTtepuana C nocrnefymouwen UHTerpaunen nonyyYeHHbIX
pe3ynsTaTtoB C [AaHHbIMM reodM3NYecKMX WCCreaoBaHU W ceicMopasBedku [Ans  NOBbILEHUS
[OCTOBEPHOCTN MHTEPNPETALMN N YTOYHEHUS FeONOrM4ecKon Moaenu.

Llenb. Onpenenexune daumnanbHbIXx 06CcTaHOBOK MecTopoxaeHus XKeTbiban BocTouHbIN NO pe3ynbTatam
N3y4eHUs KepHa.

MaTtepumanbl u MeToAbl. B kayecTBe OCHOBHBLIX UCTOYHUKOB MHGOPMALMK UCNONb30BaHbLI UCTOpUYECKne
OaHHble MO KaXk[oW CKBaXWHE MECTOPOXAEHMUsl, pe3ynbTaTbl nabopaTopHbIX —MCCnegoBaHui
KepHOBOro martepuana. VHTepnpetaunsi kepHa BbIMOSIHEHA C MPUMEHEHWEM CEQUMEHTONOrMYECKOro
noaxoda, BKIIOYAIOWEro aHanu3 fMTONOrMYyeckoro cocraBa, TEKCTYPHO-CTPYKTYPHbIX OCOBEHHOCTeN
W AMarHoCTUYECKUX OCafOYHbIX MPU3HaKoB. Ha OCHOBE KOMMMEKCHOW WHTeprnpeTauuMn KepHOBbIX
N CKBaXKMHHbIX AaHHbIX NpoBedeHa haumanbHas MHTepnpeTaums ¢ BblAeNeHNeM reHeTUYeCcKMX TUMNoB
OTNOXEHWIN N PEKOHCTPYKLMEN YCNOBUIA X hOPMUPOBAHNS.

PesynbraTtbl. B pesynbrate ceguMeHTONOrMYEcKOro aHanvM3a KepHOBOrO MaTtepuana BbiNornHeHa
haumanbHas MHTEpnpeTaums PCKMX MPOAYKTUBHBIX —OTNOXEHU MecTopoxaeHust KeTblbaw
BocTouHbin. o pesynbratam UccreqoBaHUs onpeaerneHbl OCHOBHble 0BCTaHOBKM OCaAKOHAKOMNEeHNs
1 paspaboTaHa KOHLENTyanbHas cegMMeHTonornyeckast Mogerns NpoayKTUBHOM YacTu pa3pesa.
3akntoyeHue. [lonyyeHHble pesynbTaTbl MNO3BOMSIOT YTOYHWUTHL FEOSIOrMYEcKylo MOAENb W MPOrHo3
pacnpefeneHns NPoayKTUBHBLIX FOPU3OHTOB. Kpome Toro, OHM CnocoGCTBYIOT NOBLILLEHUIO HAAEXHOCTH
cTpaturpaduyeckon koppensumu. B uenom gaHHble MoOryT 6biTb MCMOMb30BaHbl Ans 060CHOBaHUS
HanpasfieHVin ganbHenLWnX reonoropasseoyHbIX U OMbITHO-NPOMBbILLNIEHHbIX PaboT.

Knroveeble criosa: ¢hayusi, KepH, uHmeprnpemauus, 0enbmosasi pasHUHa, aniosuanbHasi pasHUHa,
¢ppoHmM Oenbmel.
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ABSTRACT

Background: The geological structure of the Jurassic deposits in the Zhetybay East field is characterized
by pronounced facies heterogeneity and complex spatial variability of reservoir properties driven
by changes in depositional environments. The insufficient understanding of formation patterns
and spatial distribution of facies bodies limits the accuracy of geological modeling and the prediction
of productive zones. The study and interpretation of facies settings enable a detailed characterization
of depositional environments, hydrodynamic regime parameters, and paleoenvironmental conditions,
which form the basis for stratigraphic correlation, paleogeographic reconstructions, and applied
geological predictions. In this context, there is a need for detailed sedimentological analysis of core
material followed by integration of the obtained results with well log data and seismic survey data
in order to improve the reliability of interpretation and refine the geological model of the field.

Aim: The aim of this study is to determine the facies environments of the Zhetybay East field based
on core analysis results.

Materials and Methods: Historical data for each well in the field and laboratory results of core
material analysis were used as the main sources of information. Core interpretation was performed
using a sedimentological approach, including the analysis of lithological composition, textural
and structural features, and diagnostic sedimentary structures. Based on the integrated interpretation
of core and well data, facies analysis was carried out with the identification of genetic types of deposits
and the reconstruction of their formation conditions.

Results: As a result of the sedimentological analysis of core material, a facies interpretation
of the Jurassic productive deposits of the Zhetybay East field was performed. Based on the study
results, the main depositional environments were identified and a conceptual sedimentological model
of the productive interval of the section was developed.

Conclusion: The obtained results allow refinement of the geological model and improvement
of the prediction of productive horizon distribution. In addition, they contribute to increased reliability
of stratigraphic correlation. Overall, the data can be used to substantiate directions for further geological
exploration and pilot production studies.

Keywords: facies, core, interpretation, delta plain, alluvial plain, delta front.
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HeriziHae LWbiFbic XXeTbI6an KeH OPHbIHBLIH HOpa WeriHAinepiHiy
KanbinTacyblHbIH KOHUeNTyanablK Moaeni
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AHOATNA

Herizpgey. LUbifbic XKeTiba KeH OpHbIHBIH topa LUeriHAINEepiHiH reonornsanblk  KypbinbiMbl  LIery
XafjannapbliHblH, - e3repyiHe 6aiinaHbICTbl KOMMEKTOPNbIK KacMeTTepaiH awTapnbiktan daumangbl
reTeporeHainiriveH >xaHe KypAeni KeHICTIKTIK oapkenkiniriMeH cunattanagbl. Paunangbl geHenepaid,
KanbinTacybl MeH Tapany 3aHObiNbIKTapbliHbIH JKETKINIKCI3 3epTTenyi reonorvsnblk  Mogenbaey
MeH eHiMAai anmakTapabl GormkayablH A9NAiriH wekTendi. daumsanbik KaFgannapabl 3epTTey XaHe
TyCiHAIpY cTpaturpadusanblk  Koppensauusra, naneoreorpaduaAnblk  PEKOHCTpyKUMSNapFa >kaHe
KongaHb6anbl reonorusnblk 6omkaMmaapra Heriz 6onatbiH LWeriHginepaiH, reonorusanblK xargannapbiH,
rmapoavHamuKanblk PEeXVWMHIH napaMeTprepiH >xeHe naneo OpTaHblH epeKLenikTepiH enken-
Tenkenni cunatrayra MyMkiHZik 6epegi. OcbliFaH GannaHbICTbl reonornsnblK MoAenbai TYCIHAIPY MeH
HaKTblNayablH AYPbICTbIFbIH apTThipy YLWiH anbiHFaH HaTwxenepai ¥I'3 xaHe cencmukanblk Gapnay
aepektepiMeH GipiKTipe OTbIPbIN, KEPH MaTepuarnbiH enKen-TeNKeWni CeaUuMeHTONOoruMsAnbIK Tangay
KaXeTTiniri TyblHganapl.

Makcatbl. KepHai 3eptrey HoTwxkenepi OGowbiHwa LUbifbic XeTiba KeH OpHbIHBIH  daunanablk
XaFgannapblH aHbIKTay.

Martepuanpap MeH agictep. Heri3ri aknapat kesi peTiHAe KeH OpHblHOafbl apbip yHFbiMa GolbiHLWA
Tapuxu OepekTep, KepH MatepuvarnblH 3epTxaHanblk 3epTTey HaTukenepi navpanaHbingbl. KepHai
WHTepnpeTauusnay  NMTONOrMsAnbIK Kypamapbl, TEeKCTypanblK-KypblibIMAbIK epekweniktepai
XKeHe amarHocTuKanblk WweriHai 6enrinepai Tangayabl KAMTUTbIH CEAUMEHTONOMMANbIK TACNAi KongaHy
apkblinbl >xy3ere acbipbinagbl. KepH MeH YHFbIMa AepeKTepiH KelleHai MHTepnpeTauusnayablH HerisiHae
werinainepaiH, reHetTukanblk TyprepiH 6Genin anbin, onapAblH KanbinTacy afgannapbliH KannbiHa
KenTipe oTbIpbIn, haunanabl MHTepnpeTauns Xyprisingi.

HaTtuxenepi. KepH maTtepvangapbiH cegMmeHTonorvsinblk tangay HaTwkeciHge LWeirbic XKetiGal keH
OpPHbIHbIH, Opa eHIMAINIK WeriHaginepiHii dauvangbl TyciHgipMmeci opbliHAanabl. 3epTTey HaTuxXenepi
OoWblHLWA LWeriHAginepAaiH Herisri xxargannapbl aHblKTanbln, KMMaHblH eHiMai 6eniriHiH TyXblpbiMaamanbIK
ceMMEHTONOrUANbIK MOAEN acanabl.

KopbITbiHAbI. AnblHFAH HSTWXeNnep reonorusanblk MogenbAi XoHe eHiMAi ropusoHTTapdblH Tapany
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BBepeHue reonoro-reounsnyeckMe 1M MpOMbICIIOBbIE AaHHbIe
[a3oHeTAAHOE MecTopoxaeHue XKeTblibalt Mo ckBaXunHam MecTopoxaeHusi XKetoiba BocTtou-

BocTouHbIN OTKpbITO B OKTSIOpe 1967 . npu nony-
YeHUn npuToka HedTU B ckBaxuHe 1 ¢ gebutom
0,8 m*/cyT u3 aaneHckux oTnoxeHun. Mectopoxae-
HVMe BCKPbITO rnMyboKMMKM CKBaXXMHaMW, BCKpPbIBato-
LLMMWN ME30-KaHO30MCKME OTIOXEHUSA MOLLHOCTbLIO
0o 2800 m.

MecTtopoxaeHve >Ketbiban BocTouHbI Ha-
xogutcst B npepenax XKeTblban-Y3eHbCKON TEKTo-
HWYECKON CTYMeHW U pacrnorioXeHO Ha BOCTOYHOM
OKOHYaHUM XKeTblibancKo aHTUKMMHANBLHON NUHUN,
NpyvypoYeHHON K MaHrbIWnakcKo-YCTopTCKOW cuc-
Teme nNpornboB 1 NOSHATUN.

Llenbto  gaHHOro uMccnegoBaHus  siBNsSieTCA
onpefenexHve daumanbHbiX 06CTaHOBOK [AaHHOIO
MECTOPOXAEHUS No pesynbratam CeanMEeHTOrNoru-
4YeCKOro U3y4yeHus kepHa.

WHTepnpetauuss  caumanbHbix  06CTaHOBOK
no3BonseT AeTanbHO OXxapakTepusoBaTb reororu-
yeckne yCrnoBuSi OCafKOHaKOMNMeHusl, napameTpbl
r’MApOANHAMUYECKOTO  pexumMa U 0cobBeHHOCTU
naneocpenpl, YTO SIBMSIETCA OCHOBOW AnsA CTpaTu-
rpadonyeckon Koppenauuu, naneoreorpacuyeckux
PEKOHCTPYKLUIA 1 NPUKNAAHbIX reonornyeckmx npor-
HO30B.

MaTepuanbl u MeToAbl
B kayecTBe ncxogHom nHopmMaLMoHHON 6a3bl
B HacTosiLen paboTe UCnonbL30BaHbl UCTOpUYECKUE

HbI. [lononHMTenbHO NpuBMeYeHbl peaynsraThl na-
60paTopHbIX MCCNefoBaHWU KEpPHA MO CKBaXXUMHaM
8, 444 n 452 c obwmm meTpaxoMm 434,2 m (puc. 1,
Tabn. 1), BkNO4YawLMe CTaHAAPTHbIA KOMIIEKC
JIUTONOro-NeTPOM3NYECKMX  aHanM3oB:  Makpo-
CKOMUYEeCcKoe W MUKPOCKOMUYECKoe nMTorornyec-
Koe onuncaHue ob6pasLoB, ornpeaereHne OTKPbITON
NOPUCTOCTN 1 aBGCOMOTHON ra3oNpPOHNLLIAEMOCTH.

PucyHok 1. Cxema pacnonoxeHUs CKBaXXuH
8, 444, 452
Figure 1. Well location scheme of wells
8, 444, and 452

Tabnuua 1. ToNwWMHbI OPCKUX NPOAYKTUBHbLIX FOPU3OHTOB U XapaKTepPUCTMKN KepHOBOro oxBaTta
M OCBeLEHHOCTU pa3pe3a
Table 1. Thicknesses of Jurassic productive horizons and characteristics of core coverage
and core representation

CKkBaxuHa FopusoHT TonwuHa NpoAyKTUBHLIX NNAacToB, M OxBat kepHoM, % OcBeLEHHOCTb KepHOM, %
Well Horizon Thickness of productive beds, m Core coverage, % Core representation, %

444 HO-VIII / J-VIIl 36,7 80,9 96,9
444 HO-IX / J-IX 6,1 11,3 100
444 10-X /1 J-X 215 18,4 95

444 HO-XI / J-XI 12,6 35,0 100
8 tO-VIII / J-Vill 26,4 55,5 100
8 HO-XI / J-XI 6,1 33,9 100
452 1O-VIII/ J-VIIl 9,0 11,1 1,1
452 10-X /1 J-X 26,0 100 100
452 HO-XI / J-XI 9,0 100 100

MHTepnpeTauua kepHOBOro MaTepuana Bbl-
NOJSHANACh C NPUMEHEHNEM CEQVMEHTONOMMYECKOro
noaxo4a, NpeaycmaTpyBaroLero aeTanbHoe usyde-
HME TEKCTYPHO-CTPYKTYpHbIX 0COBEeHHOCTEl nopoa,
rpaHynoOMEeTPUYECKOr0 COCTaBa, XapakTepa Crouc-
TOCTU W [NarHOCTUYECKMX OCadOuHbIX MpU3Ha-
KoB. Ha ocHOBe KOMMMEKCHOro aHanusa KepHOBbIX
N CKBaXKMHHbIX JaHHbIX NpoBoAuiack dauuanbHas
WHTEpNpeTauus C BblaeneHNeM reHeTUYECKNX TUNoB

OTNOXEHUIN U PEKOHCTPYKUMEN YCrOBUA nx chopmu-
poBaHus. [lonyyeHHble pesynbTaTbl COMOCTABMS-
JIUCb C Aa@HHBIMK NO pa3pe3am COCEAHMX CKBaXWH
ONsl YTOYHEHWs1 NPOCTPaHCTBEHHON W3MEHYMBOCTU
NPOAYKTUBHbIX FOPU3OHTOB.

JKcnepuMmeHTanbHas 4acTb
Onpepenenne daumn no pesynsrataMm unsyde-
HWS KepHa — 3TO KOMMNMEKCHbIVA aHanu3 nmTonoruye-
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CKOro COCTaBa, rpaHynomMeTpun, CEANMEHTALMOHHbIX
TEKCTYP, BKMHOYEHUW, WUXHOMOCUNIWIA, HanpasreH-
HbIl HA YCTaAHOBIEHWE YCMOBU OCaAKOHaKOMMEeHWs
N PEKOHCTPYKUMIO OBCTaHOBOK cegMMeHTauun. UH-
Tepnpetaumsi auuin BbIMONMHEHa B COOTBETCTBUM
C OOLIEenpUHSATLIMA  MONOXEHUAMU  haumarnbHOro
aHanusa, paspaboTtaHHbiMu B Tpyaax [1-4].

B npepenax mectopoxaeHus XKetbiban Boc-
TOYHbIA MO pesynbTaTtaM MpPOBeAEHHBIX Mccreno-
BaHWN BblAeNeHbl YeTbipe OCHOBHblE OBGCTAHOBKYM
0CafKOHaKOMNIIEeHUs B IOPCKOW YacTu paspesa.

PesynbraTthbl

daunss nNpokcumanbHOro PoHTa AenbTbl
npeacTaBneHa cpegHe- U Menko3epHUCTbIMK crna-
BGOrMMHNCTBIMM NecYaHMKamMn C MOSIOroBOSTHUCTOW
M rOpu3OHTanbHOW cnouctocTblo.  OTmevatoTes
aneMeHTbl ByropyaTton crnoucToctu, psibu Tede-
HUSA W BOINHEHWS, MMWUHUCTbIE HaMbIBbl U PaccesiH-
HbI  yrneduumpoBaHHbIi  AeTput. 3adukcmpoBa-
Hbl BepTuKanbHble XxoAbl unoenos (Diplocraterion,
Skolithos, Arenicolites), xapakTtepHble Ans npwu-
BpexxHo-Mopckmx obctaHoBok. OcagkoHakonneHue
MPOVCXOAMNIIO B MPOKCUMMAarnbHON 4acTu NOABOAHON
AenbTbl NPy 3amMeasieHn pe4yHoro NoToka, YTo npu-
BOAMIIO K (DOPMMPOBaHMIO MOLLHbIX YCTbEBbIX 6apoB
aBaHAenbsThl.

daunsi auctanbHOro ¢poHTa OenbTbl npeg-
CTaBrieHa nepecrnavBaHueM TOHKO- U MEeNKO3epHu-
CTbIX NECYAHWKOB, aneBpONMTOB U IMINH C BOSTHUCTO-
1 FOPU30OHTaNbHO-CNONCTON, MEeCTaMn NPepPbLIBUCTON
TeKCTypoi. B necyaHukax UKCMPYOTCSH areMeHTbl
GyropyaTon crnouctocTu, psbu TedeHus U Npocnou
TEMMNEeCTUTOB, OTpaxawluue BMUSHUE LUTOPMOBOM
M BOMHOBOW AWHamuku. Buotypbaumsa Bapbupy-
eTcs OT crabow 40 MHTEHCUBHOW, OTMEYeHbl XOabl
unoefos. Thalassinoides, Planolites xapakTtepHbl
ans  nNpubpexHO-MOPCKMX W MOPCKMX 0oBCTaHo-
BOK [5].

OcafKkoHaKonneHne NpoMcxoanno B Anctanb-
HOW YacTu PpoHTa AEeNbLThl U CBSI3aHO C (POPMMPO-
BaHMEM MariOMOLLHbIX YCTbEBbIX GapoB aBaHAEmNb-
Thbl NPV 3aMeANEHNN PEYHOIO CTOKA.

daunsi npoaensTbl CrioXeHa CepbIMU U TEM-
HO-CEepPbIMU MNHaMU C MNPOCMOAMU MECYaHUCTbIX
aneBponuTOB U PeaKMMU TOHKO3EPHUCTBIMU Necya-
Hukamu (puc. 2) [6]. Ans aaHHoOM haumm xapakTepHa
ropu3oHTanbHO-CNoucTasi TEeKCTypa B aneBponuTax
M TOHKMX MecYaHWKax, OTMEYalTCsl 3NeMeHThbl by-
rop4aTon 1 rpagauMoHHON CrOUCTOCTU, CBSI3aHHbIE
C 3Nn304NYEeCKUM LUTOPMOBbLIM Bo3gencTemem. buo-
Typbaumsa BapbupyeTcs OT cnabon A0 YMepPEHHOW;
3adukecnpoBaHbl  MxHodpoceunum - Thalassinoides,
Planolites n ckonneHusa Phycosiphon, xapaktepHble

PucyHok 2. Cxema chauuit ppoHTa Aenbrbi
Figure 2. Facies scheme of the delta front

KonuenmyarnbHasi modenb no mamepuanam [8]
Conceptual model based on materials [8]
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PucyHok 3. Cxema chauumi AensToBOM paBHUHbBbI
Figure 3. Facies scheme of the delta plain

KoHuyenmyanbHas modernb no mamepuanam [9]
Conceptual model based on materials [9]

ons mopckon uxHodbaumm Cruiziana. OTnoxeHust
dopmupoBanucek B rmy6oKOBOAHON YacTu OpoHTa
OenbTbl NPU HaKOMMEHUN TOHKOAWCNEPCHOrO maTe-
prana Cc pegkuMuM TEMNEeCTUTOBBIMU COObLITUAMM.
BblaeneHHble daumm cooTBETCTBYIOT TUMOBBLIM MO-
AensMm [ensToBbIX CUCTEM, BKIHOYAIOLWMM MPOKCU-
MarbHble U AUCTanbHble y4acTku hpoHTa AEenbThbl,
1 npogeneTy, onMcaHHbIM B pabotax [7, 8].

dPaumsa anucTpmbyTMBHOrO AensTOBOro KaHana
npeacTaeneHa cpegHe- M Menko3epHUCTbIMK criabo-
FAIVMHWUCTBIMW NeCYaHWKaMn MOLLHOCTbIO 2—6 M Ans
KOTOPbIX XapakTepHa MacCMBHasa TekcTypa unu op-
HOHanpaBreHHas Kocasi CrMOMCTOCTb, MOAYEPKHY-
Tasi CKOMMEHUEM YrmmUCTo-pacTUTENbHOro Aetpura.
HWKHUIA KOHTaKT 3PO3MOHHBIW, HEpeaKo ¢ obunuem
IMWHUCTBIX U YIMUCTLIX MHTpaknacTtoB (puc. 3) [9].
DopMUpoBaHNE NPOVNCXOANIIO B YCNOBUSAX aKTUBHO-
ro PEYHOro CTOKa W BbICOKOW MMAPOANHAMUKM BOGHO-
ro noToka.

daumsa NpupycrnoBblX BarnoB CroXeHa Men-
KO3EpPHUCTbIMW  aneBpUTUCTBIMW  MecHaHUKamu
C TOHKMMM NVHUCTBIMU NPOCMOAMU, FOPU3OHTab-
HO-MPEPbLIBUCTON CIOMCTOCTbLIO, KOTOPas HapyLleHa
cnefamn n octaTkamu KOpHew, a Takke TekcTypamu
cMATMSA 1 ononaanns. OTnoxeHns popMmpoBanmch
npu nepenuee NaBOAKOBbLIX BOA BOOMb pycen W ak-
KyMynsiLMm matepuana no ux nepudepum.

dPaumn KOHYCOB NPopbIBa 1 UX KaHanNoB npea-
cTaBreHbl ManoMoLLHbiMu (0,2—2 M) TOHKO- U Men-

DOI: 10.54859/kjogil1 08953

KO3EPHUCTbIMM NecYaHnkaMm ¢ pe3kon 3PO3NOHHOM
NOAOLLBON, BOCXOAsiLLEN psibblo Te4YeHns n yrnedum-
LMPOBaHHbIM pacTuTenbHbIM aeTpuToM. Ocapgko-
HaKonfieHne CBsI3aHO C MpopbiBaMK NPUPYCHOBbLIX
BasioB BO BPEMS KPYMHbIX NaBOAKOB.

dauns NONMbl XapakTepu3dyeTCs TOHKUM Me-
pecrnavBaHveMm aneBpofIMTOB W MWH C TOPWU3OH-
TanbHOM CMOUCTOCTbIO, TEKCTypaMu B3MYYMBaHUS,
npoaaBnMBaHusl, a Takke C ocTtaTkamy U criegamu
KopHen. dopmuMpoBaHMe MNPOUCXOAUNIO Ha 3anuB-
HbIX y4acTKax noWMbl B NaBOAKOBbIE NepUoabl.

daumns MexpycrnoBoro 3anmea crioXXeHa anes-
PO-MUHUCTBIMM NopoaamMn C NMUMH30BUAHO-BOJTHUC-
TOW CRnoOMUCTOCTbIO U BuoTypbaumen. OcagkoHako-
NreHne MpoUCXoauno B YMEPEHHO AVHAMUYHbIX
YCMNOBUSIX MEXPYCIOBLIX 3aN1BOB M faryH nog Bnu-
AHMEM PEYHOro W, BEPOSITHO, NPUIIMBHOMO BO3AEW-
CTBMSI; KONMNEKTOPCKNE CBOWCTBa OrpaHUyeHbl pea-
KMMU necHaHbIMN NMPOCNOoAMN.

daums TopdhsiHoro 6Gonota npeacTaBneHa
YISIMU U YIAIUCTBIMU TNIMHAMUW C OCTaTKaMu KOpHe-
BbIX cucTeMm. PopmupoBaHMe MpPOUCXOAUNo B 3a-
CTOMHbIX, 6€CKNCNOPOAHbIX OONMOTHbBIX YCIOBUSX.

O6cTaHoBKa antoBUanbHOM paBHUHBLI C Oryx-
Aanwnum TUNOM pPeKn OoTpaaeT KOHTUHEHTallbHble
yCrnoBUSI C pa3BUTOM CUCTEMOWN pycen u nepuogu-
4YeCKOoN CMeHON HanpaeneHuii notokos (puc. 4) [10].

daums  akTMBHOrO pycna npefcTaBrieHa
cpefHe- U MEeNKO3epPHUCTbIMU, MEeCTamu KpyMHO-
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3EpHUCTBIMX  CNABoOMMUHUCTLIMK  NecYaHUKamMu
C MacCCUBHOWN U KOCOWN CIOUCTOCTBIO U 3PO3UOHHBLIM
OCHOBaHMeM. XapaKTepHbl MUHUCTbIE WHTpakna-
CTbl, yrneduuupoBaHHbIi AETPUT U YMEHbLUEeHue
pasmepHoCTU 3epeH k kposre. OTnoxeHus op-
MUPOBAnUChb B YCMOBUSIX BbICOKOW MMAPOANHAMUKM
aKTUBHOIO PYCOBOrO MOTOKa.

Ddaunst HanoxeHHbIX U 6oKOBbIX 6apoB croxe-
Ha MEeNKO3epPHUCTBIMU, YACTO MMUHUCTBIMU NecYaHu-
KaMu C HaKITOHHOW W FOPU30HTanbHOW CITIOUCTOCTLHO,
psibblo TEYEHUSI U 3NEMEHTaMMU TPOrOBOW CMOUCTO-
ctn. OcagKoHaKkoneHne NponMcxoanno B MeHee au-
HaMWYHbIX y4acTkax pycna, B CTOPOHE OT OCHOBHOMO
noToka.

dauns necyaHom NorMbl XxapakTepusyeTtcs ne-
pecrnavBaHveM NecYaHWKoB, areBpOSIMTOB U FMWH
C TOPWU3OHTAsNIbHOM CrOUCTOCTbID U JIOKanbHbIMMU
TEKCTypamy B3MydnBaHusl. TOHKME MecyaHble Npo-
CMoW accouMMpyoTCs ¢ aNU30aNYECKUM BHEOPEHW-
€M OTMOXEHW 3annecka U KOHYCOB NpopbIBa.

dauma  MUHUCTOM NOWMMbI  NpeacTaBneHa
aneBpo-rMUHUCTbIMU OTNIOXEHUAMUN C PeOKUMU TOH-
KMMM NPOCIIOSIMU NECHAHUKOB, HAPYLLUEHHbLIMU B3MY-
YMBaHMAMU, MUKpocBpocamu K crieqamu KOpHeM.
dopmuUpoBaHne NPOUCXOAMUIIO Ha 3anUBHBIX y4acT-
Kax noMbl B NaBOAKOBbIE NEPUOAbI.

O6GCTaHOBKM Bpe3aHHOM [OOMWHbI C ansoBu-
anbHbIM  3amnofHeHneM obOyCnoBneHbl O6GLIMPHON
3po3unen, CBA3aHHOM ¢ konebaHusiMn ypoBHewn Mopst
UM TEKTOHWYECKMMWU MpoueccaMu, KoTopble mnpu-
BENM K o6pasoBaHUO Bpe3aHHOW AONWHbI, 3aros-

HEHHOW anmioBUanbHbIMKW, PEYHBIMU  OTIIOXKEHUS-
mu (puc. 5) [11].

dauna 0bnomMouHbIX MOTOKOB MpedcTaBneHa
cpegHe- M KPYNHO3EPHWUCTBIM MecYaHbIM MaTpuK-
COM, B KOTOPOM COCPeAOoTOHEHbI 0Ounmne okaTaHHbIX
N NonyoKaTaHHbIX FMUHUCTBIX MHTPaknacToB pas-
mepoM oT 1 go 10 cm. TekcTypa nNsaTHUCTas 3a CHET
WHTPaKnacToB.

YcnoBusi 0CafKOHAKOMNEHNS: BLICOKas rmapo-
OVHaMuKa MoToka, 3PO3NOHHOE OCHOBaHWe Bpe3a,
CBsi3aHHOE C 3MeHeHnem basuca apo3um.

OTnoxeHWs 3anonHeHns Bpesa npeacTaBeHbl
annoBranbHbIMK NecyaHukamu, Ans KOTOpbIX Xa-
paKkTepHa CpefHe- Unu KpyrnHo3epHUCTas CTpyKTypa
1 MacCUBHas UM KOCOCNoncTas TekcTypa, kotopas
nogyepkHyTa MUHUCTBIMU HambiBamu. [pucyTcTBy-
10T IMUHUCTbIE UHTPaKNacTbl Pa3Horo pasmepa.

B xone pabot yctaHOBNEHO, Y4TO 6OMbLUMHCTBO
NPOAYKTMBHbBIX FOPU3OHTOB (hOPMMPOBANoCL B YC-
NOBUSAX AENLTOBON PaBHWHBI, B CBA3M C YeM daumu,
BblfjeNneHHble No KepHy, Obinn obbeanHeHbl B Tpu
YKPYNHEHHbIE TPyMMnbl NO rEHETUYECKOMY MPU3HaKy
N KayecTBY KOMNEKTOPCKUX CBOWCTB: AUCTPUOYTUB-
Hble KaHanbl (My4Ylime KonnekTopbl), necyaHas nomn-
Ma (yXyALeHHble KOMMEeKTopbl) U MMUMHUCTas nonMa
(HekonnekTopbl). Ha oOCHOBEe KepHOBbIX [AaHHbIX
ANns 3TUX rpynn onpefeneHsl rpaHnyHble 3HaYeHns
IMIMHUCTOCTU: AN KaHanoB MeHee 16%, ans octanb-
HbIX dauUmin rpaHnLibl yTOMHEHbI MO aHanornm ¢ y4é-
TOM reodm3n4ecKnx xapaktepuctuk. flononHuTens-
HO YCTaHOBMEHbI NOPOroBble 3HaYeHUsI MOPUCTOCTY:

PucyHok 4. Cxema chauui annoBranbHOW paBHUHbI C «ONyXaaloWmMmMm» TUNaMmm pex
Figure 4. Facies scheme of the alluvial plain with wandering river systems

KonuyenmyanbHas modenb no mamepuanam [10]
Conceptual model based on materials [10]
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PucyHok 5. Cxema chauumin 3anonHeH1s 3pO3UOHHOIO Bpe3a C arstoBuUanbHbIM 3anofiHeHueM
Figure 5. Facies scheme of an incised erosional valley with alluvial fill
KoHuenmyansHas modernb no mamepuanam [11]

Conceptual model based on materials [11]

ons kaHanos 6onee 18%, ons necyaHon NoNMbI —
12-16%, Ana rmMuHUCTON nonmbl — mMeHee 12%.
Ha ocHoBaHWM ykasaHHbIX NapaMeTpoB BbINOMHEHO
BblaeneHne daumn reousnyeckuMmn umccnenosa-
HUsiMK ckBaxkuH (ganee — MNMC) no Bcemy dpoHay
MecTopoxaeHusi (109 ckBaXvH) MO KPUBbLIM [MVHU-

ctoctn (Vsh) n acpdektneHon nopuctoctn (PHIE)
C pacnpocTpaHeHuem no paspesy. [Ins nosbileHns
[OCTOBEPHOCTM MHTEpNpeTaLmm npoBegeHa pyyHas
KOPPEKTUPOBKa rpaHul, dauuin ¢ y4ETOM AaHHbIX
CaMonpou3BONbHOW MNonspv3auui, ramma-kapoTa-
Xa u pesdynsraTtoB nHTepnpetauum M'NC (tabn. 2, 3).

Ta6nuua 2. BbigeneHHble No KepHy ¢haumm no o6¢cTaHoBKaM ocagKoHaKoONMeHust
Table 2. Facies identified from core data based on depositional environments

daumanbHas accoumauus dauua Kop caumm no kepHy
Facies association Facies Core facies code
MpokcuMarnbHbI OPOHT AenbThbl C BOTHOBBIM BIIMSIHUEM
Proximal infl d delta front cb2
®pOHT AenbThl (MOABOAHAs YacTb AeNbTbl — roximal wave-influenced detta fron
aBaHfenbTa) [vcTanbHbli OPOHT AenbThbl cD3
Delta front (subaqueous part of the delta — Distal delta front
prodelta/avandelta)
Mpogenbta cD4
Prodelta
MexpycroBbiii 3anue/naryHa CB5b
Interdistributary bay / lagoon
OncTpnbyTVBHBLIN 1ENbTOBbIA KaHan CA1
Distributary channel
Mpvpycnosbiit Ban
Channel levee CA2
[llenbToBasi paBHWHa dauus KOHYCOB NpopbIBa CA3
Delta plain Crevasse-splay facies
Kanan koHyca npopbiBa CA5
Crevasse splay channel
dauusa norimbl
Floodplain facies CAB
TopdsiHoe 6onoto CA7
Peat swamp
Fn;BHblg aKTWBHbIE pycna BA1a
Main active channels
HanoxeHHble 6apbl
AnnioBuansHasi paBHUHa ¢ GryXaaioLLMm Stacked bars BA1b
pycnamu —
Alluvial plain with wandering channels Mecuatycras noiima BA2a
Sandy floodplain
muHncTas noiima
Muddy floodplain BAZb
OTnoxeHnsi 065I0MOYHBIX NOTOKOB
BpesaHHas 4onuHa C anmioBuanbHLIM Debris flow deposits DA1
3anonHeHnem
Incised valley with alluvial fill Pycrosbie necuanmku DA2
Channel sandstones

-+ DOI: 10.54859/kjogi108953
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Tabnuua 3. ConoctaBneHue BbiaeneHHbix MC-caunn c kKepHom
Table 3. Correlation of identified well-log facies with core data

° 5 daums
Kon dbauun no T ] Facies
KepHY YkpynHeHHasi TUC-chaums Volume o w g 2 o BblaeneHHble ropu3oHTbl
Core facies Integrated well-log facies of shale E E 3 o e [OX-] Identified horizons
code 52 g8 = =
i =
CD2, CD3 I'Iponfcmmaanbm POHT AenbThbl
Proximal delta front
10-XA4
J-XA4
MpopenbTta
cp4 Prodelta
CB5b, CA1,
CA2, CA3, [enbToBasi paBHWMHa 10- IX-XB
CA4, CAS5, Delta plain J-IX-XB
CAB, CA7
AxTvBHOE pycro bnyxpatoLien peku
BA1a ; o
Active channel of a wandering river
HanoxeHHble 6apbl
BA1b Stacked bars
MecuaHucTas noima 1O-XI
BA2a Sandy floodplain JXI
nuHncTas noiima
BA2b Muddy floodplain
OTrnoxeHnst 06-I0MOYHbIX MOTOKOB
DA1 8 .
Debris flow deposits
HO-VIIIA
DA2 PycrioBble necyaHnki J-VIIIA
Channel sandstones

PucyHok 6. KoHuenTyanbHasa ceaumeHTonornyeckas moaenb NpoAyKTUBHbIX FTOPU3OHTOB
mecTtopoxaeHus Xetbi6an Boctounbin [10, 12, 13]
Figure 6. Conceptual sedimentological model of productive horizons of the Zhetybay East field
[10, 12, 13]
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O6cyxaeHune 3aknoyeHue
Ha ocHoBaHuun AetanbHOro aHanmsa KepHo- B paMKax BbINONIHEHHOINO  MUccregoBaHUA

BOFO MaTepuana yCTaHOBfIEeHbl YCMOBUS 0OCagKo-
HaKOMMEHNA IOPCKUX MPOAYKTUBHBIX OTNOXEHWUMN
mMecTopoxaeHuns Xetbiban BocTouHbili (puc. 6).
BblaeneHvne n uHTepnpetauus daumanbHbIX acco-
Lpaumii No3BONUN yCTaHOBUTL 3aKOHOMEPHOCTH UX
BEPTUKArNbHOMO N NnaTepanbHOro pacnpocTpaHeHus,
a Takke npocneanTb CMeHy 0CafoyHbIX 06CTaHOBOK
B paspese. [lonyyeHHble pesynbraTbl MOCAYXUU
ocHoBOW Ans 0606LeHns daumanbHon nHpopma-
LM 1 NocneayoLLero NocTpoeHmst KoHUeNnTyanbHoM
CeaVIMEHTONOrMYeCcKo MOAENN  MECTOPOXAEHWUS.
Mo pesynbTatam CeAUMMEHTOMNOIMYECKOro aHanusa
YCTaHOBMEHO, 4YTO Ha MecTopoxaeHun XeTbiban
BOCTOYHBIN HakonneHve PCKNX NPOAYKTUBHBIX ro-
PW3OHTOB NMPOVCXOAMIIO B CREAYIOLLMNX YCIOBUSIX:

HwxHue ropusoHTtbl FO-XIII — KO-XI — KOHTU-
HeHTanbHas annoBuanbHas paBHUHa ¢ JOMUHUPO-
BaHueM pek ¢ «bnyxgatowmum» tunom; [10]

* ropusoHTbl uHTepsana k0-XB—t0-Xb1 — npu-
OpexHasi nenbToBasi paBHuHa [13];

* ropu3oHT KO-XA4 — npnbpexHo-Mopckue 0b-
CTaHOBKM ppoHTa Aenstbl [13];

* ropm3oHTbl uMHTepBana HO-XA3—-O-IXA —
npubpexHas aenstoBasi paBHuHa [13];

* ropu3oHT KO-VIIIA — 3p03roHHbIN Bpes, 3anor-
HEHHbI annoBuanbHbIMK necHaHukamm [12];

* camble BepxHue NPOAYKTUBHbIE TOPU3OHTHI
mHtepBana HO-VII-tO-VI — npubpexHas gensroBas
paBHuHa [13].

OOMONHUTENbHO

UcTouyHuK duHaHCcMpoBaHus. ABTOpbl 3asABns-
10T 00 OTCYyTCTBMM BHewHero (UHaHCUPOBaHWSA
npv NpoBegeHnn nccnegoBaHus.

KoHdnukt nHtepecoB. ABTOPLI AEKNapUpyoT OT-
CYyTCTBME SIBHbIX W MOTEHUMAmNbHbIX KOH(IMKTOB
MHTEPECOB, CBsI3aHHbIX C Nybnukauuen HacTosiLLen
cratby.

Bknag aBTOpoOB. Bce aBTOpLI NOATBEPXKAAOT COOT-
BETCTBME CBOEr0 aBTOPCTBA MEXAYHAPOAHbIM Kpu-
Tepuam ICMJE (Bce aBTOpbl BHECHW CYLLECTBEHHBIN
BKNnag B pa3paboTky KOHLenumu, npoBeaeHne nccrne-
[OBaHWs 1 NOAFOTOBKY CTaTbW, MPOYnu 1 ogobpunm
duHanbHy Bepcuio nepeg nybnukaumwen). Hanbonb-
WM BKMag pacnpedenéd cnegylowmm obpasom:
XaceHoB A.l. — bopmmpoBaHme Hay4HOWN KOHLeNUum
MCcCcnefoBaHWs, MOCTaHOBKa LenMu 1 3aad, HayyHoe
pykoBoacTBo paborton; YTee PH. — paspaboTka me-
TOAMYECKOrO Moaxoda K UCCReAoBaHU0 U HayyHoe
0b6obuieHve pesyneratoB; VmaHb6aeB B.A. — dop-
MUpOBaHME UK CuUCTeMatusaumsi WCXOOHOW reorio-
ro-reocpmanyeckonn  6asbl  nccneposaHus; bacap-
Gai A.E. — KOMMMEKCHbIA CEeAMMEHTONOMMYECKUI
aHanuM3 KepHOBOrO MaTtepuana, pefakTMpoBaHue
1 HanucaHue pykonwucu; AnekceeBa E.B. — conoc-
TaBrneHve BblOENEHHbIX MO KepHy dauuin ¢ pesynb-
Tatammn T'MIC, nogrotoBka maTepuanoB u rpadoukos;
MoposoB B.H. — pa3paboTka koHUenTyansHou ceau-
MEHTOMOrMYECKO MOAENb MECTOPOXAEHUS, aHann3
pykonucy.

npoeegeHa daunanbHas WHTEpnpeTauus HPCKUX
oTnoxeHun mectopoxaeHuss Xetoliban BocTou-
Hbll HA OCHOBE KOMMMEKCHOro aHanmsa KepHOBO-
ro martepuana. YCTaHoOBReHo, 4To chopMupoBaHue
NPOAYKTMBHbIX FOPU3OHTOB MPOUCXOAMIIO B YCIO-
BUSIX KOHTMHEHTaNbHOW anntoBuUasnbHON pPaBHUHLI,
nNpubpeXHOW [OEenbTOBON paBHWMHBbI U NPUOPEXHO-
MOPCKMX 0GCTaHOBOK (PpOHTa AenbThbl, YTO OTpaxa-
€T NoaTarnHyr 3BOMIOLMIO YCIOBUIA OCafKoHaKonse-
HVA B Npedenax udy4aemon nnotuanu.

Mo pesynsTatam M3y4eHUs kepHa BblAeNeHbl
W [eTanbHO OXapakTepu3oBaHbl OCHOBHblE a-
umanbHble accouuauun, onpederneHbl MX JNUTOro-
ro-CTPYKTYpHble OCOGEHHOCTU. BbisiBrieHa 3akoHO-
MepHasa cmeHa dhauui no paspesy v nNo nNnoLagn,
06ycnoBneHHasi UISMEHEHUAMU MMAPOANHAMUYECKO-
ro pexuma un mopconorun ocagodHoro bacceiHa B
topckoe Bpemsi.

MocTpoeHa KoHUenTyarnbHas ceaquMeHTONorn-
yeckasi Mofenb, OTpaXatoLlas yCcroBus OcagKoHa-
KOMNfeHnsi n pasmelleHve Haubonee nepcnekTuB-
HbIX KOMMEeKTOpPOoB.

MonyyeHHble pesynsratbl MOryT BbiTb MCMOSb-
30BaHbl AN YTOYHEHWUSI TEONOrMYECKO Modenu Me-
cTtopoxaeHns YKetblbalh BoCTOYHBIA, MNOBbILIEHUS
HaaEXHOCTU cTpaTurpacMyeckoil Koppensiumm, npo-
rHO3a NPOCTPAHCTBEHHOIO pacnpeneneHnst KomnmneKkTo-
poB 1 06OCHOBaHWSA HanpaBneHUA OanbHENLLNX reo-
J10ropasBefoUHbIX M OMbITHO-MPOMBILLIIEHHbIX PaboT.

ADDITIONAL INFORMATION

Funding source. This study was not supported
by any external sources of funding.

Competing interests. The authors declare that they
have no competing interests.

Authors’ contribution. All authors made a sub-
stantial contribution to the conception of the work,
acquisition, analysis, interpretation of data
for the work, drafting and revising the work, final
approval of the version to be published and agree
to be accountable for all aspects of the work.
The greatest contribution is distributed as follows:
Askhat G. Khassenov — development of the scientific
concept of the study, formulation of its aims and ob-
jectives, and scientific supervision of the work;
Rakhim N. Uteyev — development of the methodo-
logical approach to the study and scientific syn-
thesis of the results; Bakhyt A. Imanbayev — com-
pilation and systematization of the initial geological
and geophysical database for the study; Akbota
Ye. Bassarbay — comprehensive sedimentological
analysis of core material, manuscript writing and ed-
iting; Yekaterina V. Alexeyeva — correlation of core-
defined facies with well-log facies, preparation
of figures and supporting materials; Vitaliy N. Moro-
zov — development of the conceptual sedimentologi-
cal model of the field and manuscript review.



OPUTMHAJIBHBIE NCCJIEAOBAHUWA Tom 8, Ne 3 (2026) Becrtauk Hedrera3osoit orpaciu Kazaxcrana

CMUCOK UCNOSIb3OBAHHOM NIUTEPATYPbI

1. BapabowkuH E.FO. TMpakTudeckas ceaumeHTonorusi. TeppureHHble pesepByapbl: nocobue no paboTte C KepHOM.
Teepb : OO0 «M3patensctBo MEPCy», 2011. 152 c.

2. Pemberton G.S., MacEachern J.A. The Sequence Stratigraphic Significance of Trace Fossils: Examples from
the Cretaceous Foreland Basin of Alberta, Canada. In: Van Wagoner J.C., Bertram G.T., editors. Sequence Stratigraphy
of Foreland Basin Deposits: Outcrop and Subsurface Examples from the Cretaceous of North America. Tulsa : American
Association of Petroleum Geologists, 1995. Vol. 64. P. 429-475.

3. Allen J.R.L. Sedimentary Structures: Their Character and Physical Basis. Vol. I. In: Allen J.R.L., editor. Developments
in Sedimentology. 30A. Amsterdam : Elsevier, 1982. 593 p.

4. Allen J.R.L. Sedimentary Structures: Their Character and Physical Basis. Vol. Il. In: Allen J.R.L., editor. Developments
in Sedimentology. 30D. Amsterdam : Elsevier, 1982. 663 p.

5. Buatois L.A., Mangano M.G. Ichnology: Organism—Substrate Interactions in Space and Time. Cambridge University Press,
2011. 370 p.

6. Li S, Ma Y.Z, Yu X, Li Sh. Reservoir potential of deep-water lacustrine delta-front sandstones in the Upper Triassic
Yanchang Formation, western Ordos Basin, China // Journal of Petroleum Geology. 2017. Vol. 40, Issue 1. P. 105-118.
doi: 10.1111/jpg.12666.

7. Bhattacharya J.P. Deltas. In: James N.P., Dalrymple R.W., editors. Facies Models 4. St. John’s: Geological Association
of Canada; 2010. P. 237-292.

8. Walker R.G., James N.P. Facies Models: Response to Sea Level Change. St. John’s : Geological Association of Canada,
1992. 454 p.

9. Robertson Research International Limited. OISC Uzenmunaigas (UMG), Well: GU57-6602. Conventional core analysis
report. Report No. AF713. 2002.

10. Alpheus S., Hajek E. The fate of bars in braided rivers // The Sedimentary Record. 2024. Vol. 22, Issue 1.
doi: 10.2110/001¢.117787.

11. Wheeler D.M., Scott A.J., Coringrato V.J., Devine P.E. Stratigraphy and depositional history of the Morrow Formation,
southeast Colorado and southwest Kansas. In: Sonnenberg S.A., Shannon L.T., Rader K., et al, editors. Morrow Sandstones
of Southeast Colorado and Adjacent Areas: The Rocky Mountain Association of Geologists. Special Paper, 1990. P. 3-35.
12. Allen G.P,, Posamentier H.W. Sequence stratigraphy and facies model of an incised valley fill: the Gironde Estuary, France
/I Journal of Sedimentary Petrology. 1993. Vol. 63, No. 3. P. 378-391. doi: 10.1306/d4267b09-2b26-11d7-8648000102¢c1865d.
13. Howell J.A., Skorstad A., MacDonald A., et al. Sedimentological parameterization of shallow-marine reservoir // Petroleum
Geoscience. 2008. Vol. 14, No. 1. P. 17-34. doi: 10.1144/1354-079307-787.

REFERENCES

1. Baraboshkin EY. Prakticheskaya sedimentologiya. Terrigennyye rezervuary: posobiye po rabote s kernom. Tver: GERS
Publishing; 2011. 152 p. (In Russ).

2. Pemberton GS, MacEachern JA. The Sequence Stratigraphic Significance of Trace Fossils: Examples from the
Cretaceous Foreland Basin of Alberta, Canada. In: Van Wagoner JC, Bertram GT, editors. Sequence Stratigraphy of Foreland
Basin Deposits: Outcrop and Subsurface Examples from the Cretaceous of North America. Tulsa: American Association of
Petroleum Geologists; 1995. Vol. 64. P:429-475.

3. Allen JRL. Sedimentary Structures: Their Character and Physical Basis. Vol. I. In: Allen JRL, editor. Developments
in Sedimentology. 30A. Amsterdam: Elsevier; 1982. 593 p.

4. Allen JRL. Sedimentary Structures: Their Character and Physical Basis. Vol. Il. In: Allen JRL, editor. Developments
in Sedimentology. 30B. Amsterdam: Elsevier; 1982. 663 p.

5. Buatois LA, Mangano MG. Ichnology: Organism—Substrate Interactions in Space and Time. Cambridge University Press;
2011. 370 p.

6. LiS,MaYZ, YuX, LiS. Reservoir potential of deep-water lacustrine delta-front sandstones in the Upper Triassic Yanchang
Formation, western Ordos Basin, China. Journal of Petroleum Geology. 2017;40(1):105-118. doi: 10.1111/jpg.12666.

7. Bhattacharya JP. Deltas. In: James NP, Dalrymple RW, editors. Facies Models 4. Geoscience Canada; 2011. P:237-292.
8. Walker RG, James NP. Facies Models: Response to Sea Level Change. St. John's: Geological Association of Canada;
1992. 454 p.

9. Robertson Research International Limited. OISC Uzenmunaigas (UMG), Well: GU57-6602. Conventional core analysis
report. Report No. AF713. 2002.

10. Alpheus S, Hajek E. The fate of bars in braided rivers. The Sedimentary Record. 2024;22(1). doi: 10.2110/001¢.117787.
11. Wheeler DM, Scott AJ, Coringrato VJ, Devine PE. Stratigraphy and depositional history of the Morrow Formation, southeast
Colorado and southwest Kansas. In: Sonnenberg SA, Shannon LT, Rader K, et al, editors. Morrow Sandstones of Southeast
Colorado and Adjacent Areas: The Rocky Mountain Association of Geologists. Special Paper; 1990. P:3-35.

12. Allen GP, Posamentier HW. Sequence stratigraphy and facies model of an incised valley fill: the Gironde Estuary, France.
Journal of Sedimentary Petrology. 1993;63(3):378-391. doi: 10.1306/d4267b09-2b26-11d7-8648000102c1865d.

13. Howell JA, Skorstad A, MacDonald A, et al. Sedimentological parameterization of shallow-marine reservoir. Petroleum
Geoscience. 2008;14(1):17-34. doi: 10.1144/1354-079307-787.



https://doi.org/10.1111/jpg.12666
https://doi.org/10.2110/001c.117787
https://doi.org/10.1306/d4267b09-2b26-11d7-8648000102c1865d
https://doi.org/10.1144/1354-079307-787
https://doi.org/10.1111/jpg.12666
https://doi.org/10.2110/001c.117787
https://doi.org/10.1306/d4267b09-2b26-11d7-8648000102c1865d
https://doi.org/10.1144/1354-079307-787

ORIGINAL ARTICLES

Vol. 8, Ne 3 (2026)

Kazakhstan journal for oil & gas industry

WH®OPMALIMA OB ABTOPAX

XaceHoB Acxat NanumoBuY
ORCID 0009-0009-7933-4321

e-mail: a.khassenov@kmg.kz.

YTeeB Paxum Haranranuynsbi

PhD

ORCID 0000-0003-3461-4118
e-mail: r.uteyev@kmge.kz.
WmaH6aeB BakbiT AnTaeBuy
ORCID 0009-0004-9736-3453
e-mail: b.imanbayev@kmge.kz.
*Bacapban Akbota EceHranukbisbl
ORCID 0009-0003-2887-1481
e-mail: a.bassarbay@kmge.kz.
AnekceeBa ExatepuHa BacunbeBHa
ORCID 0009-0007-3754-1264
e-mail: e.alexeyeva@kmge.kz.
Mopo3zoB Butanuin HukonaeBuy
ORCID 0009-0004-3592-0058
e-mail: vmorozov@advnrg-intl.com.

AUTHORS’ INFO

Askhat G. Khassenov

ORCID 0009-0009-7933-4321
e-mail: a.khassenov@kmg.kz.
Rakhim N. Uteyev

PhD

ORCID 0000-0003-3461-4118
e-mail: r.uteyev@kmge.kz.
Bakhyt A. Imanbayev

ORCID 0009-0004-9736-3453
e-mail: b.imanbayev@kmge.kz.
*Akbota Ye. Bassarbay
ORCID 0009-0003-2887-1481
e-mail: a.bassarbay@kmge.kz.
Yekaterina V. Alexeyeva
ORCID 0009-0007-3754-1264
e-mail: e.alexeyeva@kmge.kz.
Vitaliy N. Morozov

ORCID 0009-0004-3592-0058
e-mail: vmorozov@advnrg-intl.com.

*ABTOp, OTBETCTBEHHbIN 3a nepenucky / Corresponding Author

DOI: 10.54859/Kjogil 08953 «reveveueeeuenesueniniiniiniiiiiiiieniiienenees 19


https://orcid.org/0009-0009-7933-4321
mailto:A.Khassenov@kmg.kz
https://orcid.org/0000-0003-3461-4118
mailto:R.Uteyev@kmge.kz
https://orcid.org/0009-0004-9736-3453
mailto:b.imanbayev@kmge.kz
https://orcid.org/0009-0003-2887-1481
mailto:A.Bassarbay@kmge.kz
https://orcid.org/0009-0007-3754-1264
mailto:e.alexeyeva@kmge.kz
https://orcid.org/0009-0004-3592-0058
mailto:vmorozov@advnrg-intl.com
https://orcid.org/0009-0009-7933-4321
mailto:A.Khassenov@kmg.kz
https://orcid.org/0000-0003-3461-4118
mailto:R.Uteyev@kmge.kz
https://orcid.org/0009-0004-9736-3453
mailto:b.imanbayev@kmge.kz
https://orcid.org/0009-0003-2887-1481
mailto:A.Bassarbay@kmge.kz
https://orcid.org/0009-0007-3754-1264
mailto:e.alexeyeva@kmge.kz
https://orcid.org/0009-0004-3592-0058
mailto:vmorozov@advnrg-intl.com

Kazakhstan journal for oil & gas industry 2026,8(3):20-30

UDC 622.245.422.4
CSCSTI 52.47.15

DOI: 10.54859/kjoi108994

Received: 06.05.2026.
Accepted: 29.06.2026.
Published: 30.09.2026.

Original article

Improving the Quality of Well Cementing through
the Use of Nanocomposites: Field Data Analysis and Evaluation
of their Effect on Cement Slurry Properties
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Bolatkhan F. Sabirov?, Adil Zh. Shagilbayev?, Baurzhan T. Umraliyev®
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ABSTRACT

Background: The challenging geological and thermobaric conditions of the Western Kazakhstan oil fields
impose stringent requirements on cement slurry systems, while standard Portland cement formulations
frequently fail to provide adequate zonal isolation over the well’s production lifecycle.

Aim: This study aims to identify the key limitations of conventional cement compositions and substantiate
the feasibility of introducing SiO,, Al,O3; nanoparticles and carbon nanotubes to improve the rheological
and mechanical properties of cement slurries.

Materials and Methods: A comparative analysis was conducted using actual cementing program data
from a well at the North Uaz field and a well at the Western Prorva field, evaluating slurry density, viscosity,
thickening time, fluid loss, and compressive strength.

Results: Standard formulations exhibited fluid loss exceeding acceptable thresholds and compressive
strength below the required minimums; nanomodified compositions demonstrated a fluid loss reduction
of up to 40% with SiO, addition and a 15-25% increase in early compressive strength with Al,O3.
Conclusion: The introduction of nanocomposite additives is technically justified for overcoming
the limitations of conventional cement systems under Western Kazakhstan field conditions.

Keywords: cement slurry; well cementing; nanomaterials, nanocomposites; cement sheath strength;
fluid loss; two-stage cementing; zonal isolation.
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OerMHaanoe unccnegosaHue

MoBbiWweHMe KayecTBa LLEeMEHTUPOBAHUS CKBAXXUH C NPUMEHEHNEM
HaHOKOMMNO3MTOB: aHaNU3 NPOMbICNOBbIX AaHHbIX U OLeHKa
MX BNMSAAHUA Ha CBOMCTBA LIeMEHTHOro pacTtBopa

A.I. XaceHoB', A.C. MapgaHog?, [.P. A6gpaxmaHoB?, B.®. Cabupos? A. XK. LLlarmnb6aes?,
B.T. YmpanueB?®

'KasMyHalila3, e. AcmaHa, KasaxcmaH

2Ambipayckuti counuan KMI™ MHxuHupuHe, e. Ambipay, KazaxcmaH

SKMI™ UHxxuHupuHe, e. AcmaHa, KasaxcmaH

AHHOTALUMUA

O6ocHoBaHue. CrnoxHble reonorvyeckne n Tepmobapuyeckme ycrnoBusi MECTOPOXAEHUIA 3anagHoro
KazaxctaHa npegbsiBNsiOT NOBbILEHHbIE TPEOOBaHNA K CUCTEMaM LIeMEHTHBLIX pacTBOpPOB, TOrAa Kak
CTaHAapTHble peuenTypbl Ha OCHOBE MOpTNIaHOUEMEHTa Hepeako He obecneumBaloT Haanexailen
30HanbHOM M30MSILUN Ha NPOTSXKEHUN BCErO NMPOU3BOACTBEHHOMO LMK CKBaXMHBbI.

Llenb. HacTosiee nccnegoBaHvne HanpaBreHo Ha BbISIBNEHWNE KIOYEBbLIX OrpaHUYeHUin TPaAMLNOHHBIX
COCTaBOB LIEMEHTHbIX pacTBOPOB 1 060CHOBaHMe LenecoobpasHocTu BBeAeHNst HaHovacTul SiO,, Al,O5
1 YrnepoaHbIX HAHOTPYOOK A4S yNyYLIEHUS PEONOrMYECKNX N MEXAHUYECKMX XapaKTEPUCTUK LIEMEHTHbIX
pacTBOpOB.

MaTepuanbl u metoabl. CpaBHUTENbHLIA aHanM3 MNPOBOAMUIICA Ha OCHOBE (PaKTMYEeCKUX OaHHbIX
nporpaMM LIEMEHTMPOBAHUS CKBaXMHbI Ha MecTopoxaeHun Ya3 CeBepHbli M CKBaXMHbl Ha
MecTopoxaeHun 3anagHas [lpopBa C OLEHKOW NNAOTHOCTWU, BA3KOCTW, BPEMEHW 3arycTeBaHusl,
BOAOOTAAYM U MPOYHOCTU Ha CxKaTue.

Pe3ynbTatbl. CTaHgapTHble peLenTypbl AEMOHCTPUPOBANIM BO4OOTAAYY, NMPEBbILLALLYI0 ONYCTUMbIE
NoporoBble 3HAYEHUs, U MPOYHOCTb Ha CXaTue Hmke TpebyemblXx MUHMMAIbHbIX MoKasaTenewn;
HaHOMOAMMULMPOBaHHbIE COCTaBbl MOKa3anu CHuXeHue BogooTaayun o 40% npu BeBegeHun SiO,,
yBenuyeHve paHHen NPOYHOCTU Ha cxaTtune Ha 15-25% npu pobasnexunm Al,Os.

3akntoyeHue. BeBegeHne HaHOKOMMO3WTHLIX [000ABOK MPU3HAHO TEXHWYECKM OOOCHOBAHHBLIM Ais
NpeoaoneHnst orpaHNYeHNN TPagULMOHHBIX LEMEHTHBLIX CUCTEM B YCINOBUAX MECTOPOXAEHUI 3anagHoro
KasaxcTaHa.

Knroyeeble crioea: yeMeHMHbIU pacmeop, UEeMeHmMuposaHUe CK8aXKUH, HaHoMamepuaribl,
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TynHycka 3epTTey

HaHokoMno3uTTepAi KongaHy apKbifibl YHFbIMaHbl LLeMEHTTey
canachblH XXaKcapTy: TaMNoHaXAblK epiTiHAi KacueTTtepiHe acepiH
G6aranay

A.F. XaceHos', A.C. MapaaHoB?, [.P. A6apaxmaHoB?, B.®. Cabupos? 9.)XK. LLlarbinGaes?,
B.T. ©mipanues®

'KasMyHatila3, AcmaHa Kanacbl, KazakcmaH

2KMI™ UrxxuHupuH2 Ambipaynsik ¢punuarnsi, Ambsipay Kanacel, KasakcmaH

SKMI™ UHxxuHUupuHe, AcmaHa Kanachbl, Kasakcmat

AHHOTALUA

Herizpey. batbic KasakcTaH KeH OpblHAApPbIHbIH KYpPAEn reonorusnblk xeHe TepmobapuKkanblk
XafFdannapbl UEeMeHT epiTiHainepi XyrvenepiHe >Xofapbl Tamantap KosAbl, an nopTnaHaueMeHTKe
HerisgenreH cTaHoapTTbl peuenTypanap YHFbIMaHblH ©HAIPICTIK UMK GolbiHA TUICTi  aMakTbIK
OKLIaynayapl Xuvi KamTamacbI3 eTe anmvangbl.

Makcatbl. byn 3epTTey OaCTypni LeMeHT epiTiHAinepi KypaMblHbIH HETI3rM LUEKTeynepiH aHbIKTayFa XaHe
LEMEHT epiTiHAINepiHiH peonornanbik )XeHe MexaHuKanblk cunaTraMmanapbiH xakcapTy ywiH SiO,, Al,O3
HaHobernLeKkTepi MeH KOMIPTEKTI HAHOTYTIKTEPAi eHri3yAiH OpbIHAbINbIFLIH Heriaeyre barbiTTanfaH.
MaTepuanpap meH agictep. CanbicTbipmarnsl Tangay «Ya3 ConTycTik» KeH OpHblHAaFbl YHFbIMACbIHbIH
XoHe «Bbatbic [lMpopBa» KeH OpHbIHAAFbl YHFbIMACbIHbIH LEeMeHTTey OaraapnamanapbiHbliH, HaKTbl
[epeKkTepi HerisiHge XXyprisingi; TbiFbl3AblK, TYTKbIPSbIK, KaTal yakblTbl, Cyhblk 6erniHy XoHe KbiCbiMFa
OepikTik 6aranaHgpl.

HaTtuxenepi. CtaHaapTThl peuentypanap pykcaTt eTifnreH LeKkTepaeH acaTblH CylblK 6eniHy MaHaepiH
YKOHE KaXeTTi eH TOMEHT i KepceTKiluTepAeH TOMEH KbiCbiMFa O6epiKTikTi kKepceTTi; HaHoOMoaMMKaLMsanaHFaH
kypampap SiO, kockaHga cymblk GeniHyai 40%-fa pewiH aszanttbl, Al,Oz; KockaHaoa epte BepikTikTi
15-25%-fa apTTbIpabl.

KopbITbiHObI. HaHokoMNo3uTTiK Kocnanapabl eHridy batbic KasakcTtaH KeH opbliHAAapbl XafganbiHOa
OBCTYpIi LEMEHT XXyNenepiHiH LWeKTeynepiH >XeHy YLUiH TEXHMKanbIK TYPFblAaH Heri3genreH aen TaHbinabl.
Hezizzi ce3dep: mammnoHaxoblk epimiHOi,  YHFbIMaHbl  UeMeHmmey, HaHoMamepuanoap,
HaHoKoMo3ummep, UemMeHm macbkiHbiH bepikmiei, cyldbiIKmbIK CiHipyi, €Ki cambiiibl UeMeHmmey,
30HarbIK OKwaynay.
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Introduction

The quality of casing cementing is one of the key
factors determining the reliability of well comple-
tion and the long-term efficiency of well operation.
In mature oil fields of Western Kazakhstan, charac-
terized by high water cut and complex geological
and technical conditions, the task of ensuring the in-
tegrity of the annulus is of paramount importance [1].
Conventional cement slurry formulations based on
Class G cement with traditional additives of fluid loss
reducers, retarders, and defoamers often do not
provide a sufficient level of strength and durability
of the cement sheath under aggressive reservoir
conditions, which is especially critical when perfor-
ming multi-stage cementing of deep wells [2].

In recent years, the potential of nanomaterials
as functional additives to cement slurries has been
actively investigated in world oil industry practice.
Nanoparticles of silicon dioxide (SiO;), aluminum
oxide (Al,O3), iron oxide (Fe,0O3), and carbon nano-
tubes (CNTs), when introduced at concentrations
from 0.1 to 3.0% BWOC, can radically change
the microstructure of cement hydration products,
reduce porosity and permeability, increase compres-
sive strength, and improve resistance to aggressive
formation fluids [3, 4]. The mechanism of action
of nanomaterials is based on the creation of addi-
tional C-S-H gel, filling of nanopores and the forma-
tion of a reinforcing network in the cement matrix,
providing a synergistic effect in improving physical
and mechanical properties of the cement sheath [5].
The present work aims, on the basis of real field
data from cementing programs of well US-I (North
Uaz field, 2025) and two-stage cementing of well G-I
(Western Prorva field, 2025), to carry out a compre-
hensive comparative analysis of cement slurry for-
mulations used, identify their weaknesses, and sub-
stantiate specific directions for nanocomposite
application to improve the efficiency and reliability
of cementing under various geological and technical
conditions of the Western Kazakhstan region.

Three cementing intervals in two wells located
in the Atyrau region of the Republic of Kazakh-
stan were used for the study. The main geological
and technical parameters are presented in Tab. 1.
The fundamental difference between the analyzed
wells lies in the thermobaric conditions and the depth
of productive horizons. Well US-l is representative
of mature oil fields with a relatively shallow depth
(approximately 1050 m) and moderate bottom-
hole temperature of 34°C, which are characteristic
of water-flooded reservoirs with a long production
history. Under these conditions, the primary chal-
lenges are ensuring sufficient strength of the light-
weight cement slurry and controlling fluid loss
at a high water-to-cement ratio.

Well G-I at the Western Prorva field is characterized
by significantly more complex conditions and was ce-
mented using a two-stage cementing scheme
with a stage cementing collar (SCC) at a depth
of 1450 m. The first cementing stage covers

the interval from 2400 m to 1430 m with a bottom-
hole static temperature of 72°C, requiring the use
of a setting retarder and comprehensive control
of rheological parameters. The second stage is per-
formed after opening the SCC ports and provides
isolation of the upper interval from the surface
to a depth of 1450 m at a static temperature of 63°C.
This two-stage technology optimizes slurry para-
meters for different thermobaric conditions along
the wellbore depth and is widely recognized
as the standard practice for completing deep
wells [6, 7].

Materials and methods

The study draws on actual cementing program
documentation for three intervals across two wells
in the Atyrau region of Kazakhstan: single-stage ce-
menting of well US-I at the North Uaz field and two-
stage cementing of well G-I at the Western Prorva
field. The two wells were selected based on contrast-
ing downhole conditions. Well US-I is a shallow,
water-flooded well with a casing shoe at 1049.69 m
and a static temperature of 34°C; well G-l is a deep,
high-temperature well with a first-stage shoe
at 2400 m and a stage cementing collar set at 1450 m.
All three cementing intervals used Class G ce-
ment as the base, with additive packages tailored
to the respective conditions: fluid loss reducer FL-1
(US-I) and HALAD-344/HALAD-413 (G-l), retarder
HR-5 (G-I first stage only), expansive agent, defoa-
mer D-Air 5000, and plasticizer. Slurry densities ran-
ged from 1.60 g/cm? for the lightweight system at US-I
to 1.89 g/cm?® for the heavyweight and G-I formul-
ations, with water-to-cement ratios between 0.44
and 0.82. Laboratory testing was conducted in accor-
dance with ISO 10426-2. Measured parameters inclu-
ded compressive strength at 24 and 48 hours, API
fluid loss (30 min), free water, slurry spread, thicke-
ning time to 40 Bc, and initial set time. Fann visco-
meter readings at 600 rpm were taken at both am-
bient (25°C) and elevated temperatures (40-48°C),
with test temperatures assigned individually
for each slurry based on the calculated circulating
temperature of the respective interval.

For well G-I, the cementing process was mode-
led in Halliburton’s iCem® software in both 2D
and 3D modes. Inputs included a dynamic tempera-
ture profile, fluid density hierarchy, pump schedule,
and a +50% washout factor from caliper data. Cent-
ralizer placement was optimized using the Soft
String method. Model outputs comprised the ECD
profile along the wellbore, predicted STOP pressure
at plug landing, and mud displacement efficiency.
The evaluation of nanomodified formulations
was carried out as a quantitative desk study, apply-
ing improvement coefficients from peer-reviewed
literature [8-10] to the baseline values recorded
in the field programs. Three nanoadditive types were
assessed: nano-SiO, (10-50 nm, 1.5-2.0% BWOC),
nano-Al,O; (0.5-1.0% BWOC), and multi-walled
CNTs (0.3% BWOC).
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Results

Laboratory Research Results
and Hydrodynamic Modeling
Laboratory tests of cement slurries were conducted
in accordance with the requirementsof ISO 10426-2

and included determination of compressive strength,
fluid loss, free water, spread, thickening time and
setting times. Results are presented in Tab. 2.
Analysis of the experimental data obtained reveals
a number of critical aspects requiring technological
improvement.

Table 1. Comparative characteristics of the wells and cementing parameters

Parameter US-I North Uaz G-l (1st stage) Western Prorva G-l (2nd stage) Western Prorva
Work type Casing cementing. 1st stage casing cementing 2nd stage casing cementing
OD casing, mm 168.3 177.80 177.80
ID casing, mm 153.7 159.42 159.41
Shoe depth, m 1049.69 2400.0 1450.0
Borehole diameter, mm 2159 216.0 215.9
Washout factor 1.15 +50% +50%
Static temperature, °C 34 72 63
Circulating temperature, °C 30 40 40
Mud density, g/cm? 1.23 1.32 1.32
STOP pressure, bar 114.5 110 160
Cement top, m to surface 1430 to surface
wWoC 48 h per CBL 72 h min
MaximumECD, SG — 1.68 1.68

OD - Outer Diameter; ID — Inner Diameter; WOC — Waiting on Cement; ECD — Equivalent Circulating Density; SG — Specific Gravity; CBL — Cement

Bond Log
Table 2. Laboratory test results of cement slurries

Test temperature, °C 34 34 47.8 40 40
Strength 24h, MPa 10.2 14.9 — — —
Strength 48h, MPa 124 17.2 — — —
Fluid loss, ml/30min 110 76 — 142.4 —
Fluid loss 40°C/68bar — — — 52.0 —
Free water, ml 0.0 0.0 — 0.0 0.0
Spread, mm 245 230 — — —
Thickening time to 40 B¢, min 255 250 — 358 310
Initial setting time, h:mm 05:25 05:45 — — —
Fann reading 600/25°C — — 200 186 149
Fann reading . 600/40-48°C — — 190 181 —

LCS - Light Cement Slurry; HCS — Heavy Cement Slurry

The strength of the lightweight cement slurry of
Well US-I at 10.2 MPa after 24 hours at 34°C is at
the lower boundary of acceptable values for ensuring
reliable zonal isolation. According to ISO 10426-2
and API recommendations, the minimum acceptable
cement sheath compressive strength for intervals
subjected to formation fluid effects is 13.8 MPa
(2000 psi), which is 35% higher than the value
achieved for the LCS [11]. Insufficient strength

creates risks to the integrity of the cement sheath
under cyclic thermomechanical loads during well
operation, especially during stimulation operations
or hydraulic fracturing.

The fluid loss value of the lightweight slurry
at 110 ml/30 min is critically high and indicates
intensive dehydration of the slurry upon contact with
permeable formations. Excessive water filtration from
the cement slurry into the formation leads to the for-
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mation of a dehydrated cake at the cement-forma-
tion interface, reducing slurry mobility, risk of pre-
mature thickening and formation of water channels
in the annulus, disrupting the integrity of isolation [1].
For comparison, the heavyweight slurry of the same
well demonstrates significantly better fluid loss
values (76 ml/30 min) due to the lower water-to-
cement ratio and the use of a plasticizer providing
the required mobility with less mixing water.

Test results for scavenger cement of the se-
cond stage of well G-I show a fluid loss at 30°C
at 142.4 ml/30 min, explained by the absence of spe-
cialized fluid loss reducers in the composition (only
defoamer D-Air 5000 is present). However, when
the temperature increases to 40°C and pressure
to 68 bar (conditions approximating downhole con-
ditions), the fluid loss decreases to 52.0 ml/30 min
due to the thermal acceleration of hydration pro-
cesses and C-S-H gel formation [6]. For the main
cement slurries of the first and second stages,
the application of the complex of fluid loss reducers
HALAD-344 and HALAD-413" ensures the required
level of filtration control in the temperature range
40-72°C.

Hydrodynamic modeling of the cementing process
for Well G-l using Halliburton’s iCem® software?
enabled 2D and 3D visualization of fluid distribution
in the annulus, calculation of the ECD profile, de-
termination of calculated surface pressure, and as-
sessment of drilling mud displacement efficien-
cy by cement. The 2D modeling results showed
that at the completion of cement plug displacement
(time 82.87 min for the first stage and 69.73 min
for the second stage), the fluid distribution in the an-
nulus corresponds to the design cement-top heights
accounting for a 50% excess volume for borehole
washout. The calculated STOP pressure at dis-
placement plug seating is 110 bar for the first stage
and 160 bar for the second stage, which correlates
with the actual hydrostatic pressure values of the flu-
id column in the casing and annulus [6, 7].

Comparative Analysis of Technological
Approaches and Identification of Problem
Areas

A detailed comparison of the cementing programs
for wells US-I and G-I allows identifying fundamen-
tal differences in technological approaches, con-
ditioned by differences in geological and technical
conditions, customer requirements, and the level
of technical support of service companies. Data
are presented in Tab. 3.

The cementing program for Well G-I, demon-
strates a significantly higher level of engineering
preparation of the operation, including mandatory
three-dimensional computer modeling in the spe-
cialized iCem® software package, dynamic cal-

culation of the temperature profile accounting
for heat exchange between injected fluids and rock
formations, casing centralizer optimization using
the Soft String method, and application of a two-
stage buffer system for improved borehole clean-
ing from drilling mud. Fluid loss control is ensured
by application of two specialized fluid loss reducers
(HALAD-344 and HALAD-413), working synergisti-
cally over a wide temperature range. The rheologi-
cal hierarchy of fluids is strictly controlled by mea-
suring viscosity at several temperatures and shear
rates, allowing prediction of displacement efficiency
and minimization of channeling risk.

Table 3. Comparison of technological approaches
to cementing

Comparison criterion us-I G-l
Volume calculation Manual (Excel) iCem® 3D
Hydraulic modeling Simplified 2D/3D iCem®
Temperature profile Static Dynamic

Buffer system Simple (1 buffer) Two-stage

Fluid loss control 1 additive (FL-1) 2 additives HALAD

Retarder Not required HR-5 (mandatory)

Centralizer design Standard iCem® Soft String

24/48-h compressive

o
strength CBL 280%

Quality criterion

Rheology control Not controlled Strictly maintained

Nano-additives None None

HR — High-temperature Retarder

Despite the indicated differences in technological
approaches, both cementing programs demonstrate
a common problem — the absence of nanomateri-
al application for targeted improvement of physi-
cal-mechanical characteristics of cement slurries.
The identified deficiencies of existing formulations,
such as insufficient strength of the lightweight cement
slurry (10.2 MPa versus the normative 13.8 MPa),
high fluid loss (110 mlI/30 min), elevated water-to-
cement ratio (W/C = 0.82) and risks of retrogressive
strength degradation at high temperatures (72°C
for the first stage of G-l), can be effectively elimi-
nated by introducing specially selected nanocom-
posites at concentrations of 0.5-3.0% BWOC [12].

Application of Nanomaterials for Improving
Cement Slurry Characteristics

World experience from laboratory studies and field
trials convincingly demonstrates that introducing
nanoparticles into cement slurries radically changes
the microstructure of cement sheath at the nanome-
ter scale, providing a synergistic effect in improving
strength, filtration, and adhesion characteristics.

" HALAD-344 and HALAD-413 — are liquid fluid loss control additives for cement slurries manufactured by Halliburton. Official

website: www.halliburton.com

2 the iCem® software — is a cementing design and simulation platform developed by Halliburton. It enables 2D/3D hydraulic
modeling of the cementing process, dynamic temperature profiling, ECD calculation, centralizer optimization, and real-time job

monitoring.
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The mechanism of action of nanomaterials is reali-
zed through a complex of physicochemical proces-
ses, including the formation of additional nucleation
sites for hydration phases, the filling of nanopores
by filler particles, the pozzolanic reaction with cal-
cium hydroxide, and the creation of a reinforcing net-
work in the cement matrix [8—10].

Nanoparticles of Silicon Dioxide (nano-SiO,)
Silicon dioxide nanoparticles are the most studied
and widely used type of nanomodifiers for cement
slurries due to the combination of high efficiency,
chemical stability, and processability of introduction
into cement systems. The mechanism of cement
sheath strengthening when introducing nano-SiO,
is based on the pozzolanic reaction: amorphous SiO,
nanoparticles 10-50 nm in size enter into chemical
interaction with calcium hydroxide Ca(OH),, a pro-
duct of Portland cement hydration, forming addi-
tional C-S-H calcium silicate hydrate gel according
to the reaction: SiO, + Ca(OH), + H,O — C-S-H.
The C-S-H gel has high strength and fills capillary
pores in the cement stone structure, reducing overall
porosity and permeability of the material [8].
Experimental studies show that with the addition
of nano-SiO, at concentrations from 1.0 to 3.0%
BWOC, an increase in compressive strength
of 25-45% compared to the base composition
without nanoparticles is observed, a decrease in wa-
ter permeability coefficient of 60-80%, and a re-
duction in free water of 70-90%. The optimal con-
centration of nano-SiO, for most cement systems
is in the range of 1.5-2.5% BWOC, since further in-
crease in dosage leads to agglomeration of nanopar-
ticles and reduction of their distribution efficiency
in the slurry volume [8, 9].

Nanoparticles of Aluminum Oxide
(nano-Al,0;)

Aluminum oxide nanoparticles provide a mechanism
of cement matrix densification by filling nanopores
smaller than 100 nm and forming additional bonds
in the aluminate phase of cement hydration pro-
ducts. Unlike nano-SiO,, whose pozzolanic activity
manifests mainly at normal and moderately elevated
temperatures, nano-Al,O; demonstrates high effi-
ciency at temperatures above 60°C, providing sta-
bilization of cement sheath strength and preventing
retrogressive degradation of mechanical properties
characteristic of Class G cement systems under pro-
longed curing at elevated temperatures [9, 10].
Effective concentration of nano-Al,O; for cement
slurries is 0.5-2.0% BWOC. At a dosage of 1.0%
BWOC, an increase in compressive strength
of 15-25% and reduction in permeability of 40-60%
are observed at temperatures of 60-90°C. Na-
no-Al,O3 is of particular importance for cement-
ing deep wells with bottomhole temperatures ex-
ceeding 60°C, where standard Class G cement
formulations without nanomodifiers are subject
to strength reduction of 20-30% during the first

D e

6—12 months of operation due to structural rear-
rangements in the crystal lattice of hydrate phases.
For well G-I at the Western Prorva field with a stat-
ic bottomhole temperature of 72°C (first stage),
introduction of nano-Al,O; at a concentration
of 1.0% BWOC is critically important for ensuring
long-term integrity of the cement sheath. Modeling
of the strength kinetics of modified cement sheath
shows that application of nano-Al,O; allows sta-
bilizing strength at 95-100% of the initial value
for at least 5 years of well operation at 72°C, where-
as unmodified cement demonstrates strength re-
duction to 70-75% of the initial level over the same
period [9].

Carbon Nanotubes

Carbon nanotubes are cylindrical nanostructures
1-50 nm in diameter and from hundreds of nano-
meters to several micrometers in length, possessing
exceptionally high tensile strength (up to 130 GPa)
and elastic modulus (up to 1 TPa). Introduction
of CNTs at concentrations of 0.1-0.5% BWOC into
cement slurry leads to the formation of a three-
dimensional reinforcing network in the hardened ce-
ment sheath at the nanoscale level, which effectively
prevents the initiation and propagation of microc-
racks under the action of thermomechanical stres-
ses, cyclic loads, and shrinkage deformations [10].
Experimental studies show that using CNTs at a con-
centration of 0.3% BWOC increases the tensile
strength of the cement sheath by 35-50%, increa-
ses the elastic modulus by 20-30%, and increases
fracture toughness (critical stress intensity factor)
by 40-60% compared to unmodified cement. CNTs
are of particular importance for wells subjected to in-
tensive temperature cycling during periodic hot water
or steam injection, as well as for wells in seismically
active regions where the cement sheath experien-
ces dynamic loads from ground vibrations.

Hybrid Nanocomposites SiO,/Al,O;

The most promising direction for the development
of cement slurry nanomodification technology
is the application of hybrid binary systems con-
taining two types of nanoparticles in a certain ra-
tio. The combination of nano-SiO, and nano-Al,O;
in a ratio of 2:1 at a total concentration of 2.0-3.0%
BWOC provides a synergistic effect exceeding
the simple sum of the effects from separate applica-
tion of each component. The mechanism of syner-
gy lies in the fact that nano-SiO, ensures formation
of additional C-S-H gel through the pozzolanic reac-
tion, while nano-Al,O; stabilizes the formed structure
through the formation of aluminate bonds and pre-
vention of retrogressive transformations at elevated
temperatures [8, 9].

Laboratory tests of hybrid SiO,/Al,O; nanocom-
posites show an increase in compressive strength
after 24 hours of 40-55% compared to base ce-
ment, reduction in fluid loss of 65-75%, decrease
in permeability coefficient of 70-85%, and improve-
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ment of cement sheath adhesion to the steel surface
of the casing by 20-30%. Application of hybrid SiO,/
Al,O; nanocomposite (2:1) at a concentration of 2.5%
BWOC for the lightweight cement slurry of well US-I
will theoretically ensure achievement of strength
14.8-15.8 MPa after 24 hours at 34°C, fluid loss
at 35-45 ml/30 min,and a water-to-cement ratio re-
duced to W/C = 0.65-0.70 while maintaining the re-
quired slurry density of 1.60 g/cm?.

Risk Assessment and Recommendations

for Nanocomposite Application

Comprehensive analysis of data from three ce-
menting programs (US-I, G-I first stage, G-I second
stage) allows formulating targeted recommenda-
tions for the application of nanomaterials to eliminate
specific identified problems and improve the relia-
bility of zonal isolation. Systematized recommenda-
tions are presented in Tab. 4.

Table 4. Targeted recommendations for nanoadditive application

Identified problem Well Recommended nanocomposite DOBS‘:,E(’;&% Expected effect
Low LCS strength (10.2 MPa) us-I Nano-SiO, 20 +40% — 14.3 MPa
High fluid loss (110 ml/30min) Us-I Nano-SiO, + FL-1 1.5+0.6 —60 ml/30 min
Degradation at T>60°C G-I (1) Nano-Al,0; 1.0 Stabilization 92.5% for 5 years
Channeling All Nano-SiO, / CNT 0.5-1.0 +20% adhesion
W/C=0.82in LCS Us-1 Nano-SiO, 2.0 W/C—0.65-0.70
Rheological instability at 72°C G-I (1) Nano-Al,0;+HR-5 0.5+0.25 Viscosity stabilization
Microcracks during workover us-I CNT 0.3 +45% fracture toughness

Key risks when using standard formulations without
nanomaterials include insufficient strength of the ce-
ment sheath in intervals with lightweight slurries,
which creates prerequisites for integrity violations
under cyclic thermomechanical loads characteris-
tic of well operation at mature fields; high fluid loss
leading to formation of fluid channels in the annulus
and migration of formation fluids; and retrogressive
strength degradation under prolonged curing at tem-
peratures above 60°C, which is especially critical
for deep wells such as G-I.

Both cementing programs of Well G-l provide
as quality assessment criteria the conduct of CBL
with a requirement for complete bonding of not less
than 80% throughout the entire wellbore and not
less than 80% in the productive interval. Risk ana-
lysis in the programs directly points to channeling
risks with insufficient borehole cleaning from dril-
ling mud and non-optimal casing centralizer place-
ment. Application of nano-SiO, at concentrations
of 1.5-2.0% BWOC contributes to improving
the thixotropic properties of the cement slurry,
which reduces the probability of channeling through
faster formation of structural gel strength immedia-
tely after cessation of shear influence during slurry
displacement [6, 7].

The cementing program for Well G-l prescribes
mandatory three-dimensional hydraulic process
modeling in the iCem® software package prior
to work commencement. Entering the rheological
characteristics data of the nanomaterial-modified
cement slurry into the iCem® simulator will allow
more accurate prediction of the ECD profile, opti-
mization of pump rates for different stages (spac-

er, buffer, cement, displacement) and minimization
of the risks of lost circulation or hydraulic fracturing
during the primary cementing operation.

Mechanism of Nanocomposite Effect

on Cement Sheath Structure

From the perspective of physical chemistry of ce-
ment hardening processes, introduction of nanopar-
ticles into cement slurry activates four interrelated
mechanisms for forming a dense and strong struc-
ture of hydrated cement stone.

The first mechanism is the pore filling effect (filler ef-
fect) — is realized because nanoparticles 10-100 nm
in size are able to penetrate and fill inter-grain voids
in the cement gel structure, inaccessible to standard
mineral admixtures of micrometer size. The na-
noscale of particles ensures their uniform distribu-
tion in the volume of the cement matrix and effec-
tive filling of capillary pores 50-500 nm in diameter,
which form due to evaporation of excess mixing wa-
ter. The total open porosity of hydrated cement stone
when introducing nanoparticles at a concentration
of 2.0% BWOC is reduced by 15-30% compared
to the unmodified composition, which proportional-
ly improves mechanical strength and reduces fluid
permeability [8].

The second mechanism is the acceleration of ce-
ment hydration — is due to the fact that nanoparticles
act as additional crystallization centers for hydrate
phases C-S-H, C-A-H and Ca(OH),. The high spe-
cific surface area of nanoparticles (for nano-SiO,,
up to 200-300 m?g) ensures a manifold increase
in the interfacial surface area and intensifica-
tion of nucleation processes of hydrate crystals
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on the surface of nanoparticles. This leads to ac-
celeration of early strength development of cement
sheath by 20-40% during the first 12—-24 hours
of curing, which is especially important when per-
forming operations requiring reduction of WOC time
to minimize well downtime [9].

The third mechanism is the pozzolanic activi-
ty of nano-SiO, — consists in the chemical re-
action of amorphous silicon dioxide nanopar-
ticles with calcium hydroxide released during
hydration of Portland cement minerals (main-
ly alite C3S and belite C,S), forming additional
C-S-H gel according to the reaction: n-SiO, + m--
Ca(OH); + pHO — (Cal)m(SiOz)n*(H20)p.
The formed pozzolanic C-S-H gel has a low Ca/Si
ratio (approximately 1.2—1.5 versus 1.7-2.0 for pri-
mary gel), providing denser packing of the structure
and enhanced chemical resistance to aggressive
environments. Binding of free calcium hydroxide into
additional C-S-H eliminates weak zones in the ce-
ment sheath structure formed by local accumulation
of portlandite crystals and increases the long-term
strength and resistance of cement sheath to leach-
ing under conditions of mineralized formation water
circulation [8, 9].

The fourth mechanism is the reinforcing effect
of carbon nanotubes. It is based on the formation
in the cement matrix volume of a three-dimensional
network of nanoscale CNT fibers, which effectively
prevents the propagation of microcracks initiated un-
der the action of thermomechanical stresses, shrink-
age deformations and external loads. The high ten-
sile strength of carbon nanotubes (up to 130 GPa)
and their ability to bridge microcracks with opening
widths from nanometers to a few micrometers pro-
vides a manifold increase in fracture toughness
of cement sheath and its resistance to cyclic loads.

Discussion

The comparative analysis reveals a clear techno-
logical gap between the two cementing programs.
Well US-I, designed with manual calculations
and a simplified hydraulic model, produced a light-
weight slurry with compressive strength of 10.2 MPa
at 24 hours — 26% below the ISO 10426-2 mini-
mum of 13.8 MPa. Well G-I, engineered with full 3D
modeling in iCem® and a two-component fluid loss
system (HALAD-344/HALAD-413), demonstrated
substantially better rheological control. This contrast
confirms that engineering preparation quality direct-
ly determines the baseline properties of the cement
system.

The fluid loss value of 110 ml/30 min for the US-I
lightweight slurry represents the most critical limita-
tion. At this level, dehydration upon contact with per-
meable formations is sufficient to cause premature
thickening and water channel formation in the an-
nulus. For the second-stage lead slurry of Well G-I,
fluid loss dropped from 142.4 ml/30 min at 30°C
to 52.0 ml/30 min under downhole conditions (40°C,
68 bar), indicating partial self-mitigation through ac-
celerated C-S-H gel formation.
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The first-stage cement of well G-l faces a sepa-
rate problem: retrogressive strength degradation
above 60°C. Class G cement undergoes structural
rearrangement of hydrate phases at 72°C, causing
a 20-30% strength reduction over five years —
a mechanism that retarder HR-5 does not address.

The proposed nanocomposites target each failure
mode through distinct mechanisms. Nano-SiO,
(1.5-2.0% BWOC) raises projected 24-hour strength
at US-| to 14.3-15.8 MPa and reduces fluid loss
to 35-60 ml/30 min via the pozzolanic reaction.
Nano-Al, O3 (1.0% BWOC) stabilizes cement sheath
strength at 92—100% of its initial value over five years
at 72°C for G-I's first stage. CNTs (0.3% BWOC)
increase fracture toughness by 35-50%, relevant
for wells subject to cyclic mechanical loading during
workovers.

A key practical constraint is compatibility: at con-
centrations above 2.5% BWOC, nanoparticle—
polymer interactions can increase slurry viscosity
beyond pumpable limits. Pre-screening under labo-
ratory conditions and re-modeling of the ECD pro-
file in iCem® with updated rheological parameters
are required before field implementation.

Conclusion

Based on detailed analysis of actual cement-
ing programs for Well US-I at the North Uaz field
and two-stage cementing of Well G-I at the Western
Prorva, the following key findings have been estab-
lished.

Standard cement slurry formulations based on Class
G cement with traditional additives of fluid loss re-
ducers, retarders, expansive agents, and defoamers
provide minimally acceptable physical-mechanical
characteristics, which under the conditions of ma-
ture fields operation with aggressive formation fluids
and the necessity of performing production stimula-
tion operations are insufficient. The strength
of the lightweight cement slurry of Well US-I
at 10.2 MPa after 24 hours at 34°C does not com-
ply with the minimum standard of ISO 10426-2
(13.8 MPa), fluid loss of 110 ml/30 min is criti-
cally high and creates risks of slurry dehydration
and channeling, and the water-to-cement ratio
W/C = 0.82 leads to formation of excess capillary
porosity and reduction of cement stone durability.
Well G-I with a first-stage shoe depth of 2400 m, sta-
tic bottomhole temperature of 72°C and application
of two-stage cementing technology with SCC
at a depth of 1450 m demonstrates a significantly
higher level of engineering preparation of the op-
eration, including three-dimensional modeling
in iCem®, dynamic temperature profile calculation,
centralizer optimization, and application of a two-
stage buffer system. However, even when using
modern Halliburton technologies, the program does
not include nanomaterial application, which creates
risks of retrogressive cement sheath strength deg-
radation of 20-30% during the first 5 years of ope-
ration at 72°C due to structural rearrangements
in the hydrate phases of Class G cement.
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The application of nanocomposites in combination
with modern cementing process design methods
(3D modeling in iCem®, centralizer optimization, ex-
tended laboratory testing, cement bond log for quality
control) represents a promising direction for the de-
velopment of cementing technology at Western Ka-
zakhstan fields and is recommended for laboratory
validation under simulated reservoir conditions of
the North Uaz and Western Prorva fields.

The integration of nanomaterial technology into well
cementing practice represents not merely a gradual
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Machine Learning-Assisted Prediction of Polymer Flooding
Performance in Heterogeneous Carbonate Reservoirs

of the Pre-Caspian Basin: A Gradient Boosting

and Physics-Informed Approach

Adil A. Zhetpis, Vladimir V. Ryndin, Mensulu M. Kenzhanova, Inara K. Omarbekova,
Dinara G. Aigozhina, Gulnara G. Abdullina
Toraighyrov University, Pavlodar, Kazakhstan

ABSTRACT

Background: Polymer flooding remains one of the most technically viable enhanced oil recovery
methods for mature fields in Kazakhstan's Pre-Caspian Basin. Predicting its sweep efficiency
in heterogeneous carbonate reservoirs is challenging due to complex pore-throat geometry, high-
salinity formation waters, and pronounced permeability contrasts. Conventional reservoir simulation
is computationally prohibitive for real-time operational decisions and probabilistic uncertainty analysis.
Aim: This study develops and validates a hybrid surrogate framework integrating gradient boosting
regression with physics-informed constraints derived from polymer transport theory to predict
incremental oil recovery factor and injectivity ratio for polymer flooding in carbonate formations
of the Pre-Caspian Basin.

Materials and Methods: A dataset of 412 polymer flooding operations was compiled from published
literature, Society of Petroleum Engineers (SPE) technical reports, and internal field data from three
Kazakhstani assets: Tengizchevroil, Karachaganak Petroleum Operating, and the Uzen field operated
by Ozenmunaigas. Eighteen reservoir and fluid parameters were used as input features. Gradient
boosting regression was trained using a stratified 80/20 split with five-fold cross-validation. Physics-
informed penalty terms derived from Darcy-scale polymer transport equations were embedded
in the loss function to ensure physical consistency. Model performance was benchmarked against
artificial neural networks, support vector regression, and full compositional simulation.

Results: The physics-informed gradient boosting model achieved a coefficient of determination
R? = 0.924 and root mean square error of 2.31% on the held-out test set for recovery factor prediction,
outperforming artificial neural networks (R? = 0.891) and support vector regression (R?* = 0.857).
The physics penalty reduced physically inconsistent predictions by 78%. SHapley Additive exPlana-
tions (SHAP) analysis identified the permeability variation coefficient, polymer concentration,
and formation water salinity as dominant predictors. Surrogate estimates agreed with full compositional
simulation within +1.8% absolute for the Uzen carbonate pilot.

Conclusions: The proposed surrogate model provides rapid and reliable predictions of polymer
flooding performance suitable for field-scale integration, substantially reducing computational
burden for enhanced oil recovery screening and optimization in heterogeneous carbonate reservoirs
of Kazakhstan.

Keywords: Big polymer flooding; machine learning; gradient boosting; enhanced oil recovery; carbonate
reservoirs; Pre-Caspian Basin; SHAP analysis; physics-informed machine learning; permeability
heterogeneity.
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Opu rmHanbHoe uccriegoBaHue

MporHo3unpoBaHue 3¢pPeKTUBHOCTU NOSIMMEPHOro 3aBOAHEHUA
B HEOAHOPOAHLIX KapOoHaTHbLIX Konnekropax lNMpukacnumckoro
6accenHa ¢ ucnosnb3oBaHueM MaLLIMHHOIO OGy4YeHuUA:

noaxon Ha OCHOBE rpagMeHTHOro bycTuHra

u hbmsnyecku-mHpopMmmMpoBaHHbIX MoaeNen

9.A. Xetnic, B.B. PbiHauH, M.M. KeHxxaHoBa, U.K. Omap6ekoBa, [1.I. AiroxmHa,

I.I. AbgynnuHa
Topatiebipos YHusepcumem, e. [1asnodap, KazaxcmaH

AHHOTALUMA

O6ocHoBaHue. [MonvmepHoe 3aBOAHEHWE OCTaéTcs OAaHMM U3 Haubonee 3PdEKTUBHBLIX METOdOoB
noBbILLEeHNs HedTeoTAaumn Ans 3penbix mectopoxaeHun Mpukacnuiickoro 6acceiHa. NporHo3uposaHne
3 peKkTMBHOCTM OxBaTa B HEOAHOPOAHbIX KapOOHaTHbIX KOMMEeKTopax 3aTpygHeHo BCrneacTeue
CMOXHOW reOMEeTpUM Mop, BLICOKON MUHEpanusauumn NnacToBbIX BO4 U BbipaKEHHOW HEO4HOPOAHOCTU
npoHuuaemocTu. TpaguuMOHHOE T[MAPOAMHAMUYECKOe MoJenupoBaHne TpebyeT 3HauMTenbHbIX
BbIMUCMUTENbHBIX 3aTpaT, YTO OrpaHWYMBaET ero MPUMEHEHWE B OMepPaTUBHbIX W BEPOSITHOCTHbIX
pacyéTax.

Lenb. Pa3pabotka v Banupaums rmbpuaHon cypporaTHOM Mopenu, oObeauHSsIIoWEN rpagueHTHbIN
ByCTUHI C (PU3NYECKN-MHPOPMUPOBAHHBIMW OrPaHNYEHNSMN, OCHOBAHHLIMW Ha Teopuu TpaHcrnopTa
nonMMepoB, ANA MPOrHO3UpOBaHWs npupocta KoadduumeHTa HedTeoTgaum wu  KoadpdpuumeHTta
NPUEMUCTOCTMN NPY NONIMMEPHOM 3aBOAHEHUM KapboHaTHbIX nnacToB MNpukacnuickoro baccenHa.
Martepuanbl n metoabl. ChopmupoBaHa 6a3a AaHHbIX U3 412 onepauunini NOMMEPHOTO 3aBOAHEHUSI
Ha ocHoBe nybnukaumn SPE/EAGE, BHyTpeHHUX OT4é€TOB TeHrusiwesponn, KapadaraHak Metponvym
OnepentuHr 1 AO «OseHmyHamras», a Takke 0a3bl MOA. BxogHble napameTpbl Bkno4vanm
18 xapakTepuctuk nnacta u dntonaos. Mogens obyyanack ¢ MCNonb3oBaHWEM CTPATUDOULMPOBAHHOMO
pa3bueHns gaHHbix 80/20 u nATMKpaTHOW nepekpEcTHom nposepku. B dyHkumio notepb XGBoost
BCTPOEHbI PUINYECKN-MHPOPMUPOBAHHbIE LUITPAdHbIE YNEHbI, BbiIBEAEHHbIE U3 YpaBHEHWU TpaHcnopTa
nonvmepos. MNpon3BoaANTENBHOCTL CPpaBHMBANach C UCKYCCTBEHHBIMU HEMPOHHLIMU CETSMMW, METOLOM
OMOPHbIX BEKTOPOB U NOSIHOU3NYECKM KOMMO3ULIMOHHBIM MOLENNPOBaHNEM.

PesynbraTtbl. Pusmyeckn-nHpopMmpoBaHHas Mogenb rpagueHTHoro ByctuHra gocturna R? = 0,924
n RMSE = 2,31% Ha TecToBOW BblGOpke Mpu nporHo3upoBaHunm ARF, npeB3onas MCKyCCTBEHHbIE
HelpoHHble ceTn (R? = 0,891) n metoa onopHbix BekTopoB (R? = 0,857). dnanyeckm-mHpopMmnpoBaHHbI
WTpad CHWM3WM KONMUYECTBO (DU3NYECKN HEKOPPEKTHbIX MpPOrHo3oB Ha 78%. SHAP-aHanus BbisBUn
TPW KIHOYEBbIX MNPEeAnKTopa: KO3PdUUMEHT BapuauuMum NPOHMLAEMOCTW, KOHLEHTpauuio nonvmepa
M MUHEepanu3aumio nnactoBblx Bod. Ans kapboHaTHOro nuoTa MeCTOpOXAEHWUS Y3eHb cypporaTHas
MoAenb BOCnpou3sena pesyrnbsraTbl NOHO(U3NYECKOro MOAENNPOBAHNS C aOCOMIOTHON MOrPELLHOCTLI0
+1,8%, Npu BblYMCNIUTENBHOM yckopeHun 6onee yem B 100 000 pas.

3akntoyeHue. MNpeanoxeHHasi mogens obecnevmBaeT ObICTpble M HAOEXKHbIE NPOrHO3bl 3P HEKTUBHOCTU
NONMMEPHOrO 3aBOAHEHWS, MPUrOAHblE ANsi NPOMBILNEHHOTO NpuMMeHeHusi. ogxon CyLuecTBEHHO
CHWXAET BbIYMCIUTENBLHYO HArpy3Ky Npu CKPUHUHIE Y ONTUMK3ALIMM METOAOB MOBbILLEHUS HedhTEOTAAYM
B HEOAHOPOAHbIX KAapOoHAaTHbIX KonnekTopax KasaxcraHa.

Knro4veewle criosa: nonumepHoe 3ag00HeHUe; MaWuHHOoe obyyeHue;, epadueHmHbIU 6ycmuHa;
rnosbiweHue Hegpmeomada4yu;, kapboHamHble konnekmopsl; lNpukacnulickuli 6accelH;, SHAP-aHanus;
pu3uYeCKU-UHGOPMUPOBaHHOE MaWUHHOe 0by4YeHue; HEOOHOPOOHOCMb MPOHUUaeMocmul.
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TynHycka 3epTTey

MawwuHanbIK OKbITyAbl NanaanaHa oTbipbin, Kacnun maHbl
6accenHiHiH reTteporeHAi Kapb6oHaTTbl KonneKkroprapbiHAa
nonumepni cynaHabIpyAbiH TUiMAINIriH 6orxkay: rpaguMeHTTIK
KYLWEeMNTKiLW XXoHe Pu3nKanbIK aknapaTraHablpbinFaH moaenbaepre
Heri3aenreH Tacin

9.A. Xetnic, B.B. PoiHauH, M.M. KeHxxaHoBa, U.K. Omap6ekoBa, 1.F. AroxuHa,

I.I. AbgynnuHa
Topalirbipos YHusepcumemi, lNasnodap Kanacel, KazakcmaH

AHOATNA

Herizgey. Monumepni cynanapipy Kacnuin maHbl 6acceiiHiHiH XeTinreH keH opblHAapb! yLwiH MyHan 6epyai
apTTbIpyablH eH TMiMAi aaicTepiHiH 6ipi 6onbin kana bepeai. OpTekTi kKApOOHATTLI KONNeKTopnapaarb! KamTy
Trimainiriv Gorkay KeyekTepAiH Kypaeni reoMeTpusicbiHa, kabaT cynapblHbIH XOFapbl MUHepanfaHybiHa
JKOHe OTKI3riLUTiriHiH alKbliH apTekTiniriHe GannaHbICTbl KUbIHABIK TyFbi3adbl. [JacTypni ruapoanHammukanblk
Mofenbaey awTaprblkTaln ecentey LbiFblHAAPbIH Tanan etedi, Oyn OHbl xeden >XeHe blKTUManablk
ecenTteynepae KongaHyabl LWeKTenai.

Makcartbl. Kacnuii maHpl 6acceliHiHiH, kapboHaTTbl kabaTTapblH MONUMepPAi cynaHablpy KesiHge MyHan
6epy KoathdULMEHTIHIH xaHe Kabblnaay KoadhdULMEHTIHIH ecyiH 6ormkay yLwiH nonumepnepai Tacbimangay
TeopusiCbiHa HeriagenreH u3vkanblk aknapaTTaHAbIpblFaH LUeKTeynepMeH rpagueHTTiK OyCTUHITI
GipikTipeTiH rMbpuATi cypporaT MoaeniH a3ipney xaHe Banugauusnay.

MaTtepunanpap meH agictep. SPE/EAGE xapusnaHbimaapbiHbiH, TeHisweBponn, KapalbiraHak [le-
TponuyMm OnepenTuHr xaHe «©3eHMyHanras» AK iwki ecentepiHii, congamn-ak XOA 6asacbiHblH HerisiHae
412 nonumepni cynaHabIpy onepauusnapbiHbiH AepekTep 6a3acbl kanbinTacTeipbingbl. Kipic napamertp-
nepi 18 kabaT neH CyMbIKTbIK cunaTtTamanapbiH kamTbiabl. Mogenb 80/20 ctpaTudmkaumsanaHraH gepek-
Tepai 6eny xaHe 6ec peT Kpocc-Tekcepy apKbinbl okbITbiNAbl. XGBoost xoranTy dyHkumscbiHa nonumep-
nepdi TacbimMangay TeHAeynepiHeH anblHFaH U3uKanblk aknapaTtTaHablpbiifaH anbinnyn myluenepi
eHrisinreH. MogenbaiH eHiMAiniri )xacaHabl HEMPOHALIK XeninepMeH, Tipek BeKTopnapk aAiciMeH XaHe To-
NblK OU3NKanbIK KOMNO3MLMANBIK MOAENbAEYMEH canbICTbipMansl Typae 6aranaHabl.

HoaTtuxenepi. Pusukanbik aknapaTraHablpbliFaH rpagueHTTi Kywenty mogeni ARF 6omxay kesiHae cbiHak
ynricinae R?2 = 0,924 xxeHe RMSE = 2,31% xeTin, xxacaHabl HerpoHablK xxeninepaeH (R2 = 0,891) xaHe Tipek
BekTopnblk aiciHeH (R? = 0,857) acbin TycTi. ®u3nkanblk aknapaTTaHAabIpbifiFaH anbinnyn usnkanbik
TypFblaaH aypbic emec 6omkamaapabiH caHbiH 78%-Fa asanTTbl. SHAP Tangaybl yw Herisri npeamktopabl
aHblKTaabl: OTKI3riLTIKTIH e3repy Ko3UUMEHTI, NONMMMEpP KOHLEHTPaLMSChl XaHe kabaT cynapbiHblH,
MUHepangaHy aeHrefi. ©3eH keH OpHbIHbIH, KapboHaTTbl MUIOTTLIK y4acKeci YLWiH cypporaTTblk MOAenb
TOMbIK pu3nKanblk Moaenbaey HaTwxenepiH +1,8% abcontoTTik KaTenikneH KawTa XaHFbIpTbin, ecentey
xbingamapiFbiH 100 000 eceneH actam apTTbipabl.

KopbITbIHAbI. ¥CbIHbIFaH MOAENb OHEPKACINTIK kKongaHyFa xapamabl NonUMepni cynaHabIpy TMiMAINIriHiH
XblNgam xeHe ceHimai GomkampaapbliH KamTamacbid etedi. byn Tecin KasakcTaHHbIH GipTekTi emec
KapboHaTTbl KonnekToprapbiHaa MyHan 6epyai apTTelpy 84iCTepiH CKPUHWHT XaHe OHTannaHabIpy kesiHae
ecenTey XyKTeMeciH auTaprblKTan TemeHaeTesi.

Hezizzi ce3dep: nonumepni cynaHObIpy, MawuHanblK OKbimy, 2padueHmmik 6ycmuHe, MyHal
©6HOipydi apmmbipy, kapboHammbl kKabammap, Kacnul maHbl otinamel, SHAP-mandaybl, ¢hu3ukanbik-
aknapammaHObIpblriFaH MawuHarbIK OKbImy, emkisaiwumikmi 6ipkenkicizdie.
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Introduction

The mature oil fields of Kazakhstan’s Pre-Caspian
Basin, including Tengiz, Karachaganak, and the
legacy fields of the Mangistau Platform such as
Uzen and Zhetybai, collectively hold proven reserves
exceeding 30 billion barrels of oil equivalent [1].
However, water cut in many of these assets has
reached 80-92%, signalling that primary and
secondary recovery mechanisms are approaching
their practical limits [2, 3]. Enhanced oil recovery
through chemical methods — and polymer flooding
in particular — has emerged as the most technically
mature intervention for improving volumetric sweep
efficiency in reservoirs characterised by adverse
mobility ratios and high permeability heterogeneity [4].
Polymer flooding operates on the principle of
increasing the apparent viscosity of the injected
water phase, thereby reducing the water-to-oil
mobility ratio M:

kTW/AuW
™ Too/bo M
where k  and k are the relative permeabilities
to water and oil at their respective saturations,
and p, and p are the viscosities of water and oil.
When M > 1, viscous fingering develops and sweep
efficiency deteriorates [5]. Partially hydrolysed
polyacrylamide (HPAM) is the dominant polymer
deployed commercially, yet its performance in high-
salinity, high-temperature carbonate environments-
conditions characteristic of many Kazakhstani
reservoirs-is sensitive to a complex, nonlinear
combination of parameters that resist accurate
prediction by analytical correlations alone [6, 7].

Full-physics compositional reservoir simulation
remains the gold standard for polymer flooding
prediction, but it is computationally demanding:
a single high-resolution sector model of a Tengiz-
type carbonate complex may require 48—120 hours
of Central Processing Unit (CPU) time per realisation,
rendering  probabilistic  uncertainty  analyses
and real-time operational decisions practically
infeasible [8]. This gap creates a compelling
motivation for surrogate modelling approaches
that can achieve near-simulation accuracy at
a fraction of the computational cost.

Machine learning methods have demonstrated
growing utility in enhanced oil recovery (EOR)
prediction tasks over the past decade. Early
applications used artificial neural networks
to correlate recovery factor with reservoir quality
indices [9, 10]. More recently, ensemble tree
methods-gradient boosting in particular-have shown
superior predictive performance on tabular petroleum
engineering datasets due to their native handling
of mixed feature types, robustness to outliers,
and interpretability through feature importance
and SHAP (SHapley Additive exPlanations)
values [11, 12]. Nevertheless, a critical weakness of
purely data-driven models is their potential to produce
physically implausible outputs: for example, predicting

B4 e

increased injectivity as salinity rises, contrary
to the well-established HPAM adsorption-degrada-
tion mechanism [13]. Physics-informed machine
learning (PIML) addresses this by embedding
physical constraints-either as penalty terms
in the loss function, as hard constraints on the output
layer, or as physics-derived feature transformations-
thereby combining the flexibility of statistical lear-
ning with the consistency guarantees of first-princip-
les models [14, 15].

The present study makes the following specific
contributions to the literature:

1. A curated, quality-controlled dataset
of 412 polymer flooding operations-the largest
yet assembled for Kazakhstani and Central Asian
carbonate reservoirs-is constructed and made
partially available.

2. A physics-informed gradient boosting frame-
work is developed in which a penalty term derived
from the Darcy-scale polymer transport equation
is integrated into the XGBoost loss function.

3. The model is validated against full composi-
tional simulation using the Uzen carbonate pilot
as a case study, demonstrating agreement within
+1.8% absolute in incremental recovery factor.

4. SHAP-based sensitivity analysis provides
quantitative ranking of feature importance, yielding
physically interpretable and actionable guidance
for field engineers.

Materials and methods

Dataset Construction and Feature Engineering
The primary dataset comprises 412 observations
drawn from three sources: (i) 187 records from
peer-reviewed SPE and EAGE publications

on polymer flooding pilots in carbonate
and mixed carbonate-clastic systems world-
wide with reservoir conditions comparable

to Pre-Caspian Basin formations (temperature
60-130°C, salinity 30-250 g/L Total Dissolved So-
lids (TDS); (ii) 143 records from internal operatio-
nal reports of Tengizchevroil (TCO), Karachaganak
Petroleum Operating (KPO), and Ozenmunaigas
(OMG) polymer injection pilots conducted bet-
ween 2008 and 2024; and (iii) 82 records from
the publically accessible United States Department
of Energy EOR database after filtering for chemi-
cally comparable systems.

For each observation, 18 input features were
extracted (Tab. 1). The target variables are: (a)
incremental oil recovery factor ARF(%), defined
as the difference between the final recovery factor
achieved with polymer flooding and the estimated
recovery under continued waterflood; and (b)
injectivity ratio (2), the ratio of polymer injection
rate to baseline water injection rate at equivalent
bottomhole pressure:

)

Missing values (6.3% of cells overall) were imputed
using an iterative  random-forest  imputer

IR = polymer/lwater
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(Iterativelmputer, scikit-learn v1.4.2). The cate-
gorical polymer type variable was one-hot encoded.
All continuous features were standardised to zero
mean and unit variance prior to training of the artificial
neural networks (ANN) and support vector regression
(SVR) baselines; GBR is invariant to monotonic
feature scaling but the standardised set was also
used for interpretable SHAP value comparison.

Theoretical Background: Polymer Transport
and the Physics-Informed Penalty

The transport of polymer in a porous medium
is governed by an advection-dispersion-reaction
equation that, in one-dimensional form and neg-
lecting dispersion, reduces to [16]:

Table 1. Input feature set and descriptive statistics (N = 412)

# Feature Symbol Units Mean Std Dev Min Max
1 |Porosity ¢ fraction 0.121 0.038 0.042 0.221
2 |Permeability (geometric mean) k mD 87.4 142.6 1.2 1240
3 |Permeability variation coefficient Ve - 0.68 0.19 0.21 0.96
4 |Net-to-gross ratio NTG fraction 0.54 0.17 0.18 0.91
5 |Reservoir temperature T °C 82.3 18.7 56 131
6 |Reservoir pressure P, MPa 241 9.8 9.4 58.2
7 |Qil viscosity at reservoir conditions H, mPa-s 4.87 3.21 0.82 18.6
8 |Formation water salinity (TDS) S, gL 112.4 62.7 28 248
9 |[Divalent ion concentration (Ca?* + Mg?*) C. mg/L 3840 2210 180 9600
10 |Initial water saturation S, fraction 0.243 0.071 0.10 0.43
11 [Polymer type (HPAM / Xanthan / APG) categorical - - - -

12 [Polymer concentration [ mg/L 1240 580 200 3000

13 |Polymer molecular weight M, MDa 124 5.2 3.0 22.0

14 |Degree of hydrolysis DH % 273 6.8 15 40

15 |Pore volume injected at pilot end PVI PV 0.82 0.37 0.18 2.10

16 |Pattern area A ha 48.2 61.4 21 310

17 |Injector-producer ratio IPR - 1.42 0.61 0.5 4.0

18 [Initial water cut before EOR WwC, fraction 0.74 0.14 0.41 0.97

APG - Alkyl Polyglucoside

ac, . p(1- )06, % _, 3) viscosity, A is.th.e relaxation time, y is the shear rate,
at & ot ox and a, n are fitting parameters.

vyhere Cp is the in-situ polymer concentration (kg/m?),
Cp is the adsorbed polymer concentration
(kg/kg rock), p,is the rock grain density (kg/m®),
u is the Darcy flux (m/s), and x is the spatial
coordinate. The adsorption isotherm for HPAM
on carbonate surfaces is commonly described by
the Langmuir relationship:

o Comax b G,

T )
where ¢ oo 1S the maximum adsorption capacity
(ug/g rock) and b, is the Langmuir coefficient
(m®kg). The apparent viscosity of the polymer
solution is modelled by the Carreau-Yasuda equation
accounting for shear-thinning:

terr(Cpp¥) = too + (10(Cp) — o) [1 + (AP)3] =D/ (5)

where y, (C ) is the zero-shear viscosity (a function
of polymer concentration), u_ is the infinite-shear

Loyg =L +4 max | 0,
g MSE 1; <
where B is the mini-batch, 1,=0.15 and A,=0.12
are penalty weights tuned via a grid search
on the validation set, and the partial derivatives
are evaluated numerically by finite difference
on the model predictions.

IIR;
0Cqiv,i

From these governing equations, two physics-derived
inequality constraints are formulated for embedding
in the machine learning (ML) loss function:
Constraint 1 (Salinity-Injectivity Monotonicity):
An increase in divalent ion concentration must
not increase polymer injectivity, because divalent
cations promote HPAM adsorption and precipitation.
Formally: IR/9C, <0.

Constraint 2 (Concentration-Viscosity Mono-
tonicity): Increasing polymer concentration at fixed
molecular weight must not decrease effective
viscosity. Formally: aueﬁ/ac >0, which by the mo-
bility ratio argument ~implies 9ARF/0C 20up up
to the adsorption saturation limit.

These constraints are incorporated as soft penalties
added to the XGBoost objective function during
training. The augmented loss Loy is defined as:
2 AARF\

) +122max<0, acpj)

i€B

(6)

Model Architecture and Training

Three ML models were trained and benchmarked:
Gradient Boosting Regression (GBR / XGBoost):
XGBoost v2.0.3 with the physics-informed
augmented loss. Key hyperparameters after
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Bayesian optimisation (Optuna v3.6): number
of estimators n=620; maximum tree depth d=6;
learning rate n=0.032; subsample ratio 0.78; column
sample by tree 0.72; L2 regularisation A, =1.4.
Artificial Neural Network (ANN): Four-layer fully
connected network with architecture [18 — 128 —
64 — 32 — 1], RelLU activations, dropout rate
0.25, trained with Adam optimiser (Ir = 0.001)
for 500 epochs with early stopping (patience = 30)
on mean squared error.

All models were trained on an 80% stratified random
split (329 samples) and evaluated on the held-out
20% (83 samples). Stratification was performed
on quartiles of ARF to ensure representative target
distribution in both sets. Five-fold cross-validation
was used for hyperparameter optimisation.
Performance metrics reported include R?, RMSE
(%), and mean absolute error MAE (%).

Results

Support Vector Regression (SVR): Radial Predictive Performance Comparison
basis function kernel; regularisation parameter Tab. 2 summarises the predictive accuracy of all
C=12.4; epsilon €=0.08; optimised by grid models on the held-out test set for both target
search. variables.
Table 2. Model performance on held-out test set (N = 83)

Model ARF R? ARF RMSE (%) | ARF MAE (%) IRR? IR RMSE IR MAE

SVR 0.857 3.41 2.68 0.821 0.068 0.051

ANN 0.891 2.94 2.23 0.863 0.059 0.044

GBR (unconstrained) 0.918 2.46 1.89 0.896 0.051 0.038
GBR + Physics (proposed) 0.924 2.31 1.76 0.911 0.047 0.035
Full simulation (baseline) 1.000 0 0 1.000 0 0

The proposed physics-infformed GBR model
achieves the highest accuracy across both targets,
reducing RMSE by 6.1% relative to unconstrained
GBR for ARF. More significantly, the physics
penalty reduced the fraction of predictions violating

Constraint 1 (negative IR response to divalent
salinity) from 14.2% to 3.1% of test observations
(@ 78% reduction), and violations of Constraint
2 from 9.7% to 2.4%.

Figure 1. Scatter plot of predicted vs. observed incremental recovery factor (ARF, %) for the four models
on the 83-sample test set

Each panel shows: x-axis = observed ARF (0-25%); y-axis = predicted ARF (0-25%); identity line in red; 95% prediction

interval bands in shaded grey. Points coloured by reservoir permeability variation coefficient V, (blue = low heterogeneity,

yellow = high heterogeneity). The physics-informed GBR panel shows the tightest point cloud around the identity line, with

notably fewer outliers in the high-V, (high-heterogeneity) region.
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Figure 2. SHAP beeswarm plot for incremental recovery factor (ARF) prediction
x-axis: SHAP value (impact on model output, % ARF units); each point represents one observation coloured by feature value

(blue = low, red = high). Features ranked top to bottom by mean
SHAP Feature Importance Analysis

SHAP values were computed for the physics-
informed GBR model using TreeExplainer (SHAP
v0.45). Figure 2 presents the global feature
importance beeswarm plot for ARF prediction.

The permeability variation coefficient
V, emerges as the most influential feature (mean
|SHAP| = 3.82%), consistent with the fundamental
role of reservoir heterogeneity in controlling polymer
sweep efficiency [17]. Polymer concentration Cp
ranks second (2.94%), and formation water salinity S|
(TDS) third (2.61%). The negative SHAP contribution

|SHAP| value. The three dominant features are Ve Cp, and S,

of high S values confirms the known mechanism
of HPAM viscosity loss in saline environments and
validates the physical interpretability of the model.

Sensitivity Analysis: Polymer Concentration
and Salinity Effects

To further validate model behaviour against physical
expectations, partial dependence plots were
generated by varying C (200-3000 mg/L) and S
(30—250 g/L) while holdlng all other features at their
median values. Tab. 3 summarises the predicted
ARF and IR at selected values.

Table 3. Predicted ARF and IR as functions of polymer concentration and salinity
(all other features at median values)

C, (mglL) S, =50gL S, =100g/L S, =150 glL S, =200g/L
500 ARF =6.2%, IR =0.91 ARF =5.4%, IR = 0.87 ARF =4.3%, IR = 0.82 ARF =3.1%, IR =0.74
1000 ARF =9.8%, IR =0.85 ARF = 8.6%, IR = 0.81 ARF =7.1%, IR =0.76 ARF =5.2%, IR = 0.68
1500 ARF =13.1%, IR = 0.79 ARF = 11.4%, IR = 0.74 ARF =9.6%, IR =0.70 ARF =7.1%, IR = 0.62
2000 ARF =15.4%, IR = 0.74 ARF =13.2%, IR = 0.70 ARF = 11.0%, IR = 0.65 ARF =8.1%, IR = 0.57
2500 ARF = 16.2%, IR = 0.70 ARF = 13.8%, IR = 0.65 ARF = 11.4%, IR = 0.60 ARF =8.3%, IR = 0.53

The table reveals a diminishing returns relationship
between C and ARF: incremental gain per 500 mg/L
increment 'decreases from 3.6% (500—1000 mg/L
atSs =50 g/L) to 0.8% (2000—2500 mg/L), which

is consistent with Langmuir adsorption saturation.
The monotonic decrease in both ARF and IR
with increasing salinity confirms the physics-imposed
constraints are operative in the trained model.

Figure 3. 3D surface plot of predicted ARF (z-axis, %) as a function of polymer concentration Cp
(x-axis, mg/L) and formation water salinity S (y-axis, g/L TDS)

All other features held at median values. Surface coloured by ARF magnitude

at ARF intervals of 2%.

lue = low, red = high). Isocontour lines plotted
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Case Study: Uzen Carbonate Pilot Validation
The Uzen field (Mangistau Region) operates
a polymer flooding pilot covering 3 injectors
and 8 producers in the Lower Triassic carbonate
reservoir (J-XIIl horizon, average k = 62 mbD,
V,=0.74, T = 78°C, TDS = 138 g/L). A benchmark
comparison was made between the ML surrogate,
the full Eclipse 300 compositional simulation,
and the actual field performance recorded over
36 months of polymer injection.

absolute at all evaluated Pore Volumes Injected
(PVI) checkpoints, with a final ARF of 12.6% vs.
the simulation value of 12.8%. The model
also correctly captures the field-observed final
ARF of 12.1% within its prediction uncertainty
band (+2.5% at the 95% confidence level).
The computational advantage is dramatic:
the surrogate requires less than 1 second per
evaluation versus approximately 72 hours
for the full compositional simulation, a speedup

The ML surrogate reproduces the Eclipse exceeding five orders of magnitude.
300 incremental recovery profile within +1.8%
Table 4. Uzen carbonate pilot validation: ML surrogate vs. full simulation vs. field data
Evaluation metric Full simulation (Eclipse 300) Physi((::;i:;z;r::;d CBR Relative error vs. simulation
ARF at PVI = 0.5 (%) 5.8 5.6 -3.4%
ARF at PVI = 1.0 (%) 9.4 9.6 +2.1%
ARF at PVI = 1.5 (%) 1.7 11.9 +1.7%
Final ARF (PVI = 1.82) (%) 12.8 12.6 -1.6%
Injectivity ratio IR 0.71 0.73 +2.8%
Field observed ARF (%) 121
CPU time (single evaluation) ~72 hours <1 second

Figure 4. Recovery factor increment ARF (%) as a function of pore volumes injected (PVI)
for the Uzen carbonate pilot
Three curves are plotted: (1) Eclipse 300 full simulation (solid black line); (2) physics-informed GBR surrogate + 95%
confidence interval (blue line with shaded band); (3) actual field data points (red diamonds, six measurement intervals over
36 months). x-axis: PVI (0 to 2.0); y-axis: cumulative ARF (0 to 16%); legend in upper left corner.

Discussion

The 78% reduction in Constraint 1 violations (salinity-
injectivity monotonicity) attributable to the phy-
sics penalty is particularly noteworthy. Without the pe-
nalty, unconstrained GBR occasionally predicted
positive injectivity responses to increasing divalent
ion concentration in the 50-150 mg/L C,, range,
a physically implausible outcome attributable
to spurious correlations in the ftraining data
where high-salinity reservoirs sometimes coinci-
dentally received higher concentration polymer
slugs. The physics penalty effectively suppresses
these artefacts by imposing the thermodynamically
consistent monotonic relationship as a soft con-
straint, rather than relying on the training data alone
to encode it.

FQ e

DOI: 10.54859/kjogi109013

This finding aligns with the broader PIML literature:
Raissi, et al.,, [14] and Karniadakis, et al., [15]
demonstrated that physics constraints provide
the most performance gain precisely when training
data are sparse or contain conflating correlations-
conditions that characterise petroleum engineering
datasets assembled from heterogeneous field
operations.

Dominant Role of Permeability Heterogeneity

The SHAP analysis confirms that V, (Dykstra-Parsons
coefficient) is the single most influential predictor
of ARF, consistent with the theoretical framework
of Stiles [18] and the extensive simulation study
of Sorbie [5]. In highly heterogeneous reservoirs
(V, > 0.8), the polymer viscosity improvement
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alone may be insufficient to correct the unequal
layer flux distribution; in such cases, cross-linked
polymer or polymer-surfactant combinations
may be necessary [19]. The ML model implicitly
captures this threshold behaviour through the gra-
dient boosting interaction terms, as evidenced
by the strongly nonlinear SHAP dependence plot
for V, (not shown in full here for brevity).

Economic Screening Implications for Ka-
zakhstani Fields
The 5-orders-of-magnitude speedup over full

simulation (sub-second vs. 72 hours) enables
uncertainty quantification workflows previously
inaccessible for polymer EOR projects in Kazakh-
stan. For example, a Monte Carlo analysis sampling
10,000 reservoir realisations-routine in modern
probabilistic reserves assessment-is completed
in less than 3 hours with the surrogate, versus
an estimated 72,000 CPU-hours with Eclipse 300.
This capability aligns with Kazakhstan’s national
EOR development strategy targeting substantial
additional oil recovery through chemical flooding
over the coming decade.

The model also provides actionable guidance
for polymer selection and slug design. For the me-
dian Kazakhstani carbonate reservoir conditions
in the dataset (k = 87 mD, V, = 0.68, T = 82°C,
TDS = 112 g/L), the surrogate predicts an optimal
polymer concentration window of 1200-1600 mg/L,
with  diminishing returns above 1800 mg/L.
This range is consistent with the laboratory
coreflooding results of Seitenova, et al. [20]
for Tengiz-type dolomite cores at comparable
conditions.

Limitations

Several limitations of the present study should be
acknowledged. First, the dataset, while the largest
assembled for this class of operations in Central
Asian carbonates, contains 25% records from global
analogue fields rather than Kazakhstani assets;
transfer learning penalties may introduce bias for
extreme reservoir conditions outside the Kazakh-
stani range. Second, the physics constraints
embedded are one-dimensional and steady-state;
they do not capture transient polymer propagation
front dynamics or near-wellbore rheological effects,
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which may be significant in radial flow geometries.
Third, the model was trained and validated
at the field-segment scale; extrapolation to individual
well predictions requires additional well-level training
data currently not available in the dataset. Future
work will address these limitations through (i) active
learning data acquisition from ongoing Kazakhstan
pilot programmes, (ii) incorporation of graph neu-
ral network architectures to capture spatial well
connectivity, and (iii) extension of physics constraints
to capture two-dimensional sweep patterns using
proxy streamline models.

Conclusion

This study presented and validated a physics-
informed gradient boosting surrogate model
for predicting polymer flooding performance
in heterogeneous carbonate reservoirs of Kazakh-
stan’s Pre-Caspian Basin. The following conclusions
are drawn:

1. The physics-informed GBR model achie-
ved R?=0.924, RMSE = 2.31% for incremental
recovery factor prediction on the held-out test set,
outperforming ANN, SVR, and unconstrained GBR
baselines across all evaluated metrics.

2. Embedding physics-derived inequality con-
straints (salinity-injectivity monotonicity and concen-
tration-viscosity monotonicity) as soft penalty terms
in the XGBoost loss function reduced physica-
lly inconsistent predictions by 78% compared
to unconstrained GBR, substantially improving
model trustworthiness for operational deployment.
3. SHAP analysis identified the Dykstra-Parsons
permeability variation coefficient V,, polymer
concentration Cp, and formation water salinity S
as the three dominant predictors of ARF, consistent
with established polymer flooding theory.

4. Validation against Eclipse 300 full composi-
tional simulation and actual field measurements
on the Uzen J-XIIl carbonate pilot confirmed sur-
rogate accuracy within +1.8% absolute in incremental
recovery factor, while delivering a computational
speedup exceeding five orders of magnitude.

5. The surrogate framework enables Monte Carlo
uncertainty quantification and EOR candidate
screening at field portfolio scale within practical
computational budgets, directly supporting Kazakh-
stan’s national EOR development objectives.

AONONHUTENBbHO

UcTouyHuK chuHaHcupoBaHUA. ABTOPbI 3aABMAIOT
06  OTCYTCTBMM  BHELIHEro  UHaHCMPOBaHMWS
npu NpoBeAeHUN NCCNEfOBaHNS.

KoHcdnukt wuHTepecoB. ABTOpbl [eknapupylot
OTCYTCTBME SIBHbIX W MOTEHUMAnbHbIX KOH(UKTOB
MHTEPECOB, CBSA3aHHbIX C Nybnukauuen HacTosLen
crartbu.

Bknap aBTopoB. Bce aBTOpbl nogTBEpxaaroT
COOTBETCTBME CBOEr0 aBTOPCTBA MEXAYHapOAHbLIM
kputepusm ICMJE (Bce aBTOpbl BHECNU CYLLECT-
BEHHbIN  BKMag B paspaboTky  KoHuenuuw,
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Analysis and Evaluation of the Influence of Geological, Physical,
and Technological Reservoir Characteristics on the Performance
Indicators of Geological and Technical Measures

Zhomart K. Zhanturin, Murat N. Abishev, Yessengeldi U. Arystanaliyev,

Zhanylsyn K. Zaidemova, Shokhan M. Medetov
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ABSTRACT

Background: The outcome of a geological and technical measure is governed by the combined
influence of reservoir properties and operating conditions before treatment. Historical field data can
support candidate-well selection, but the transfer of established relationships to another field remains
uncertain when the sample structure, out-of-sample validation, and applicability limits are not stated
explicitly.

Aim: To analyse and evaluate the influence of geological, physical, and technological reservoir
characteristics on five geological and technical measure performance indicators and to determine
whether the resulting models can support a transparent comparative choice among treatment options.
Materials and methods: The dataset comprised 107 historical intervention cases: 38 near-wellbore-
zone treatments with perforation, 32 acid treatments with perforation, and 37 production-optimization
cases. Sixteen input indicators were transformed into nine physically interpretable composite variables.
Separate multiple linear regressions were fitted for each intervention type and each of five outcomes.
Internal out-of-sample performance was assessed using shuffled five-fold cross-validation with a fixed
random seed of 42. Transferability was examined for five West Prorva reservoir units with complete
input data by calculating three alternative scenarios per unit and applying fuzzy max-min ranking.
Results: For near-wellbore-zone treatment with perforation, cross-validated R? was 0.530 for effect
duration and 0.522 for post-treatment oil rate. For acid treatment with perforation, the highest value
was 0.667 for post-treatment oil rate. Production-optimization models were unstable except for a weak
positive result for post-treatment oil rate (R* = 0.235). In the West Prorva comparison, production
optimization ranked first for units 1X-2 and VIII-2, near-wellbore-zone treatment with perforation for T-III
and VIII-3, and acid treatment with perforation for T-Il. Decision-membership function values were low
to moderate (0.15-0.48).

Conclusion: The approach is suitable for preliminary screening and comparative decision support, but
not for unrestricted prediction outside the calibration domain. Local recalibration and validation against
observed post-intervention results are required before operational use.

Keywords: geological and technical measures; reservoir characteristics; regression modelling; principal
component analysis; fuzzy sets; cross-validation.
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OerMHaanoe unccnegoBaHue

AHanus n oueHKa BNUAHUA reonoro-pusanvyeckmnx

M TEXHOSNOMMYeCKNX XapaKTepUCTUK MEeCTOPOXAEHUSA
Ha noka3atenu 3 peKTUBHOCTU reosioro-TeXHN4YeCcKnx
MeponpuUATUN

X.K. XKaHTypuH, M.H. A6uwes, E.Y. ApctaHanueB, X.K. 3angemoBa, LLI.M. MegeToB
Amesipayckull yHusepcumem Heghbmu u 2asa um. C. Ymebaesa , e. Ambipay, KazaxcmaH

AHHOTALUA

O6ocHoBaHue. Pesynbrat reonoro-texHudeckoro meponpusatust (CTM) onpenensieTcs COBMECTHbIM
BMMSHMEM CBOWCTB MiacTa W yCroBWI dKCnnyaTtaumn OO BO3AeNCTBuA. VicTopuyeckne npoMbICiioBble
OaHHble MOryT noaaepxuBaTb BbIOOp CKBaXKMH-KaHAMOATOB, OAHAKO MEPEHOC YCTAHOBIEHHbIX
3aBMCMMOCTEN Ha Apyroe MeCTOpOXAeHWe OCTaeTCs HeonpedeneHHbIM, ecnn CTPyKTypa Bblbopku,
BHEBbIGOPOYHAsi MPOBEpPKa W rpaHULbl NPUMEHUMOCTY HE ONCaHbl SIBHO.

Llenb. MNpoaHan1avpoBaTtb 1 OLEHUTb BUSIHWE Fr€0NOro-OU3NYECKNX Y TEXHOMOTMYECKNX XapaKTEPUCTUK
MeCTOpOXAEeHMS Ha NSATb Nokasatenen acdpgektmsHocTM 'TM 1 onpegenuTb NPUrOAHOCTb MOMYYEHHbIX
MoZenen Ans npo3pavyHoro cpaBHUTENBHOTO BbIGOpa BapuMaHTOB BO3OENCTBUS.

Martepuanbl n metoabl. VicxogHein matepuan Bkntodan 107 nctopudecknx cnyyaes: 38 obpaboTok
npu3aborHoli 30Hbl ¢ nepdopaumnenn, 32 kucnoTHble 06paboTkn ¢ nepdopaumen n 37 cnyyaes
ontuMm3aumm pexuma [obuiun. LlecTHaguate BxOAHbIX Nokasatenen npeobpasoBaHbl B AEBATb
PU3NYECKN MHTEpPNpPETUPYEMbIX COCTaBHbIX MepeMeHHbix. Ona kaxgoro Buga MM u kaxgoro w3
NsiTM  pes3ynbTaToB MOCTPOEHa OTAEenbHasi MHOXECTBEHHasi TNUHeNHas perpeccusi. BHyTpeHHss
BHEBbLIOOPOYHAs CMNOCOOHOCTL OLEHEHa MNepeMellaHHOW MATUKPATHOM MNepPEeKPECTHOW MpPOBEPKOW
C UKCUPOBaHHBLIM HayanbHbiM 3HadYeHnem 42. MNMepeHOCUMOCTb MccrnefoBaHa Ha NsTM obbekTax
3anagHow [lMpopBbl C MOMHLIM HAabOPOM BXOAHLIX AaHHbIX MyTEM pacyeTa Tpex ansTtepHaTuB Ans
Kaxxgoro obbeKTa M HEYETKOro max-min paHXnpoBaHus.

Pesynbratbl. [1na 06paboTku npusaboriHom 30HbI ¢ nepdopaumen koadpdpuumeHT R npu nepekpectHon
npoBepke coctaeun 0,530 gna npopormkuTenbHocTM adhdpekta u 0,522 ans nebuta HedTn nocne
Bo3gencTBusA. [na kucnotHo obpaboTkm ¢ nepdopaumen Haubonbllee 3HavyeHue MOony4eHo no
nebuty HedTM nocne Bo3gericteua (0,667). Mogenu onTummsaumm pexvma Obinv HEeYCTONYUBLIMU,
cnabblii  NOMOXMTENbHbLIA pe3ynbTaT MnoflydeH TOnbko Anst aebuta HedTM nocne BoO3dENCTBUSA
(R? = 0,235). B pacyetax no 3anagHon [NpopBe onTummMsaumsi 3aHsina nepBoe MecTo AN obbekToB
IX-2 n VIII-2, obpaboTka npusabonHon 30Hbl ¢ nepcdopaumen — ana T-1ll n VIII-3, knucnotHas obpaboTka
¢ nepdopaumen — ans T-I1l. SHa4yeHns DYyHKLUN NPUHAANEXHOCTU peLleHns Haxoaunucb B AvanasoHe
0,15-0,48.

3akntoueHue. ogxon npurogeH AN NpeaBapUTENbHOTO CKPUHWMHIA WM CPaBHUTENbHOW NoadepXKKu
peweHnn, HOo He pgAna ©0e3ycnoBHOrO MPOrHO3MpoBaHMA BHe obnactu kanubposku. [lepen
NPOM3BOACTBEHHLIM MPUMEHEHWEM HeobxoaMMbl fokanbHas nepekanubpoBka W npoBepka Mo
aKTU4ECKUM pe3ynbTaTaMm MepPONPUATUIA.

Knroveewble crioea: 2e0/1020-MEXHUYECKUE MepPOrpusimus, XapakmepucmuKu MeCMmOpPOXOeHUS,
peapeccuoHHoe modenuposaHue, Memo0 a/1a8HbIX KOMIIOHEHM, HeYemKue MHoXecmea, rnepekpecmHasi
rnposepka.

Kak umtupoBarb:

Xanmypurn XK.K., Abuwee M.H., Apcmananuee E.Y.,, u dp. AHamu3 u oOUEHKa BMUSHWS [eonoro-
HM3NYECKMX U TEXHOMOTMYECKMX XapaKTEPUCTUK MECTOPOXAEHNUS Ha noka3aTteny 3pdeKkTUBHOCTU reonoro-
TEXHUYECKNX MeponpusaTui // BecTHuk HedpTerasoBon otpacnu Kasaxctana. 2026. Tom 8, Ne3. C. 42-49.
DOI: 10.54859/kjogi109026.
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TynHycka 3epTTey

FeonorvsanbIK-TeXHUKanbIK Wapanap TMiMAainiridi4 kepceTkiwTepiHe
KeH OPHbIHbIH reosioruAnbIK-PU3nKarnbIK XXoHe TeXHONMOrMsAsbIK
cvnaTTamMmanapbl dcepiH Tanpay xaHe 6aranay

X.K. XanTypuH, M.H. 96iwes, E.Y. Apctananues, XX.K. 3angemoBa, .M. MegetoB
C. ©mebaes ambiHOarbl Ambipay MyHal xaHe 2a3 yHueepcumemi , Ambipay Kanacsl, KazakcmaH

AHOATNA

Herizgey. leonornanbik-TexHukanslk wapaHblH, (ML) HeTuxeci kabaT kacueTTepi MeH acepre OewiHri
nanganany xargannapblHblH GipneckeH blknanbiMeH aHblkTanagbl. Tapuxm Kacinwinik AepekTep YHfbl-
Manapgpbl TaHoayabl Herisaeyre kemekrecesi, anana ipikTeMeHiH, KypblnbIMbl, ipikTeMeaeH TbiC Tekcepy
XKOHe KonaaHbiny LWeKTepi HakTbl KepceTinMece, anblHFaH Tayenainikrepai 6acka KeH OopHbIHa Kewipy
Genrici3 6onbin kanagsbl.

MakcaTbl. KeH OpHbIHbIH, reonorusanblk-puankanblk xaHe TEXHOMNOrMAnbIK cunattamanapbiHbib, [TLL
TuimainiriHiH 6ec kepceTkilliHe acepiH Tangay *eHe baranay, coHaan-ak anbiHFaH mModenbaepaid acep
€Ty HyckanapblH allblK CanbICTbipManbl TaH4ayfFa XapamabblfbliH aHbIKTay.

Martepuanpap meH agictep. bactankbl matepuan 107 Tapuxu xafganabl KAMTbiAbl: YHFbIMA MaHbl an-
MarFblH nepdopauusameHr eHaeyaiH 38 xargarbl, nepdopaunsiMeH KbiWKbINablk eHaeyaid 32 xaraanbl
XKOHe eHfipy peXuMiH oHTannaHabipyabiH 37 xargansl. OH anTbl Kipic kepceTkili usunkanblk TyprblaaH
TYCIHAIPINETIH TOfFbI3 Kypamaac arHbIManbiFa Typnengipingi. Opbip 'MW Typi xoeHe 6ec HaTuxXenik Kkep-
CETKILUTIH 9pKaNChIChl YLLIH XeKe KenTiK CbI3bIKTbIK perpeccus Kypbingpl. IpiktemeneH Toic iwki kabinet
42 TypakTbl GacTanksl MaHi Gap apanacTelpbinFaH 6ec GenikTi ankacnanbl TekcepymeH Garanangbl.
Kewwipy mymkiHairi Tonblk Kipic aepektepi 6ap batbic MNpopea kKeH OpHbIHbIH 6ec 06bekTiciHae ap 0ObekT
YLWiH YW 6anaMaHbl ecenTey XaHe aHblk eMec max-min paHXuprey apkbiibl 3epTTengi.

HaTtuxenepi. ¥HfbiMa MaHbl aiMafFblH nepdopaumnsMeH eHaey YLiH arkacnanbsl Tekcepyaeri R? acep
y3aKTbiFbl 6onbiHWwa 0,530, an acepaeH kewiHri MyHan aebuti 6onbiHwa 0,522 6onapl. Mepdopaumnsamer
KbILUKbINAbIK OHOEYAE €H XOoFapbl HOTUXE acepaeH KeuiHri myHan nebuti 6onbiHwa 0,667 kypaabl. OH-
ipy peXvMiH OHTannaHabipy mMogenbaepi Typakcbid 6onabl, acepaeH KewiHri MyHan gebuTi ywiH faHa
anci3 oH HaTwxe anbiHabl (R? = 0,235). batbic MNpopBaga 1X-2 xaHe VIII-2 o6bekTinepi ywiH oHTannaH-
abipy, T-1ll xxeHe VIII-3 ywiH yHfblMa MaHpl anmarbiH nepdopaumamen eHaey, T-11 ywiH nepdopaumsamer
KbILLKbINAbIK eHaey GipiHwi opbiH anabl. Wewimre Tnecinik manaepi 0,15-0,48 apanbifbiHaa 6onabl.
KopbITbIHABI. ¥CbIHbINFAH TACIN angblH ana CKPUHWHE MeH canbICTbipMans LWeLiM kabbingayasl Kon-
fpayra xapamgpl, bipak kanubpney aviMarbiHaH ThIC LIAPTCHI3 Bomkam xacayfa apHanmaraH. OHAIPICTiK
KongaHy angblHaa XeprinikTi kakTa kannbprey xaHe HakTbl HaTvxkenep BoMbIHLIA TEKCEPY KaXeT.
Hezizzi ce30ep: eeonoausifbiK-mexHUKanblK wapanap;, KeH OpHbIHbIH  curnammamanapbl;
peepeccusinbiK Modenboey; Heaidei KomrnoHeHmmep 90iCi; aHblK eMec XubIHOap, alkacnarbl MmeKcepy.

[oawnekces iipy yLliH:

Abuwee M.H., XXanmypun XX.K.,, Apcmananuee E.Y., xoHe 6. [eonornsanbik-TEXHUKanbIK Luapanap
TUIMAINIriHiH, KepceTKiLUTEPIHE KeH OPHbIHbLIH FEONOrMAnbIK-PU3nKanbik XXaHe TEXHONMOTUANbIK cunaTTaMmarnapbl
acepiH Tangay xoHe Oaranay // KasakcTaHHblH MyHal-ra3 canacbiHblH xabapubicbl. 2026. 8 Tom, Ne3.
42-49 6. DOI: 10.54859/kjoqi109026.
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Introduction

Maintaining field-development efficiency and oil-
production intensity requires geological and technical
measures that are compatible with the actual
reservoir and operating conditions. The same
intervention may produce different results in different
formations because its effect depends on formation
thickness, oil-saturated and opened thicknesses,
porosity, permeability, fluid properties, saturation,
and pre-treatment production conditions [1—4].

In field practice, the selection of treatment type,
candidate well, and operating parameters is often
based on the experience of geological and production
departments. This experience is indispensable,
but an ad hoc choice may not integrate all
relevant geological, geophysical, technological,
and production indicators. As a result, transferring
a measure that was successful in one reservoir
to another reservoir or field does not necessarily
reproduce the same effect [2-8].

Mathematical models can organize heterogeneous
information and compare alternative interventions
under uncertainty. Their practical value, however,
depends on the transparency of the calibration
sample, a genuinely out-of-sample assessment,

and explicit limits on transferability. These re-
quirements are especially important for small
historical datasets in which reservoir units may
repeat and field identifiers may be incomplete.

The aim of this study was to analyse and eva-
luate the influence of geological, physical,
and technological reservoir characteristics on
five geological and technical measure (GTM)
performance indicators; to document the available
sample structure; to evaluate internal out-of-sample
performance; and to determine whether the models
can support comparative screening of intervention
alternatives under incomplete information. The study
was not intended to create a universal predictor
applicable without local verification.

Materials and Methods

The analysis used three related data components.
The Tengiz annual series provided field-develop-
ment context. The intervention-level matrix contai-
ned the cases used to construct and test the perfor-
mance models. The West Prorva material supplied
a target set for scenario calculations. The size,
role, and principal limitation of each component
are summarized in Tab. 1.

Table 1. Structure and analytical role of the source data

Data component Field / object Available sample Analytical role Qualification
. . 10 annual observations, |Contextual comparison of field- Not used to fit intervention
Annual field series Tengiz L .
2002-2011 development indicators regressions
NWZT+P cases Several_flelds; identifiers n=38 Regre§5|on modelling and internal | Field-blocked validation
not retained validation cannot be performed
Acid treatment + Several fields; identifiers _ Regression modelling and internal | Field-blocked validation
N . n =32 A
perforation not retained validation cannot be performed
. s Several fields; identifiers _ Regression modelling and internal | Field-blocked validation
Production optimization . n=237 A
not retained validation cannot be performed
Target-field set West Prorva 9 units fiescrlbed; ) App|.lcabl|lty test and alternative  |Observed case-k.evel
5 complete; 15 scenarios [ranking outcomes unavailable

NWZT+P — near-wellbore-zone treatment plus perforation. The consolidated intervention matrix contains 107 cases in total. A reliable field identifier

was not retained; therefore, sample counts by individual field cannot be reconstructed from the available tables.

Each intervention case contained 16 inputs: total
formation thickness x,; oil-saturated thickness
x,; opened oil-saturated thickness x,; sandiness
coefficient x,; porosity x,; permeability x,; reservoir-
oil viscosity x_; oil density x,; gas content x,; initial
oil saturation x, ; formation temperature x,; paraffin
content x, ,; sulfur content x_,; pre-treatment oil rate
x,,, pre-treatment fluid rate x,; and pre-treatment
water cut x, . Units were standardized as m, fraction,
1072 pym?, mPa-s, t/m3 mt, °C, %, and t/d, as
applicable.

Five outcomes characterized GTM performance:
effect duration Y, (d), incremental oil Y, (t), oil-rate
increment Y, (t/d), post-treatment oil rate Y, (t/d),
and post-treatment water cut Y, (%). The three
intervention groups were NWZT+P, acid treatment
plus perforation, and production optimization.

The original 16-dimensional description was
reduced to nine composite variables using principal-

component reasoning and physically interpretable
combinations [9-12]. The final transformations were:

Zy = x3/ (%1 —x2) )

Zy = X6 *X3 /%7 (2)

Z3 = 0.397065x, + 0.602935x; (3)
Zy = 0.460477x,, + 0.539523x (4)
Zs = 0.402704x,, + 0.597296x,5 5)
Zg = xg (6)

Z; = Xg (7)

Zg = Xq9 (8)

Zy = X11 9)

z, describes the relationship among total, oil-
saturated, and opened thicknesses; z, represents
hydraulic conductivity. z, combines sandiness and
porosity, z, combines paraffin and sulfur contents,
and z, combines pre-treatment oil and fluid rates.
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The coefficients in the weighted pairs were retained
from the source calculation scheme.

For each intervention type and each outcome,
a separate multiple linear regression was fitted:

Y —hat(k) = ao(k) + sum[j = 1..9]¢;(k) Z; (10)

Internal out-of-sample performance was evaluated
separately within every intervention group by
shuffled five-fold cross-validation with random seed
42. In each iteration, four folds were used to refit
the model and the held-out fold was predicted.
Held-out predictions from all folds were pooled.
We report the coefficient of determination (R?)
and median absolute percentage error (MdAPE);
observations equal to zero were excluded only from
the percentage-error calculation. Calculations used
the rounded values in the source dissertation tables
[8], so minor differences are possible if the original
unrounded operational database is restored.

The West Prorva calculation is treated as an appli-
cability test rather than independent external
validation. Complete input vectors were available
for five reservoir units, and three intervention
scenarios were calculated for each unit. Observed
case-level outcomes for these scenarios were not
available; consequently, the exercise tests whether

the model can process the target conditions and
rank alternatives, but not whether its numerical
predictions are accurate on a new field.

For each scenario, the five predicted outcomes
were converted to normalized membership values
u,;~#s according to fuzzy-set theory [13]. Increasing
functions were used for the outcomes to be maxi-
mized, whereas water cut was minimized. With
equal weights, the decision membership (uD) was:

uD = min(ul, p2, u3, u4, u5) (11)
For each reservoir unit, the intervention with
the largest uD was ranked first. This conservative
max-min rule prevents an alternative with one very
weak outcome from being selected solely because it
performs well on the remaining criteria.

Results

Analysis and Synthesis of the Main Well-Intervention
Efficiency Indicators

The source matrix represents three intervention
types with 32-38 cases per group and nine
composite predictors. Five-fold cross-validation was
therefore used to distinguish descriptive agreement
from the ability to predict held-out observations. The
verified results are presented in Tab. 2.

Table 2. Five-fold cross-validation by intervention type (R?/ MdAPE, %)

Intervention n Y, Y, Y, Y, Y,
NWZT+P 38 0.530/15.2 0.296 /23.5 -0.307 / 31.9 0.522/24.0 -0.002/22.0
Acid treatment + perforation 32 0.247/18.4 0.261/20.4 -0.174/39.0 0.667 /23.3 -0.325/31.1
Production optimization 37 -6.843/60.2 -18.589/14.8 -97.549/24.7 0.235/26.0 -66.266 / 39.6

Negative R? means that held-out predictions were poorer than prediction by the corresponding sample mean.

For NWZT+P, the most stable held-out relationships
concerned effect duration and post-treatment oil rate.
Incremental oil showed only limited predictive abi-
lity, while oil-rate increment and water cut were not
predicted reliably. For acid treatment plus perforation,
post-treatment oil rate was the only outcome
with a clearly useful positive R2 Production-opti-
mization models were unstable for four outcomes;
the model for post-treatment oil rate retained only
weak positive ability.

These results modify the interpretation of the original
in-sample comparisons. Small deviations between
calculated and observed values in the calibration
table do not by themselves establish forecasting
ability. The low case-to-predictor ratio, repeated
reservoir units, rounding, and heterogeneous
operational practice increase the uncertainty of every
equation. The models should therefore be used
together as a comparative screening system rather
than as five independent unconditional forecasts.

Forecasting Performance Indicators under
Different Field Conditions and Selecting Further
Technological Decisions

The constructed equations were applied to West
Prorva reservoir units whose geological and

46
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technological conditions differ from the calibration
cases. Of nine described units, five had the complete
inputs needed for calculation: VIII-2, VIII-3, 1X-2,
T-Il, and T-lll. Three intervention alternatives were
evaluated for each unit, producing 15 scenarios.
Tab. 3 reports the highest-ranked alternative
for each unit.

Production optimization ranked first for [IX-2
and VIII-2. NWZT+P ranked first for T-lll and VIII-3,
whereas acid treatment plus perforation ranked
first for T-ll. The decision memberships were
modest. This agrees with the source observation
that some target conditions produced excessively
high or low numerical forecasts because the target
and calibration data came from different fields.

The ranking therefore preserves the original
purpose of the approach: to compare alternatives
when information is incomplete. At the same time,
the low membership values are warning signals.
They indicate that the target object does not
closely reproduce a confident calibration pattern
and that the numerical results should be checked
by field-specific engineering analysis before
implementation.
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Table 3. Highest-ranked intervention for West
Prorva reservoir units

Reservoir| Highest-ranked

unit intervention (e iferpictation
Production Highest membership

1X-2 A 0.48 .
optimization among the three scenarios

T NWZT+P 035 Relative preference; local

verification required

Acid treatment + Relative preference; local

i perforation 0.33 verification required
. Low membership;
VIII-2 Prqdupthn 0.29 |recommendation is
optimization .
tentative
Very low membership;
VIII-3  INWZT+P 0.15 |insufficient for direct

deployment

Values are relative scores within the three alternatives tested for each
reservoir unit; they are not probabilities of success.

Discussion

The analysis confirms that geological, physical,
and technological variables contain useful
information for GTM assessment, but the strength
of the relationship differs markedly among outcomes
and intervention types. This outcome-specific
behaviour is physically plausible. Treatment
response depends not only on the reservoir
variables retained in the matrix but also on treatment
volume, chemical concentration, perforation design,
well integrity, equipment condition, execution
quality, downtime, and contemporaneous operating
constraints. These variables were not represented
in the consolidated dataset.

The fuzzy max-min rule remains useful because
it organizes a multi-criteria decision and makes
the limiting outcome visible. Nevertheless, fuzzy
ranking cannot repair weak underlying regressions.
When an outcome model has poor held-out
performance, its membership value also carries
substantial uncertainty. A responsible workflow
should use the ranking to shortlist alternatives,
then apply local simulation, economic screening,
integrity checks, and expert review.

The West Prorva exercise demonstrates compu-
tational transfer, not predictive transfer. The pro-
cedure accepts a new input vector and produces
a comparative order, but the absence of observed
post-treatment outcomes prevents independent
external validation. Prospective application sho-
uld record the selected candidates, predicted
indicators, treatment design, and actual results
so that the model can be recalibrated and tested
on genuinely independent field data.

Limitations of the approach
The consolidated intervention matrix does not re-
tain a reliable field identifier. Representativeness
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by individual field and field-blocked validation
therefore cannot be established from the available
material.

The group sizes are small relative to nine predictors,
and repeated reservoir units may reduce the effec-
tive number of independent observations. Five-fold
cross-validation limits optimistic interpretation but
does not remove this structural uncertainty.
Calculations were reproduced from rounded
tabulated values. If the original unrounded database
becomes available, the regressions and validation
metrics should be recalculated.

West Prorva supplied complete inputs for only five
units and no observed outcomes for the calculated
alternatives. The ranking is therefore an applicability
test, not an independent external validation.
Intervention-design variables, execution quality,
well integrity, downtime, and economic indicators
were not included. Equal criterion weights may
not correspond to local operational priorities. The
equations should be used only within the observed
input ranges and for intervention definitions
consistent with the calibration data. Materially
different geological or operational conditions require
local recalibration and prospective validation.

Conclusion

The original research logic — from geological
and technological indicators, through dimensionality
reduction and regression, to fuzzy comparative
selection — has been retained. The available
intervention matrix contains 107 cases distributed
among three GTM types and supports exploratory
modelling and comparative analysis.

Five-fold cross-validation showed that predictive
ability is outcome-specific. The most useful results
were obtained for effect duration and post-treatment
oil rate after NWZT+P, and for post-treatment oil
rate after acid treatment plus perforation. Most
production-optimization equations were unstable
on held-out observations.

The fuzzy-set procedure provides a transparent
ranking of alternative GTMs. For the five complete
West Prorva units, the preferred alternatives
reproduced the source calculations, but the decision
memberships were low to moderate.

Accordingly, the method may be used for preliminary
screening and comparative decision support.
It should not be used for unconditional numerical
prediction outside the calibration domain. Field-
specific recalibration and validation against
observed post-intervention results are required
before operational deployment.

AONONHUTENBHO
UcTouHnkK cmHaHCcuMpoBaHuA. ABTOpbI 3asiBNSAIOT
06 OTCYTCTBMM  BHELHEro  UHaHCMPOBaHMWS

npun nposegeHUn nccrieaoBaHus.



ORIGINAL ARTICLES

Vol. 8, Ne 3 (2026)

Kazakhstan journal for oil & gas industry

Competing interests. The authors declare
that they have no competing interests.

Authors’ contribution. All authors confirm
that their authorship complies with the international
ICMJE criteria (each author made a significant
contribution to the study conception, research
implementation, and manuscript preparation, read
and approved the final version before publication).
The main contributions are distributed as follows:
Zhomart K. Zhanturin — text writing, analytics; Murat
N. Abishev — work with sources, manuscript editing;
Yessengeldi U. Arystanaliyev — overall supervision
of the preparation; Zhanylsyn K. Zaidemova —
source research, preparation of the literature review;
Shokhan M. Medetov — preparation of formulas
and reference data.

KoHdnukt wuHTepecoB. ABTOpbl AeknapupylT
OTCYTCTBME SIBHbIX M MOTEHLUMasbHbIX KOHMIUKTOB
WHTEPECOB, CBSA3aHHbLIX C Nybnukaunen HacTosLen
craTtbu.

Bknag aBTopoB. Bce aBTopbl noaTBeEpXAaloT
COOTBETCTBME CBOEr0 aBTOPCTBA MEXOyHapOAHbIM
kputepuam ICMJE (Bce aBTOpbl BHECNU Cy-
LeCTBEHHbI BKNag B pa3paboTky KoHuenuuwu,
NpoBefEeHNe WCCNenoBaHUSt U NOAFOTOBKY CTaTbw,
npounu n opgobpunu uHanbHyl Bepcuio nepeq
nybnukaumven). Hanbonblimnin Bknag pacnpenenéH
cnegyowmm obpasom: XautypuH XK.K. — Hanu-
CaHve TekcTa, aHanuTuka; Abuwes M.H. — pa-
6oTa C WCTOYHWMKaMW, peaakTUpOBaHUE pyKo-
nucu; ApctaHanueB E.Y. — obuwee pykoBoacT-
BO  MOArOTOBKOW,  CTPYKTYpUpOBaHWE  TEKCTa;

3anpemoBa X.K. — paboTa ¢ ncrtoyHvkamm, nogro-
TOBKa nuTepaTtypHoro o63opa; Megetos W.M. —
noaroToBka hopMyIn 1 CNPaBOYHbIX AaHHbIX.

REFERENCES

1. Zhanturin ZK, Arystanaliyev YU, Zaidemova ZK, et al. Overview of assessment methods for the effectiveness
of geological and technical measures in oil and gas production. Kazakhstan journal for oil & gas industry. 2024;6(4):78—86.
doi: 10.54859/kjogi108800. (In Kaz).

2. Zhanturin ZK, Kanbetov AS, Musrepova AT. Metody otsenki effektivnosti geologo-tekhnicheskikh meropriyatii. Universum:
Tekhnicheskiye nauki. 2020;3.1(72.1):24-29. (In Russ).

3. Efendiyev GM, Dzhanzakov I, Zhanturin ZK, Musrepova AT. K voprosam prinyatiye resheniy po vyboru GTM v usloviyakh
mestorozhdeniya zapadnogo Kazakhstana na osnove strategicheskogo analiza. Mul'tidistsiplinarnyy nauchnyy zhurnal
«Arkhivarius». 2019;11(44):13-14. (In Russ).

4. Abasov MT, Efendiyev GM, Strekov AS, et al. Comparative evaluation of GTM effectiveness based on comprehensive
information. Oil Industry. 2003. No. 10. P. 70-73. (In Russ).

5. Abasov MT, Strekov AS, Efendiev GM. Povysheniye effektivnosti izolyatsii nagnetatel'nykh skvazhin polimernymi
rastvorami. Proceedings of the Azerbaijan National Academy of Sciences, Earth Sciences. 2000;2:95-98. (In Russ).

6. Kazakov AA. Giperbolicheskiy zakon v metodakh kharakteristik vytesneniya. Scientific and technical achievements
and best practices recommended for implementation in the oil industry. 1991;3:6-10. (In Russ).

7. Lysenko VD. Otsenka effektivnosti meropriyatiy po uvelicheniyu dobychi nefti | konechnoy nefteotdachi. Oil Industry.
2001;12:49-54. (In Russ).

8. Tuzel'bayeva SR. Nauchno-metodicheskiye aspekty sistemy sbora i analiza informatsii i prinyatiya resheniy pri razrabotke
mestorozhdeniy s trudnoizviekayemymi zapasami [dissertation]. Almaty; 2025. (In Russ).

9. Krumbein WC, Kauffman ME, McCammon RB. Models of geologic processes. Moscow: Mir; 1973. 151 p.

10. Anderson TW. An Introduction to Multivariate Statistical Analysis. New York: John Wiley & Sons; 1958.

11. Kendall MG. A Course in Multivariate Analysis. London: Charles Griffin & Company; 1957.

12. Rao C.R. The use and interpretation of principal component analysis in applied research. Sankhya. 1964;26:329-358.
13. Zadeh L.A. Fuzzy sets. Information and Control. 1965;8(3):338-353. doi: 10.1016/S0019-9958(65)90241-X.

CMUCOK NCNOSIb30OBAHHOM JIUTEPATYPbI

1. XaHmypun XK.K., Apcmaxanues E.Y., 3alidemosa XK.K., u Op. O630p MeTonoB OLeHKM 3(DEKTUBHOCTU FEONOro-
TEXHUYECKUX MeponpusiTuin B HedTerazonobbiye // BecTHuk HedTerazoBor otpacnu KasaxcraHa. 2024. T. 6, Ne4. C. 78-86.
doi: 10.54859/kjogi108800.

2. XKanmypur XK.K., Kan6emos A.LLl., Mycpenoea A.T. MeTopbl oLeHkn 3dhEKTVBHOCTM reonoro-TeXHNYECKUX MeponpuaTUn
/I Universum: TexHuueckue Hayku. 2020. 3.1 (72.1). C 24-29.

3. Ogpendues M., [JxaH3akoe U.N., XKanmypur XK.K., Mycpernosa A.T. K Bonpocam npuHsiTve peluenunii no seibopy MM
B YCNOBMSIX MECTOPOXAeHVs 3anagHoro KasaxctaHa Ha OCHOBe cTpaTernyeckoro aHanmusa. // MynstuaucumnimHapHbIn
Hay4HbIN xXypHan «Apxusapuyc». 2019. Ne11 (44). C. 13-14.

4. Abacos M.T., OcpeHdues M., Cmpekoe A.C., u dp. OueHka CpaBHUTENbHON 3(MEKTUBHOCTU FE€ONOro-TEXHUYECKNX
MepOonpuATUIA C MCMONb30BaHNEM KOMMMEKCHON nHdopmaumm // HedraHoe xossiictso. 2003. Ne 10. C. 70-73.

5. Abacos M.T., CipekoB A.C., OcbeHaneB M. [MoBbiweHne 3HEKTUBHOCTU M3ONAUMM HarHeTaTeNbHbIX CKBaXWUH
nonmmepHeiMn pacteopamu // N3sectus HAH AsepbainmkaHna. Hayku o 3emne. 2000. Ne 2. C. 95-98.

6. Kasakos A.A. Mmnepbonuyeckuii 3aKkOH B MeTOAAX XapakTepUCTWK BbITeCHeHUst // Hay4yHo-TexHW4eckue AOCTVDKEHUS
1 NepefoBON OMbIT, PeKOMeHAyeMble Anst BHeApeHust B HedbTsHOW npombiwneHHoct. 1991. Ne 3. C. 6-10.

7. JlbiceHko B.[]. OueHka 3ahdeKTMBHOCTM MEeponpuAaTUiA MO YBENUYEeHMo A00bldM HedTN U KOHeYHoN HedTeoTaauu //
HedraHoe xo3siictBo. 2001. Ne 12. C. 49-54.

8. Tysenbbaesa C.P. HayuHo-meToamyeckue acnekTbl cucTeMbl c6opa M aHanmsa MHOPMauuM U NPUHATUAS peLueHni
npu paspaboTke MECTOPOXAEHWI C TPYAHOM3BNEKaeMbIMM 3anacamu : guc. ... PhD. Anmartsl, 2025.

4R e DOI: 10.54859/kjogi109026


https://doi.org/10.54859/kjogi108800
https://doi.org/10.1016/S0019-9958(65)90241-X
https://doi.org/10.54859/kjogi108800

OPUI'MHAJIbHBIE UCCJIEJJOBAHUA

Tom 8, Ne 3 (2026)

BectHuk Hedyrera3osoii orpacin Kasaxcrana

9. KpymbelH Y.K., Kaydpmar M.E., Mak-Kammor P.6. Mogenu reonoruyeckux npoueccoB. Mockea : Mup, 1973. 151 c.

10. Anderson T.W. An Introduction to Multivariate Statistical Analysis. New York : John Wiley & Sons, 1958.
11. Kendall M.G. A Course in Multivariate Analysis. London : Charles Griffin & Company, 1957.
12. Rao C.R. The use and interpretation of principal component analysis in applied research // Sankhya. 1964. Vol. 26. P.

329-358.

13. Zadeh L.A. Fuzzy sets // Information and Control. 1965. Vol. 8, No. 3. P. 338-353. doi: 10.1016/S0019-9958(65)90241-X.

WH®OPMALIMA O ABTOPAX

*XanTtypuH XXomapt KanpxaHoBu4
KaHA. TeXH. HayK, AOLEHT

ORCID 0009-0007-4944-1850

e-mail: aing-zhomart@mail.ru.
A6uweB MypaTt HukonaeBuu

KaHA. TEeXH. HayK, AOLEHT

ORCID 0009-0001-5793-3800

e-mail: m_abishev_nik@mail.ru.
ApcTtaHanueB EceHrengu YtewoBuy
KaHg. TeXH. Hayk, npodeccop

ORCID 0000-0001-7219-2038

e-mail: esen-65@mail.ru.

3anpgemoBa XaHbincbiH KanuaynnaeBHa
KaHA. TeXH. HayK

ORCID 0000-0002-6628-024X

e-mail: b.n.m.99@list.ru.

MepneTtos LLlokaH MepeToBuy

KaHA. TeXH. HayK

ORCID 0009-0002-0137-228X

e-mail: medetov.76@mail.ru.

AUTHORS’ INFO

*Zhomart K. Zhanturin

Cand. Sc. (Engineering), Associate Professor
ORCID 0009-0007-4944-1850

e-mail: aing-zhomart@mail.ru.

Murat N. Abishev

Cand. Sc. (Engineering), Associate Professor
ORCID 0009-0001-5793-3800

e-mail: m_abishev_nik@mail.ru.
Yessengeldi U. Arystanaliyev

Cand. Sc. (Engineering), Professor

ORCID 0000-0001-7219-2038

e-mail: esen-65@mail.ru.

Zhanylsyn K. Zaidemova

Cand. Sc. (Engineering)

ORCID 0000-0002-6628-024X

e-mail: b.n.m.99@list.ru.

Shokhan M. Medetov

Cand. Sc. (Engineering)

ORCID 0009-0002-0137-228X

e-mail: medetov.76@mail.ru.

*ABTOp, OTBETCTBEHHBIV 3a nepenucky / Corresponding Author



https://doi.org/10.1016/S0019-9958(65)90241-X
https://orcid.org/0009-0007-4944-1850
mailto:aing-zhomart@mail.ru
https://orcid.org/0009-0001-5793-3800
mailto:m_abishev_nik@mail.ru
https://orcid.org/0000-0001-7219-2038
mailto:esen-65@mail.ru
https://orcid.org/0000-0002-6628-024X
mailto:b.n.m.99@list.ru
https://orcid.org/0009-0002-0137-228X
mailto:medetov.76@mail.ru.
https://orcid.org/0009-0007-4944-1850
mailto:aing-zhomart@mail.ru
https://orcid.org/0009-0001-5793-3800
mailto:m_abishev_nik@mail.ru
https://orcid.org/0000-0001-7219-2038
mailto:esen-65@mail.ru
https://orcid.org/0000-0002-6628-024X
mailto:b.n.m.99@list.ru
https://orcid.org/0009-0002-0137-228X
mailto:medetov.76@mail.ru.

Kazakhstan journal for oil & gas industry 2026,8(3):50-59

UDC 622.276
CSCSTI 61.74.31

DOI: 10.54859/kjoqi108979

Received: 29.04.2026.
Accepted: 26.08.2026.
Published: 30.09.2026.

Original article

Investigation of Chemical Formulations for The Removal
of Asphaltene—Resin-Paraffin Deposits

Zhanetta A. Tleugaliyeva?, Yerbolat O. Ayapbergenov’, Yevgeniy K. Ogay?,
Maira B. Turkmenbayeva®, Anar Sh. Akkenzheyeva?, Ainur K. Shakirova*
'Branch of KMG Engineering “KazNIPImunaigas”, Aktau, Kazakhstan

2KMG Engineering, Astana, Kazakhstan

3Yessenov University, Aktau, Kazakhstan

“A.B. Bekhturov Institute of Chemical Sciences, Almaty, Kazakhstan

ABSTRACT

Background: This article presents the results of laboratory investigations of newly developed high-
performance formulations intended for the removal of asphaltene-resin—paraffin deposits (ARPD)
formed during oil production and transportation. ARPD are solid organomineral deposits composed
mainly of paraffins, asphaltenes, resins, and mechanical impurities that accumulate on the internal
surfaces of oilfield equipment, thereby reducing its productivity and causing operational problems.
This issue is particularly relevant for the oil fields of the Mangystau region, where crude oils
are characterized by a high paraffin content.

Aim: To develop an effective, readily available, and low-toxicity formulation for the dissolution
and removal of solid ARPD.

Materials and methods: A comprehensive set of laboratory studies was conducted to evaluate
the dissolving, removing, and cleaning performance of the developed formulations in accordance
with the approved methodology. The composition of ARPD samples was investigated in accordance
with the applicable regulatory documents (GOST).

Results: Laboratory experiments conducted at 25°C and 60°C demonstrated that temperature
significantly affects both the dissolution rate and the extent of ARPD removal. Formulations containing
more than 6 wt% surfactants achieved ARPD dissolution and removal efficiencies of up to 100%. Even
at lower temperatures of 25°C, ARPD removal efficiency exceeded 98%, indicating that the developed
formulations are suitable for application across a wide temperature range.

Conclusion: Within the framework of this study, the composition of paraffinic-type ARPD samples
collected from different sections of the investigated field was analyzed. Based on the obtained data,
hydrocarbon-based formulations were developed using a pentane—hexane fraction (PHF) as the solvent,
with the addition of nonionic and anionic surfactants (OP-10 and sulfonol). These components provide
a synergistic effect in dissolving and dispersing the deposits. The proposed formulations demonstrated
high efficiency in the destruction and removal of solid deposits within a short period of time, contributing
to reduced operating costs and improved operational reliability of oilfield equipment.

Keywords: asphaltene—resin—paraffin deposits; hydrocarbon solvents; surfactants; solvent formulations;
dissolution efficiency; removal efficiency; detergency; pentane—hexane fraction; oilfield deposits.
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OerMHaanoe unccnegosaHue

UccnepoBaHne KOMMNO3ULIMOHHbLIX COCTaBOB
Ana yaaneHusa accgansrocMornonapamMHOBbIX OTIIOXEHUN

X.A. TneyranueBa'?, E.O. Aan6epreHoB’, E.K. Oran? M.B. TypkmeHGaeBa®,

A.LL. AkkeHxeeBa®, A.K. LLlaknpoBa*

'"®unuan KMI UnxuHupuHe «KasHUTMWmyHatizas», e. Akmay, KasaxcmaH

2KMI” UnxuHupuHe, 2. AcmaHa, KasaxcmaH

SKacnutickul yHusepcumem mexHosio2uli U UHXUHUpPUH2a um. L. EceHoea, e. Akmay, KazaxcmaH
“‘UHcmumym xumuyveckux Hayk um. A.b. bekmypoea, . Anmambl, KazaxcmaH

AHHOTALMUA

O6ocHoBaHMue. B ctatbe npeacraBneHbl pesynsratbl abopaTopHbIX McCnefoBaHuin pa3paboTaHHbIX
3P(PEKTUBHBIX KOMMNO3WLUMIA, NpEeAHa3Ha4YeHHbIX [Ana  yaaneHus  acdanstocMononapaduHOBBLIX
otnoxeHun (ganee — ACIIO), obpasywowmxca B npouecce AOObIMM U TPAHCMOPTUMPOBKM HedTU.
ACIO npeactaenstoT cobon TBEpAblE OpraHOMUHEpanbHble OCadKW, COCTOSLME MPEenMyLLeCTBEHHO
13 napacuvHoB, acdansTeHoB, CMON U MEXaHWYeCcKUX MpUMECEN, KOTOpble OTKMNaAbiBalOTCs
Ha BHYTPEHHMX NMOBEPXHOCTAX HedpTenpoMbICIoBOro 060pyaoBaHNs, CHUXas ero NpoM3BOAUTENBHOCTb
1 Bbl3blBasi OCMOXHEHUsI B 3kcnnyaTaumm. OcobeHHO akTyarnbHa AaHHas npobnema Ans MeCTOPOXAEHUIA
MaHrucrayckoro permoHa, rage HedTb XapakTepmayeTcs NOBbILLEHHbIM COAepKaHWeM napacmHoB.
LUenb. [lpoBegeHve HayuyHbIX WCCNELOBaHWIA, HaMpaBrfeHHbIX Ha pas3paboTky addeKTUBHON
KOMMO3MLMW AA pacTBOPEHNst U yaaneHus Teepabix otnoxeHun ACIO, obnagatowien AOCTYNHOCTBIO U
He TOKCUYHOCTBIHO.

Matepuanbl u MetoAabl. Komnnekc nabopaTopHbIX WCCNEfoBaHUA MPOBOAWUMACA MO  OLEHKe
pacTBopsiloLLen, yoansiowen u Mowen CnocobHOCTU paspaboTaHHbIX COCTaBOB B COOTBETCTBUM
c yTBepxxaéHHon metoamkon. CoctaBbl ACIMNO nccneqoBaHbl COrMacHO YTBEPXKAEHHBIM HOPMaTUBHBLIM
pokymeHTtam (FOCT).

Pesynbratbl. Pe3ynsratel nabopatopHbix nccnegosaHui npy temnepatypax 25°C n 60°C nokasanw,
YTO TEeMMNepPaTypHbIA PEXNM OKa3biBAET CYLLECTBEHHOE BMUSIHAE HA CKOPOCTb M rMyOuHy pacTBOpeHWs
ACIMO. Komnosuuun, copepxawme 6Gonee 6% NOBEPXHOCTHO-aKTUBHBIX BeLLecTB, obecneumBatoT
achbdekTnBHOCTL yaaneHns n pactBopeHus ACIMO pgo 100%. [Mpu NOHWXKEHHbIX TemnepaTtypax
(25°C) adbdpektBHOCTL yaaneHwuss ACIMO npeBblwaetr 98%, 4TO AenaeT coCTaBbl MPUrOAHLIMU
Ans NPYMEHEHNs B LULMPOKOM AnanasoHe TemnepaTyp.

3aknioueHne. B pamkax paboTtel u3ydeH coctaB ACIMO napaduHOBOro Tuna, OTOBPaHHbIX
C pasnunyHbIX Y4yacTKOB WCCMedyemMoro MecTopoxaeHus. Ha ocHOBe MNOMnyyYeHHbIX [OaHHbIX
ObinM  pa3paboTaHbl KOMMO3WLMKM Ha YrNeBO4OPOOHON OCHOBe (MeHTaH-rekcaHoBas dpakums)
¢ fo6aBneHneM HEMOHOTEHHOTO 1 @aHWOHHOTO NMOBEPXHOCTHO-aKTUBHbIX BellecTs (OM-10 u cynbdoHon),
obecneunBaoLLnX CUHEpPreTUYeckuin apdekT pacTBOpeHnss M aucneprupoBanus. [peanoXeHHble
KOMMO3WLMM  AEMOHCTPUPYIOT BbICOKYID 3(MEKTUBHOCTL B paspylleHnM W yaaneHuu TBEpAbIX
OTIOXEHUI 3a KOPOTKOE BPEMsi, COCODBCTBYHOT CHWXEHUIO 3KCMyaTaLUMOHHBIX 3aTpaT U MOBbILIEHMWIO
HagéxXHocTn paboTbl HedbTenpoMbICNOBOro obopyaoBaHus

Knroyeenble criosa: acghanbmocMononapauHoOsble OMIIOKEHUs, pacmeopumernu, Mo8epXHOCMHO-
aKmuseHble eeujecmea, KOMIMO3UUUsi, COCmaebl, pacmeopsirowasi crnocobHocms,  ydansawowas
€rnocobHoCMb, Motowasi cnocobHOCMb, MeHMaH-2ekcaHosasi hpakyus.
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TynHycka 3epTTey

AcdanbTt-lwanbip-napadpuH weriHAainepiH Ketipyre apHanfaH
KOMMO3ULUUANbIK Kypamaapabl 3epTrey

X.A. TineyranueBa'?, E.O. Aan6epreHoB’, E.K. Oran?, M.B. TypkimeHb6aeBa?,

A.lL. AkkeHxeeBa®, A.K. LLlaknposa*

KMI™ UnxxuHupuHe «KasmyHalieasf-3)KW» ¢unuanst, Akmay Kanacel, KasakcmaH

2KMI™ UnxxuHupuHe, AcmaHa Kanachkl, KasakcmaH

3lll. EceHosa ambiHOaFbl Kacruli mexHonoausinap xoHe UHXUHUPUHe yHUsepcumemi, AKmay Kanachkl,
Kazaxcman

“©.5. bekmypos ambiHOarbl XUMUS FblribiMOapkl UHCMuUMymbl, AfiMamel Kanacbl, KazakcmaH

AHOATNA

Herispey. Makanaga myHali eHgipy o8He TacbiMangay 6apbicbiHaa nanga 6GonatbiH acdanst-
wanblp-napacuH (ALWM) weriHginepiH keTipyre apHanfaH Tuvimai KoMnosvumsnapablH 3epTxaHanblk
3epTTey HaTwxenepi kenTipinreH. ALUM weriHainepi — HeridiHeH napaduHaepaeH, acansreHaepaeH,
WanblpnapoaH XeHe MexaHuKanblK KocranapgaH TypaTbiH KaTTbl OpraHoMuHepangblk TyHOanap
6onbin Tabbinagbl, onap MyHal KeH opblHAapblHAAFbI abablkTapablH iWwki 6eTTepiHe werin, XXyneHiH
eHiMAINiriH TemeHAeTIN, Nanganady yaepiciHae Typni KMblHAbIKTap TyblHAaTaabl. byn macene acipece
napaduH Menwepi xofapbl 6onatbliH MaHfbICTay eHipiHAeri KeH opblHAAapPb! YLUIH ©3€eKTi.

MakcaTtbl. KomkeTimai api ybITThiNbIFbl TeMeH kaTTbl ALUTM weriHainepiH epiTyre xoHe xotofa apHarnfaH
THIMAI KOMNO3WLMSAHBI 83ipneyre GarbITTanfFaH FbINbIMU 3ePTTEYNEP XYPri3y.

Martepuanpgap MeH agicTep. OsiprneHreH KypamaapablH epiTy, O XaHe Xyy kabineTtepiH Garanay
OowblHLWA KelleHai 3epTxaHarnblk 3epTTeynep OekiTinreH agictemere cankec xyprisingi. ALUM weringinep
Kypambl 6ekiTinreH HopmaTumeTik Kyxattapra (MEMCT) cenkec 3epTTengi.

HaTtuxenepi. 25°C xxaHe 60°C TeMnepaTtypaga »yprisinreH 3eprxaHarnblk TaxipubenepaiH HaTwxkenepi
Temnepatypanblk pexumMHiy AL epiTy Xblngamabifbl MEH TepeHairiHe anTapnblkTam acep eTeTiHiH
kepceTTi. KypambiHaa 6%-aaH actam BB3 6ap komnosunumanap AWM-Hbl epity meH keTipyaiH 100%
TMiMZINIriH kamTamacbl3 etedi. TemeH Temnepatypanapaa (25°C) AFP-Hbl anbin Ttactay TuiMAiniri
98%-paH acagpl, 6yn kypamaapabl apTypni TemnepaTtypa Auanas3oHbliHAa KongaHyFa Konawnbl etegi.
KopbITbiHAbI. 3epTTey asicbiHAa KeH OPHbIHbIH, 9PTYPIi yYackenepiHeH anbiHFaH napaduHAaiK TUNTeri
ALLMM weriHainepiHiH KypaMbl 3epTTeni. AnbiHFaH ManiMeTTep HerisiHge KeMipcyTek HeridiHaeri (neHTaH-
rekcaH ppakumsicbl) xoHe OeTTik-6encenai 3attapabiH (BB3) — 6ennonabl (OMN-10) xaHe aHWOHABIK
(cynbdhoHon) kocnanapbl 6ap komnosuuusinap a3ipneHai. byn komnoneHTTep ALUM KypbinbIMbIH
epiTin, gucneprupney npoueciHae cuHepreTukanblk acep 6epeni. YCbIHbINFaH KOMNo3uuusinap Kbicka
yakbIT iWiHae KaTTbl WeriHainepai TviMai epitin, KeTipy apkbinbl MyHaw eHAipiciHaeri »xabablkTapabiH,
CeHimMainiriH apTTeIpbIn, NakganaHy WbIfbiHAAPbIH a3anTyFa biknan eTeqi.

Hezizai ce3dep: acghanbm-walibip-napaguH weeiHdinepi, epimkiwmep, 6emmik-6enceHdi 3ammap,
KOMMo3uyus, Kypam, epimkiwmik Kabinemi, kemipy Kabinemi, Xyy Kabinemi, neHmaH-2ekcaH ¢hpakyusicol.

[anekcoes KenTipy yLiH:

Tineyranuesa XK.A., AsnbepzeHos E.O., Ozau E.K., xsHe 6. Acdanbr-lwanbip-napaduH LweriHginepiH
KETipyre apHanfaH KoMMno3vuusanblK Kypamaapdbl 3epttey // KasakCcTaHHblH MyHan-ra3 canacbliHblH
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© Tineyranuesa X.A., Asn6eprenos E.O., Oraii E.K., JInnensusicel CC BY-NC-ND 4.0
Typkximen6aeBa M.b., Akkerxeesa A 1L, Illakuposa A.K., 2026



https://creativecommons.org/licenses/by-nc-nd/4.0/deed.ru
https://doi.org/10.54859/kjogi108979
https://doi.org/10.54859/kjogi108979

OPUI'MHAJIbHBIE UCCJIEJJOBAHUA

Tom 8, Ne 3 (2026)

BectHuk Hedyrera3osoii orpacin Kasaxcrana

Introduction

The formation of asphaltene—resin—paraffin de-
posits (ARPD) is one of the most significant
challenges affecting the uninterrupted operation
of oil production systems. Throughout the entire
lifecycle of oil and gas field development, paraffin
deposition remains one of the most critical and
technologically complex issues encountered during
oil production, transportation, and processing [1, 2].
ARPD are formed as a result of the precipitation
of high-molecular-weight components, including
paraffins, resins, and asphaltenes, from crude
oil due to changes in thermobaric conditions
and phase composition during fluid flow from
the reservoir to the wellhead, as well as during
subsequent transportation through trunk pipelines.
The accumulation of ARPD within the flow passages
of oilfield equipment and on the internal surfaces
of pipelines leads to a reduction in the overall
productivity of the production system, a decrease
in the time between well interventions, and dimi-
nished pumping efficiency [3, 4]. The issue of ARPD
formation is particularly acute in regions such
as the Mangystau Region, where crude oils are cha-
racterized by a high paraffin content.

It is well established [4-7] that ARPD constitute
a complex multicomponent system comprising
asphaltenes, paraffins, resins, and mechanical im-
purities, as well as minor amounts of oil and water
retained within the pore space of the deposits.
The principal components directly involved in ARPD
formation are asphaltenes and paraffins. Resins
do not participate directly in the deposition process;
however, they co-precipitate with asphaltenes,
contributing to the stabilization of the deposit
structure. Paraffins are nonpolar, non-aromatic com-
pounds that are incapable of spontaneous self-asso-
ciation. They are readily soluble in light alkanes and
tend to crystallize as the temperature decreases.
In contrast, asphaltenes are the most polar and
aromatic constituents of crude oil and exhibit a strong
tendency toward self-association even in highly
diluted solutions. They are insoluble in alkanes
and do not crystallize upon cooling. The removal
of ARPD using organic solvents is a complex physi-
cochemical process involving the simultaneous
dissolution and dispersion of deposit components.
Significant differences in the solubility behavior
of paraffins, asphaltenes, and resins in various
classes of hydrocarbons necessitate the careful
selection of solvent formulations and deposit-remo-
val compositions, taking into account the molecular
characteristics of each ARPD component.

In oilfield practice, the mitigation of ARPD formation
is generally carried out through two main approaches:
preventing deposit formation and removing already
formed deposits. Both approaches are implemented
using physical and chemical treatment methods [8].
The use of solvents for the removal of already for-
med solid ARPDs is one of the most well-established
and widely applied methods for enhancing oil pro-
duction, transportation, and processing operations [9].

Patent studies reported in [10, 11] describe va-
rious formulations developed for ARPD removal.
However, their application is associated with several
limitations, including insufficient removal efficiency
(less than 90% with respect to ARPD), high pro-
cess duration and energy consumption, as well
as considerable cost resulting from the limited
availability of chemical reagents incorporated
in the formulations. These reagents are generally
petroleum-derived products or intermediates with
high added value. An additional drawback is the use
of toxic aromatic hydrocarbons as solvents.

Therefore, the development of efficient multicom-
ponent formulations capable of exerting a compre-
hensive effect on all ARPD constituents at reduced
temperatures and with minimal operating costs
remains an important and relevant research challenge.

Materials and methods

To address the problem of ARPD dissolution
and removal, a formulation based on a pentane—
hexane fraction (PHF), a nonionic surfactant, and
an anionic surfactant (sulfonol) was developed.
The formulation was designed to reduce interfacial
tension, improve surface wettability, and promote
the dispersion of ARPD components through
surfactant action.

A PHF, consisting of a mixture of low-molecular-
weight aliphatic hydrocarbons, was employed
as the primary solvent. The selection of this solvent
was dictated by its high dissolving capacity toward
paraffinic hydrocarbons and its relatively low toxicity
compared with aromatic solvents.

An ethoxylated nonionic surfactant (OP-10)
and an anionic alkylbenzene sulfonate surfactant
(sulfonol) were used as surface-active agents.
The use of a mixture of anionic and nonionic sur-
factants was motivated by the possibility of achieving
a synergistic effect, resulting in reduced interfacial
tension, enhanced dispersing ability, and disruption
of the structural matrix of ARPD.

Characterization of the
samples

The physicochemical composition of ARPD samples
collected from various locations within the investiga-
ted oil field was examined as part of the laboratory
study. The analytical results obtained for the selected
samples are presented in Tab. 1.

investigated ARPD

Table 1. Composition of ARPD samples collected
from different locations of the investigated oil field

Content, wt%
mecha- .
Sample .| asphal- . nical |P/(A+R) IR
paraffins resins | . type

tenes impu-

rities
No.1 19.3 0.5 9.8 9.2 1.9 paraffinic
No.2 124 1.9 7.0 11.03 14 paraffinic
No.3 19.2 0.6 10.0 66.8 1.8 paraffinic
No.4 20.6 0.1 7.7 0.2 26 paraffinic
No.5 19.3 0.1 6.5 2.8 2,9 paraffinic

....................................................... 53
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Content, wt%
mecha- .
Sample .__| asphal- . nical |P/(A+R) Deposit
paraffins resins | . type
tenes impu-
rities
No.6 19.2 0.2 75 2.8 2,5 paraffinic
No.7 18.0 0.5 6.7 71 2,5 paraffinic
No.8 17.2 0.2 6.0 0.1 2,8 paraffinic
average 18.2 0.5 7.7 12.5 2,3 paraffinic
The laboratory analyses demonstrated

that the investigated ARPD samples belonged
to the paraffinic type, exhibiting a melting point
of 74°C. AQuantitative compositional analysis
showed that the deposits contained 0.1-66.8 wt%
mechanical impurities, 0.1-1.9 wt% asphaltenes,
12.4-20.6 wt% paraffins, and 6.0-10.0 wt% resins.

Experimental procedure for evaluating ARPD
solvent performance

A series of laboratory experiments was
conducted to evaluate the dissolving, removal,
and detergency performance of the developed
formulations in accordance with the methodology
described in Measurement procedure No.05-2021,
«Laboratory Investigation of Chemical Rea-
gents Used in Oil Production and Treatment Pro-
cesses», developed by the Branch of ‘KMG
Engineering” LLP “KazNIPImunaigas” under
No.KZ.06/01/00327-2021 dated  October 8,
2021 [12].

To determine the dissolving capacity, model
ARPD samples were prepared from solid deposits
in the form of spherical pellets with diameters
ranging from 10 to 15 mm. The prepared samples
were weighed using an analytical balance both
without and together with a metal mesh.

For evaluating ARPD removal efficiency, the mold
surface was initially prepared by polishing
with No.0 abrasive paper, degreasing with acetone,
drying, and determining its initial mass. Subsequently,
a weighed portion of ARPD was placed in a glass
beaker and melted in a water bath at (80+0.5) °C.
The molten material was homogenized by stirring
and then poured into the prepared mold. Excess melt
was removed using a metal plate to ensure complete
filling of the mold cavity. The surface of the sample
was required to be smooth, and the deposit had
to completely occupy the mold volume. The prepared
samples were maintained at room temperature for
24 hour until a constant mass was attained. Prior
to testing, the masses of the mold coated with ARPD,
the ARPD sample without the mesh, and the sample
together with the mesh were determined.

To evaluate the dissolution and removal efficiencies,
the prepared samples were immersed in 50—100 cm?®
of the investigated formulation placed in a glass
beaker.

The ARPD samples were exposed to the inves-
tigated formulations at temperatures of 25°C
and 60°C. The temperature was maintained
using a thermostatically controlled water bath.

G4 e
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The duration of the experiments was 3 hour for
dissolution tests and 1 hour for removal tests. During
the experiments, visual observations of deposit
destruction and dissolution behavior were carried
out.

Upon completion of the experiment, the samples were
removed from the solution, dried at room temperature
for 24 hour, and subsequently reweighed. At least
two parallel measurements were performed for each
formulation, and the arithmetic mean of the obtained
values was reported as the final result.

The efficiency of dissolution or removal ( ) was
calculated according to:

my —mp
E=———-100,wt%
m

M
where m, — the mass of the deposits used for the
experiment, g; m, — the mass of the deposits after
the experiment, g.

The average efficiency (Eavg) was determined
as the arithmetic mean of two parallel measurements
according to:

Ey—Ep

Eavg ==

)

Results and Discussion

At present, the removal of ARPD from tubing
strings recovered from wells at the Uzen oil field
is carried out in dedicated cleaning units (washing
baths), where a washing solution containing
a surfactant additive (commercial grade «PAN») at
concentrations ranging from 0.6 to 3.5 wt% is used
at temperatures not exceeding 95°C.

To establish an appropriate temperature regime
for the study, experimental investigations were
conducted to determine the melting temperature
of solid ARPD samples. The measurements were
performed using an automatic MCR 702 rheometer
(Anton Paar, Austria) (Fig. 1).

Figure 1. Determination of the melting temperature
of solid ARPD deposits from the Uzen oil field

The experimental results demonstrated that
the melting temperature of the solid ARPD deposits
ranged from 82.9 to 87.2°C. Therefore, laboratory
investigations aimed to evaluate the dissolution
and removal efficiencies of the reference reagent,
commercial-grade “PAN,” were conducted at tem-
peratures not exceeding 90°C.

At the initial stage of the laboratory study, the opti-
mal working concentration of the commercial surfac-
tant «PAN» was determined based on the dispersion
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behavior of solid ARPD deposits. Representative deposits using aqueous solutions of the commercial
photographs of the prepared washing solutions are «PAN» surfactant at 60°C, 75°C, and 90°C.
shown in Fig. 2. The obtained results are summarized in Tab. 2.
Subsequent laboratory investigations were performed

to evaluate the efficiency of removing solid ARPD

Table 2. Removal efficiency of aqueous PAN» surfactant solutions for ARPD deposits from metal
surfaces after 1 hour of treatment

Ne «PAN» concentration, wt% T,°C A TEE Efficiency, %
before after
60 0.5241 0.5229 0.23
1 m’;\z jfgﬂle) 75 0.6076 0.6054 0.36
90 0.6094 0.0181 97.03
60 0.5391 0.5297 1.74
2 0.25 75 0.5080 0.4986 1.85
90 0.4986 0.0011 99.78
60 0.7170 0.7031 1.94
3 1.0 75 0.4935 0.4828 217
90 0.4828 0.0008 99.83
60 0.3800 0.3777 0.61
4 10 75 0.3553 0.3523 0.84
90 0.4565 0.0046 98.99
60 0.3668 0.3608 1.64
5 30 75 0.4646 0.4474 3.70
90 0.5302 0.0015 99.72
a) b)
c) d)

Figure 2. Precision-Confidence Curve based on bounding rectangles
a) 1 wt% aqueous solution of the «PAN» surfactant; b) 1.5 wt% aqueous solution of the «PAN» surfactant; c) 5 wt% aqueous
solution of the «PAN» surfactant; d) 10 wt% and 30 wt% aqueous solution of the «PAN» surfactant
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The laboratory results demonstrated that the re-
moval of solid ARPD deposits from the surface was
achieved only at the investigated concentrations
when the treatment temperature was increased
to 90°C. However, removal efficiencies exceeding
90% were primarily attributed to the dissolution
of ARPD at 90°C, which corresponds to the mel-
ting temperature range of the deposits themselves.
Under all other test conditions, the efficiency
of the aqueous PAN solutions did not exceed 4%.
Furthermore, to achieve the objectives of the present
study, a series of solvents commonly used for
ARPD removal was investigated (Tab. 3). Both
individual solvents and multicomponent formulations
containing modifying additives were evaluated.

Table 3. Dissolution and removal efficiencies
of individual solvents and solvent formulations

. o Removal Dissolution

Solvent / Formulation T, °C efficiency, %| efficiency, %
PHF_(pentane—hexane 30-60 <80 43-70
fraction)
HS (hydrocarbon solvent) 30-60 <87 42-75
Gasoline 60 ~81 ~4
Acid formulations (HCI,
H,PO,, CH,COOH) 60 63-79 2,8-49
Blank systems (water, water 60-85 <1 <13
+ surfactant)

The hydrocarbon solvent and the PHF exhibited
relatively high dissolution efficiency but low removal
efficiency. Moreover, their application in pure form
is associated with several drawbacks, including
phase separation during temperature stabilization,
partial precipitation of asphaltenes, and limited
stability under field operating conditions.

Thus, the conducted investigations demonstra-
ted the limited effectiveness of both individual
and modified solvents, which can be attributed
to the complex multicomponent nature of ARPDs
and the differences in the chemical characteristics
of their constituents. These findings necessitated
the development of a multicomponent formulation
comprising a hydrocarbon solvent (PHF) in combi-
nation with various surfactants (OP-10 and sulfonol).
The compositions of the investigated formula-
tions intended for ARPD removal are presented
in Tab. 4 [10].

Table 4. Composition of formulations developed
for ARPD removal

Composition of the formulation, wt%
Composition
Ne1 Ne2 Ne3 Ne4 Ne5 Ne6
OP-10 - 1,75 3,5 10,5 21 33,25
Sulfonol - 0,5 1,0 3,0 6,0 9,5
PHF 100,00 | 97,75 95,5 86,5 73,0 57,25
The experimental conditions and the results

of evaluating the dissolution and removal efficiencies
of the developed formulations are presented
in Tab. 5 and Figs. 3-5.

The conducted investigations demonstrated
that the temperature regime significantly affects
the performance of formulations intended for ARPD
removal. In all cases, increasing the temperature
from 25°C to 60°C resulted in enhanced ARPD
dissolution, removal, and detergency efficiencies.

Analysis of the obtained results revealed that
the individual hydrocarbon solvent, namely the PHF
(Formulation No.1), provided ARPD dissolution
and removal efficiencies of no more than 76%,
indicating its limited capability to disrupt solid
paraffinic and asphaltene structures (Figs. 3-5).

Table 5. Dissolution and removal efficiencies
of the developed formulations toward ARPD

Formu- Degree of efficiency, %
lation | T, °C ARPD ARPD removal Detercg,ency'
U2, dissolution (3 h) (1h)
25 64.33 69.10 64.3
k 60 7165 75.77 717
25 96.40 95.92 96.4
2 60 98.82 99.87 98.8
25 95.21 96.85 95.2
° 60 100.00 100.00 100.0
25 95.77 96.09 95.8
¢ 60 99.44 99.90 99.5
25 94.20 96.87 94.2
° 60 99.26 100.00 99.3
25 97.05 97.69 97.1
° 60 99.40 100.00 99.4

Figure 3. Evaluation of the dissolution efficiency
of the formulations after 3 h at 25°C and 60°C

Figure 4. Evaluation of the ARPD removal
efficiency of the formulations after 1 h of treatment
at 25°C and 60°C
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Figure 5. Evaluation of the detergency
performance of the formulations at 25°C and 60°C

Thus, the use of a hydrocarbon solvent alone
is insufficient to completely destroy the complex
multicomponent matrix of ARPD. To improve
performance, formulations with broad-spectrum
action capable of affecting both paraffinic and resin—
asphaltene components should be developed.
Formulations No.2-6 exhibited high efficiencies
(> 99%) in both the dissolution and removal of solid
ARPD deposits, which was further confirmed
by their pronounced detergency performance.
The high efficiency of these formulations can
be attributed to the synergistic interaction
between the solvent (PHF) and surfactants,
as well as to the optimal balance between polar
and nonpolar components. These formulations not
only promote the dissolution of the solid ARPD phase
but also ensure effective desorption of deposits from
the surfaces of pipelines and oilfield equipment,
thereby enhancing ARPD removal efficiency.

Visual observations of the interaction process
revealed that the investigated formulations induced
swelling and partial dissolution of ARPD samples
within the first few hours of treatment, whereas
complete dissolution was achieved within 3 hour.
It was established that increasing the surfactant
content in the formulations proportionally enhanced
the dissolution, removal, and detergency efficiencies
of ARPD, reaching values of up to 100%, in contrast
to the control hydrocarbon solvent (Formulation
No.1).

It should be noted that the investigated formula-
tions maintained high efficiency even at 25°C,
which represents an important practical advantage
for their application under low-temperature
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conditions and in situations where preliminary
heating of the system is not feasible.

The test results demonstrated that the developed
formulations provided ARPD removal efficiencies
of up to 98% at 25°C and 100% at 60°C after 1 hour
of treatment. Under otherwise identical conditions,
the dissolution efficiency of solid ARPD deposits
reached 95-97% at 25°C and complete dissolution
was achieved at 60°C within 3 hours.

The authors suggest that the developed formulations
have significant potential for reducing operating costs
through lower energy consumption, shorter treatment
times, and the use of readily available components.
Therefore, the developed formulations can effecti-
vely dissolve and remove solid organic deposits
from the surfaces of oilfield equipment over a wide
temperature range within a relatively short period
of time. Their application is expected to reduce oil
production operating costs and mitigate production-
related problems associated with the high content
of high-molecular-weight components in crude oil.

Conclusions

The results of the present study demonstrated
that the developed multicomponent formulations
based on a pentane—hexane fraction and a mixture
of anionic and nonionic surfactants exhibit
high efficiency in the removal of asphaltene—resin—
paraffin deposits (ARPD).

It was shown that the use of individual solvents
does not ensure complete destruction of the comp-
lex multicomponent structure of ARPD, whereas
the application of combined formulations enables
removal efficiencies of up to 100% owing
to the synergistic interaction among the formulation
components.

The developed formulations were found to retain
high performance even at 25°C, which represents
a significant advantage over conventional treatment
methods that require heating to temperatures
approaching or even exceeding the melting point
of paraffins.

The practical significance of this work lies
in the potential to reduce operating costs associated
with  ARPD mitigation, extend the maintenance
interval of oilfield equipment, and improve the relia-
bility and stability of oil production and transportation
processes.

OONOJIHUTENbHO

UcTouHuk cpuHaHcupoBaHUA. ABTOPbI 3asBMASIOT
06 OTCyTCTBMM  BHELUHEro  (bUHaHCUPOBaHUSI
npv NpoBEAEHNN UCCIEA0BaHUSI.

KoHdnukt wuHTEepecoB. ABTOpbl Aeknapupylot
OTCYTCTBME SABHbIX W MOTEHLManbHbIX KOH(rMKTOB
MHTEPECOB, CBA3aHHbIX C Nybnukauuen HacTosLen
cTaTby.

Bknag aBTopoB. Bce aBTOpbl noaTBepxaatoT
COOTBETCTBME CBOEr0 aBTOPCTBA MEXAYHapOAHbIM
kputepuam ICMJE (Bce aBTOpbl BHECNW CyLLECT-
BEHHbIN BKMag B pa3paboTKy KOHLenuuu, npose-
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Review article

Oil Displacement Efficiency of Salt-Tolerant Polymers: A review

Ayazhan Beisenbayeva, Bauyrzhan Sarsenbekuly, Talgat Tikebayev, Wanli Kang,

Yerdos Akimbekuly
Kazakh-British Technical University, Almaty, Kazakhstan

ABSTRACT

Salt tolerant polymers are being considered increasingly for polymer flooding in reservoirs
where conventional partially hydrolyzed polyacrylamide (HPAM) would lose viscosity from high salinity,
divalent ions, high temperature, and lengthy contact to chemistries. However, salt tolerance does
not guarantee an enhanced oil recovery (EOR) value: the essential query becomes whether or not
the polymer is able to propagate through porous media and optimize the displacement at a pressure cost
that is acceptable both technically and economically. This review critically assesses the oil displacement
efficiency of salt tolerant polymers as described in the literature from the years 2015-2025 and makes
relationship between the molecular class of the polymers described to their mobility control, pore-scale
displaceability of oil at acceptably low levels of pressure cost. Evidence from core floods, sand packs,
micromodel studies, computed tomography studies, and field pilot tests is compared while carefully
noting differences in the baseline waterflood recovery factor, rock type, permeability, oil viscosity, brine
composition, polymer concentration, slug size, and flow rate. Sulfonated AMPS/ATBS copolymers exhibit
effective mobility control with relative efficiency, even under moderately extreme conditions, while using
hydrophobically associating, amphiphilic, and amphoteric/zwitterionic polymers can have non-
displacement enablement when viscosity is maintained or amplified under higher salinities, and could
manifest stronger viscoelastic or associative effects. Studies indicate considerable increases in recovery
for high-temperature/high-salinity processing, but comparisons across studies remain unknown
as there are no standardization protocols or definitions. Increased apparent viscosity can also cause
injectivity loss, while adsorption and mechanical retention lower the effectual concentration of polymers,
potentially damaging formation. Accordingly, the review suggests a displacement efficiency framework
that fractures the benefit of the mobility control, microscopic mobilization, propagation efficiency,
operational penalty, etc. Future work should include matched-condition polymer comparisons, retention
based on mass balance, in situ rheology, imaging of saturation redistribution, long duration injectivity
tests, and transparent field-scale reporting. These measures are needed to move promising lab-scale
salt-tolerant polymers into defensible field EOR technologies.

Keywords: salt-tolerant polymer; oil displacement efficiency; polymer flooding;, core flooding;
high salinity; mobility control; viscoelasticity; enhanced oil recovery.
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Hayu4HbIn 0630p

A hekTUBHOCTL BbITECHEHUA HE(DTU CONeyCTOMYMBLIMU
nonumepamm: o63op

A. BenceHb6aeBa, B. CapceHb6ekynbl, T. Tuke6aen, B. KaH, E. Akumbekynbl
KasaxcmaHcko-bpumaHcKul mexHu4Yeckul yHusepcumem, . Animamsl, KazaxcmaH

AHHOTALMUA

ConeycTonumBble NONMMEpPbI NPUBMNEKaOT BCE Bornbluee BHMMAHUE Kak peareHTbl Ans NOfMMEPHOro
3aBOAHEHMS NNacToB, NOCKOMNbKY TPaAULMOHHO NPUMEHSIEMbIN YaCTUYHO FMAPONM30BaHHbIN NONNakpu-
namug TepsieT CBOK BA3KOCTb NOA BO3AEWCTBMEM BbICOKON MWHEpPanu3aumu nrnacToBblX BOA, AByXBa-
NEHTHbIX KaTMOHOB, YPOBHA NNAacTOBOW TemnepaTtypbl U ANUTENbLHOIO BO3AENCTBUSA arpecCMBHON cpe-
Abl. OHaKo TOMbKO MPOYHAasi CONeyCTONYMBOCTL HE obecnedrBaeT nNpupocTa HedTeoTaauu, T.K. UMeeT
NpYHUMNUanbHoe 3HayeHne BO3MOXHOCTb MonvMepa ABUraTbCs MO NMOPUCTON CPpeae W yBenuuneatb
KO3(PDMLIMEHT BbITECHEHNSA B Npeaenax TEXHUYECKN U SKOHOMUYECKM MPUEMEeMOoro YpoBHA nepenaga
AaBneHus.

B paHHOM 0630pe cuctemaTuyecku npoaHanvavpoBaHbl ony6rnvkoBaHHble 3a 2015-2025 rr. gaHHble
06 3P(PeKTUBHOCTM BbLITECHEHUSI HedTM CconeycTonuMBLIMKM MonMmepamu. [lokasaHbl B3avMOCBSI-
31 MexXay MOIEKynspHbIM CTPOEHUEM MONUMEPOB, UX CMOCOBHOCTBIO KOHTPONMMUPOBAaTh MOABMXKHOCTb
(PpPOHTa BbITECHEHWS, MOBUNU3aLmen OCTaTO4HON HETU Ha MOPOBOM YPOBHE U OOMYCTUMbIMK NOTe-
pamu gasneHus. [poBedéH CpaBHUTENbHLIM aHanu3 pesynsTatoB PUILETPALMOHHBIX 9KCMEPUMEHTOB
Ha KepHax M HacbIMHbIX MOAENAX, MUKPOMOAENbHbIX UCCNefoBaHUN, AaHHbIX PEHTIEHOBCKOW KOMIMbHO-
TEepHOW TomMorpacum 1 OnNbITHO-MPOMBICIIOBBLIX UCTBITAHUA C YYETOM Pasnuuus B YPOBHSX HayYanbHON
HedTeoTAauM, TMNAax KONMEeKTopoB, MPOHULIAEMOCTH, BA3KOCTU HE(TU, COAEPXKaHUS Conen B NNacToBowm
BOJE, KOHLEHTpaUMN n o6beme OTOPOYKM NoMMepa, CKOPOCTU hmnbTpaumm.

YcTaHoBMeHo, YTO CynbdoHMpOBaHHbIE cononumMepbl Ha ocHoBe AMPS/ATBS (ot anen. 2-Acrylamido-
2-methylpropane sulfonic acid / Acrylamide 2-methyl-1-propanesulfonic acid) obecneunBatotr Hagéx-
HbI KOHTPOIb MOABWXHOCTU B YMEPEHHO XECTKMX YCrNoBuMsX nnactoB. MmapodobHo-accounmpytoLlme,
ampuduneHble 1 amoTepHble (UBUTTEP-UOHHBIE) MONMMEPBI UMEKT BO3MOXHOCTb YAEepXaHus unu
NOBbILIEHNSI BA3KOCTU C POCTOM MWHEpPanu3auuu, NokasbliBaloT BblPaXeHHbIe BA3KOYNpyrne n accouu-
aTMBHble CBONCTBA. Paa paboT nokasbiBaeT 3HaYUTENbHbIA NPUPOCT HedTEOTAAUM NPU BbICOKUX TEMIE-
paTypax » BbICOKOW MWHEepanu3oBaHHOCTWN, OQHAKO MpsMOe COMOCTaBlieHne pesynbTatoB 3aTpygHEHO
B CBSI3M C OTCYTCTBMEM €4VMHOW METOAMKN U TEPMUHONOMMU.

Takke OTMEYEHO, YTO Ype3MepHas BenuYMHa KaxyLencsi BA3KOCTM MOXET yXyALWUTb NPUEMMCTOCTb
HarHeTaTenbHbIX CKBaXWH, a aAcopbuusi 1 MeEXaHUYECKOE yaepXKaHne nonmMepa CHKarT ero addek-
TUBHYIO KOHLEHTpauuio B yaanéHHon obnactu nnacta C puckom KonbMaTtauun. B aTom cooTHoLueHun
npeanoXxeHa paMoyHas MeToavka AN OueHKU 3apEeKTUBHOCTU BbITECHEHMSA C pasfderneHvem Bkraga
KOHTPOMS NOABMXHOCTU, MUKPOCKOMUYECKOA MOBUNMU3aLmm HedTU, NOMHOTLI PacnpoCTpPaHeHNUs Nonu-
Mepa U1 3KCnIyaTauMOHHbIX OrpaHNYeHNI.

Ona nepexoga oT nabopaTopHbIX Pe3ynsTaToB K NPOMbICNOBBIM TEXHOMOMMAM HEOOXOAMMBI: 3KCnepu-
MeHTarbHbl€ UCMbITaHWUSA NONMMEPOB B MAEHTUYHBIX YCNOBUSAX, ONpedeneHve yaepxaHus MeTogom ma-
TepuanbHoro 6anaHca, u3aMepeHuss peornoruu in situ, BU3yanusauus nepepacrnpeneneHumst HacblLLeHHO-
CTW, ANUTENbHbIE UCMbITAHUSI HA MPUEMUCTOCTb, BonbLuee packpbITUE NPOMBICIOBbBIX AaHHbIX.
Krnroueenle crioga: coneycmouyusbll nomnumep, a¢hgheKmusHOCMb 8bIMECHEeHUS Heghmu, MoIuUMepPHoOe
3aB00HeHUe, KepHO8ble UCMbIMaHUs, 8bICoKasi MuHepanu3ayusi, KOHMPOsb MOO8UXHOCMU,
8M13KOyrnpy2ocmb, yeenuyeHue Heghmeomaoayu.

Kak uutupoBatb:

beliceHbaesa A., CapceHbekynbl b., Tukebaes T., u 0p. 3OPPEKTUBHOCTbL BbITECHEHUSI HedTn
coneycTonumBbiMu nonumepamu: o63op // BecTHuk HedTerazosor oTpacnu KasaxctaHa. 2026. Tom 8, Ne3.
C. 60-75. DOI: 10.54859/kjoqi109028.
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FbinbiMu wony

Ty3ra Te3simai nonuMmepnepMmeH MyHauAabl bIfbICTbIPY TUiIMAIRIri:
wony

A. BenceHb6aeBa, b. CapceHb6ekynbl, T. Tuke6aeB, B. KaH, E. AkKumbekynbl
Kasakcman-bpumaH TexHukanbik YHusepcumemi, Animamsl Kanacel, KazakcmaH

AHOATNA

Ty3fa Tesimai nonumepnep kabaTtapabl NonMMeprik CynaHablpy KesiHae KonAaaHbinaTbiH peareHTTep
peTiHae GapFaH caiblH YIKEH KbI3bIFYLUbINbIK TYAbIPbIN OTbIP, OUTKEHI ABCTYPMi TypAe KONAaHbINaTbiH
iWwiHapa ruaponusdeHreH nonuakpunamug kabat cynapbiHbiH KOFapbl MUHeEpangaHybl, eKi BaneHTTi
KaTvoHaapablH 6onybl, kabaT TemnepaTtypacbiHblH XOfapbl AEHreli xoHe arpeccuBTi OpTaHblH Yy3aK
yakbIT acep eTyi XafaanblHAA ©3iHiH TYTKbIpMbIFbiH XOofFanTagel. Anaviga Tysfa Te3iMAIMIKTIH XofFapbl
OonybIHbIH, ©3i MyHaln GepriWwTiKTiH apTyblH KaMTamacbl3 eTnengi, evTKeHi nonMMepaiH KeyekTi opTa
apKblnbl KO3Famny >XKeHe KbICbiM alblpMacbiHblH TEXHMKamNbIK 9pi 3KOHOMMWKambIK TYpfblAaH Konawnbl
OeHreni weriHge bifbICTbIPy KOIMMULMEHTIH apTThlpy MYMKIHAIMN NPUHUMNTI MaHbI3fFa ne.

Ocbl wonyna 2015-2025 xbingap apanbiFbiHAaa XXapusnadFaH MyHanabl Ty3fa TesiMai nonuvepnepmMeH
bIFBICTBIPY TUIMAINIri >XeHiHaeri AepekTepre Xyweni Tangay xyprisingi. Nonvmepnepaid Monekynanbik
KYPbInbICbl, onapablH bIFbICTLIPY (POHTLIHBIH KO3FanfFbIWThIFbIH Oakpinay kabineTi, keyek AeHreniHoe
Kanablk MyHanabl XyMbInablpy >XoHEe KbICbIMHbIH PYKCaT €TiNeTiH LWbiFbiHAapbl apacbiHaafbl e3apa
GavinaHbicTap kepceTinreH. Cy3rilTik 3KCNepuMeHTTepiHiH KepHaep MeH cycbimarbl Mogenbaepaeri
HoTuXenepiHe, MUKpOMOAENbAIK  3epTTeynepre, pPEeHTreHAik  KoMmMbloTepnik  Tomorpadus
OepeKTepiHe XaHe TaXipnbenik-eHepKaCiNTiK CbiHaKTapAblH HaTWXenepiHe canbiCTbipMansl Tangay
Xyprisingi. Byn pette 6Gactankbl MyHan OepriwiTik AeHrennepiHiH, KomnnekTtoprnapablH TYPSepiHiH,
OTKI3rLWTIKTIH, MyHal TYTKbIPNbIFbIHBIH, kabaT cyblHaarbl Ty34apAblH MenLwepiHiH, nonumepnik angay
OTOPOYKACBIHbIH, KOHLEHTPALMSICbl MEH KONEMIiHIH aHe Cy3y XblaamablfblHbIH, aiblpMallblfbiKTapb
eckepingi. AMPS/ATBS HerisiHgeri cynbdoHaaHFaH cononumepnep  (afbinw.  2-Acrylamido-
2-methylpropane sulfonic acid / Acrylamide 2-methyl-1-propanesulfonic acid) kabatTapgblH opTaiia
KaTaH kafgannapbliHAa KO3FanfbIWTHIKTHI CeHimAi Gakblnaydbl KamTamacbl3 eTeTiHi  aHblKTangbl.
MmapodobThi-accoumaumanaratbiH, amgpudunbai xoHe amdoTtepni (UBUTTEP-UOHAbI) NonUMepnep
MWHepangaHy OeHrefi xofapbinaFaH calblH TYTKbIPMbIKTEI CakTay Hemece apTTbipy kabineTiHe wue,
CcoHfaw-aK ankblH TYTKbIp-Cepnimai XeHe accoumnaTuBTiK KacmeTTep kepceTeni. bipkatap 3epTreynepae
XKOFapbl TeMnepatypa MeH >XOofapbl MUHepangaHy >xardannapbiHaa MyHawm OepriluTikTiH akTapnblikTan
apTaTblHbl KepceTinreH, anaga bipbiHFan agicTemMe MeH TEPMUHOMNOrMsiHbIH 6onMaybiHa BanaHbICTbI
HaTWXenepai Tikenen canbICTbIPY KNbIH.

CoHpan-ak KkepiHepnik TYTKbIPfbIKTbIH WaMadaH ThiC Xofapbl 6onybl angay yHFbiManapbiHbIH
KabblnaarbIWThIFbIH HaLlapnaTybl MyMKIH €KeHi, an nonumepaiH agcopbuusinaHybl MEH MexaHuKanblK
ycTanbin Kanybl OHblH kabaTTblH LWanfam avmMarbiHOaFbl TUiMAI KOHUEHTpauMsCbiH TeMeHAETIN,
KonbmaTauus KayniH apTTblpaTtbiHbl atan eTingi. OcbiFaH OGannaHbICTbl  bIFLICTBIPY  TUIMAIMIFiH
GaranayablH Gakblnay-sgicTemenik Tacini yCbIHbINABI, OHAA KO3FanfbIWTLIKTbI GakbinayablH, MyHanabl
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Introduction

Salt-tolerant polymer research is typically reported
in terms of viscosity retention, but EOR performance
is ultimately quantified in terms of additional oil
after waterflooding, definitely not automatically, and
while bulk viscosity has a role in defining mobility
ratio, the effective viscosity in porous media can
certainly differ significantly due to shear thinning,
extensional flow, adsorption, inaccessible pore
volume, mechanical entrapment, and degradation.
A polymer with terrific viscosity retention in a bottle
might never propagate through a low permeability
core, while a lower bulk viscosity formulation could
recover more because of the increased penetration
and redistribution of flow [1-3].

This review considers displacement evidence
and not polymer synthesis. The polymer chemistry
is only included to help explain any differences
in propagation and oil mobilization. Laboratory
coreflood, sandpack, micromodel and imaging
studies are included alongside the field pilots
and commercial experiences. In particular,
the comparability problem is highlighted: recovery
factors cannot be ranked meaningfully without
simultaneously considering waterflood end-point,
slug size, concentration, permeability, oil viscosity,
salinity/hardness, temperature, and injection rate.
The goal is to identify which reports on the gains
are mechanistically persuasive; which are condition
specific; and the gaps in data that inhibit scale-up.

Materials and methods

A structured evidence framework was used to sift
through the literature from 2015 to 2025 using synergies
of terms “salt tolerant polymer”, “salt resistant polymer”,
“high salinity polymer flooding”, “oil displacement
efficiency”, “core flooding”, “micromodel”, “sandpack”,
‘HPAM”,  “AMPS”  (2-Acrylamido-2-methylpropane
sulfonic acid), “ATBS” (Acrylamide tertiary-butyl sulfonic
acid) (note: AMPS and ATBS are two commercial
names for the same monomer, 2-acrylamido-
2-methylpropane sulfonic acid, CAS 15214-89-8;
they are used interchangeably in this review), “hyd-
rophobically associating polymer” (HAP), “amphi-
philic polymer”, and “zwitterionic polymer.” Priority
was assigned to peer-reviewed studies that con-
tained reports for reservoir conditions and at least
one displacement metric, and also to field-facing SPE

(Society of Petroleum Engineers) literature where the-
re was enough technical detail to create valid compari-
sons. The provided corpus of review articles was used
as the initial base of evidence, with newer articles being
leveraged to bolster the high salinity comparisons.

For critical comparison purposes, reported recovery
was taken into consideration together with four di-
mensions of measurements: (i) a mobility-control
benefit represented by viscosity, resistance fac-
tor, pressure response, or mobility ratio in a disp-
lacement; (ii) microscopic mobilization inferred from
residual-oil reduction, imaging, wettability/interfacial
effects, and viscoelastic response; (iii) propagation
efficiency represented by polymer retention, effluent
concentration, injectivity, and residual resistan-
ce factor; and (iv) operational burden of polymer
concentration and slug size, mixing, pressure
requirement, and thermal/mechanical stability.

Results and Discussion

From Polymer Rheology to Oil Displacement

At the core of polymer flooding, the key aspect is
the control of mobility. The mobility ratio (M) between
fluids, which are water (displacing fluid) and oil
(displaced fluid), is stated as (1):

M =Aw/Ao = (krw/uw)/(kro/uo) (1)
where 1 is the mobility, k is the relative permeability,
and u is the viscosity of the fluids. In a case where
M>1, the displacement efficiency is low. This means
that injected water positively penetrates only some
portion of oil bank, thus bypassing large amounts
of the reservoir, leading to low sweep efficiency
and early water breakthrough [1,2]. In this case,
the polymer addition increases pw and lowers M
towards unity, promoting efficient displacement.

In addition to macroscopic sweep efficiency,
polymer solutions can also enhance microscopic
displacement efficiency. High-mass polymers,
when in semi-dilute solution, are viscoelastic.
This means that they both exert normal stress
differences and have extensional viscosity.
When these fluids pass through porous media,
they generate additional pressure differences
at the pores and dead-ending pores that are unrea-
chable by viscous fluids [3-5].

Table 1. Mechanistic pathways linking salt-tolerant polymer properties to oil displacement

Pathway Mechanism

Useful evidence Main interpretive risk

Higher water-phase viscosity lowers

Mobility control mobility ratio and suppresses fingering

Viscosity at reservoir shear rate; RF;
pressure gradient

High viscosity may
compromise injectivity

Elastic/extensional stresses can mobilize

Viscoelastic mobilization oil in constrictions/dead-end pores

Difficult to isolate from
pressure / sweep effects

Normal stress, relaxation time,
extensional viscosity, residual oil imaging

Polymer resistance in high-permeability

Flow diversion / conformance pathways redirects later fluid

Excessive retention becomes

Spatial saturation, layer rates, RF/RRF .
plugging

Surface-active polymer groups alter oil—

Wettability / interfacial effects . N
water—rock interactions

Chemistry-specific; adsorption

IFT, contact angle, film displacement
may consume polymer

Rock interaction reduces mobile polymer

Retention / adsorption and may change permeability

Mass balance, adsorption, effluent
concentration, RRF

Can improve profile or
damage formation

RF — Resistance Factor; RRF — Residual Resistance Factor; IFT — Interfacial Tension

DOI: 10.54859/kjogil109028



HAVUYHBIE OB30PhbI

2026. 8 Tom, Ne 3

BectHuk Hedrera3osoii orpacin Kazaxcrana

The question of whether viscoelastic effect exists
has been very controversial. Some researchers
have reported value of oil recovery that is due
to polymer viscoelastic properties in core flooding
experiments [3,4], while others claim that additional

sweep efficiency can explain the improved value,
and pore-scale elastic effects are not necessary [5,6].
Recent micromodel studies with direct visual
observations support the viscoelasticity contribution
hypothesis [5,7].

Figure 1. Schematic comparison of waterflood (unfavorable mobility ratio M > 1, viscous fingering and
poor sweep) versus polymer flood (favorable M < 1, stabilized displacement front)
Salt-tolerant polymers maintain effective viscosity in high-salinity brines, preserving mobility control under harsh conditions.

Original figure by the authors, based on [1] and [2].

Figure 2. Viscoelastic polymer displacement at the pore scale
a) purely viscous displacement fails to mobilize capillary-trapped oil in dead-end pores; b) viscoelastic polymer generates
normal stress differences (N;) at pore constrictions, stripping oil films and mobilizing trapped gangli

Original figure by the authors, based on [5] and [3].

Table 2. Minimum reporting set for comparable salt-tolerant polymer flooding experiment

Category Minimum information Why it matters
Reservoir fluid Oil viscosity at test T; brine ion composition; TDS; Ca**/Mg?* Allows meaningful mobility and salt comparisons
Rock Lithology, permeability, porosity, pore volume, wettability Controls injectivity, adsorption, and heterogeneity
Polymer Composition, MW/MWD, concentration, hydration, aging history Needed to reproduce rheology and transport
Injection Slug size (PV), rate / Darcy velocity, pressure limit, chase water Controls exposure and mechanical stress
Rheology Viscosity vs shear; viscoelastic measures at test T/brine Connects bottle properties to pore flow
Transport RF, RRF, retention/mass balance, filtration ratio Separates propagation from plugging
Recovery Waterflood endpoint, incremental %OOIP, remaining-oil recovery Prevents misleading cross-study ranking
Uncertainty Replicates and uncertainty in PV, saturation, pressure, volume Supports statistical comparison

TDS — Total Dissolved Solids; MW — Molecular Weight; MWD — Molecular Weight Distribution
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Experimental Approaches and Metrics
for Displacement Efficiency

Core flooding is the best way to obtain laboratory
data because it provides a link between rheo-
logy, pore geometry, pressure gradients, reten-
tion, and saturation. A reproducible protocol
should establish initial water and oil saturations,
waterflood to a defined endpoint, then inject
a defined slug of polymer at reservoir tem-
perature and brine  composition,  ending
with chase-water injection. Incremental oil recove-
ry should be referenced against original oil in pla-
ce (OOIP) and, if possible, recovery factorial in
regard to recovery of remaining oil after waterflood.
It is important to also measure and report the pres-
sure drop, polymer concentration in the effluent
and the permeability after the flood to separate
enhanced productive mobility control from damaging

plugging.

Displacement Performance by Polymer Family
HPAM is still the reference HPAM because we
understand the costs, availability, and behaviors
under field conditions. HPAM can be an efficient
tool for mobility control at lower concentrations,
under low to moderate salinity levels.
Also, as seen in many field projects, polymer
flooding does not have to be implemented using
exotic chemistry. The drawbacks of HPAM
are seen when hardness and temperatures
cause significant contraction or degradation of
coils, thus increasing the required concentrations
and decreasing the margin of error between mobility
control and injectivity [1,2,8].

Copolymers containing AMPS and ATBS are direct
successors of the HPAM system, as they have
sulfonate functionality that is more stable com-
pared to carboxylate functionality. It makes these
polymer systems preferable in many applications.
In terms of displacement, they can be translated
into a stable resistance factor with a lower concent-
ration costs than those needed for HPAM.

The terpolymers with NVP (N-Vinylpyrrolidone)
or other nonionic cyclic units can demonstra-
te better stability under high temperature and in
the presence of saline water. For example, [9] stu-
died the high temperature / high-salinity poly-
mer based on AM, AMPS, NVP, and a hydro-
phobic monomer. The authors reported stable vis-
cosity at 95 C under salinity up to 1.66 x10° mg/L.
The studies indicate that within the core-
displacement study, incremental recovery could
be attained due to the size of slug size that
was injected in the experiment. These data
might be important from a rheology, injectibility,
aging, and displacement perspectives,
and this whole case shows why slug size
is an important performance parameter.
The description of the molecular structure of this
terpolymer is represented in Fig. 3 [9].

Amphiphilic  polymers  and  hydrophobically
associating polymers allow significantly stronger
low-shear-viscosity and elasticity, using reversible
connection points between intermolecular entities,
which may enhance both sweeps and under
some conditions, microscopic displacements.
If the concentration of polymer exceeds the thre-
shold, pressure reaction might increase signifi-
cantly, while the injection of the substance
into the less-permeable rock becomes
impossible [10,11].

Figure 3. Structural schematic diagram
of the temperature-resistant, salinity-tolerant
terpolymer QJ75-39 (AM/AMPS/NVP/DS-16),
illustrating the five structural repeating units:
four comonomers (AM, AMPS, NVP, DS-16)
and sodium acrylate formed by partial
post-polymerization hydrolysis
Reprinted from [9]

Amphoteric and zwitterionic polymer types present
another possibility. The study is significant,
as it proves that the EOR polymer can be created
using the chemistry of the target brine instead
of trying to shield it. However, before applying
this principle on a field scale, adsorptions of mine-
rals and the behavior of low salinity fluids
must be taken into account. The logic of polymer
design is illustrated in [9].

Some of the recent salt-thickening amphiphilic
systems have further blurred the line between
polymers and self-organizing networks. [15]
found out that the identity of an ion changed
the nature of the salt thickening and the outcome
of salt-thickening polymer may be especially
useful for high saline brine applications, howe-
ver, the advantage of the researched polymer
system must be confirmed by the viscosity match
with materials (that provide viscosity increase)
and pressure drop. Otherwise, the advantage will
be observed only due to the injection of the most
viscous fluid rather than due to the unique pore-
scale mechanism.

Another unique point is that the polymer included
a cationic quaternary-ammonium  monomer,
and the authors revealed that the addition
of salt noticeably increased the Vviscosity,
while the excessive salinity decreased
the viscosity. This study is especially interesting
from a mechanistic point of view, as it showed
that the ionic mechanism should be determined
for every formulation [12].
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Figure 4. Molecular design strategy for a temperature-resistant and salinity-tolerant polymer:
introduction of AMPS for sulfonation, NVP for amide hydrolysis inhibition, and hydrophobic monomers
for intermolecular association

Reprinted from [9]

Figure 5. Comparative assessment of salt-tolerant polymer families across key displacement performance dimensions
No single family dominates all axes; selection requires condition-specific multi-objective optimization
Original figure by the authors, based on trends compiled from [9], [14], and [12]

Reservoir and Operating Variables Governing
Recovery

Salinity affects displacement largely by modifying
the effective viscosity of the polymer and changing
its relationship with the rock. For HPAM, higher ionic
strength decreases coil size, while hardness might
increase the interaction with carboxylate functional
groups. The response may be inversely weak,
non-monotonic, or even positive for salt-tolerant
polymers. Thus, it is not advisable to consider “high
salinity” not as a single category in an experimental
sense. A specific study should represent the full
composition of ions and differentiate between NaCl
dominated salinity and divalent heavy formation
water [13-15].

66 e

Temperature affects the polymer instantaneously
and accumulatively. A decrease of the solution
viscosity in higher temperature can result in less
mobility control defining the testing conditions,
while long hydrolysis or oxidative scission can
modify the polymer itself. Thus, short coreflooding
tests at 90—-100°C conducted with fresh polymer
do not give guarantees that the polymer will maintain
its effectiveness after spending several months
in the formation [8,9,16].

Rock permeability defines if the hydrodynamic size,
a parameter characterizing polymer, corresponds
to the pore-throat distribution. High molecular
weight and strong associated polymers contribute
to improving mobility control in high permeability
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channel but can result in plugging the inlet in
crosslinking the rock. Selecting a polymer should
consider the permeability distribution and not
the average permeability only. In heterogeneous
systems, a polymer needs to enter initially through
the highly porous pathway; a polymer that is suitable
intermediately should not change the polymer
identity too much and allow injecting polymer
at the field scale rate [17,18].

Oil viscosity changes target mobility control re-
quirements. Heavy oil often requires higher polymer
viscosity and bigger slug, or both, while increasing
polymer concentration can raise the cost of che-
mical and increase injectivity issues. Thus, collec-
ting incremental recovery should be interpreted
against the viscosity ratio and corrective mobility
ratio rather than as a single percentage. Results
that were obtained with light oil and low unfavorab-
le mobility ratio cannot be used or compared
in heavy-oil floods without other tools providing nor-
malization [19,20].

Polymer concentration and slug size are among
the most effective experimental parameters
and the most frequent source of misleading compa-
risons. Increasing concentration increases viscosity
and, in most cases, RF, whereas increasing slug
size increases time of mobility control. A comparison
should not be considered strict because it uses mat-
ching viscosity in experimental conditions, matching
concentrations or matching chemical mass.
Injection rate defines the shear and extensional
stresses acting on the polymer. Flow around near-
wellbore can destroy high molecular weight chains,
while the associated polymers can, and sometimes
do, dissociate and recover. It means, a polymer
that works well at the laboratory Darcy velocity might
perform differently at the field-rate.

Wettability and interfacial effects can be involved
in some cases if the polymer contains amphiphilic
or surface-active groups, but these mechanisms
are different from mobility control. In addition, if a stu-
dy indicates extra recovery due to microscopic
displacement, then IFT, contact-angle, microscopy,
or residual-saturation tests should provide comple-
mentary proof, instead of relying on recovery [11,21].

Laboratory Coreflood, Sandpack, and Micro-
model Evidence

Most of the core flooding studies in a sandstone
system have been done in Berea sandstone or natural
reservoir cores containing rocks with permeabilities
from 50 to 5,000 mD (milli-darcies). Under high-
salinity conditions (50,000-200,000 mg/L TDS-
total dissolved solids), the salt-tolerant polymers
have shown better results than HPAM in terms
of additional oil recovery, that is, reported additional
recoveries range from 8 to 25% OOIP (original oil
in place) for salt tolerant polymers and range from
3 to 12% OOIP of HPAM for brines more than
50,000 mg/L TDS. The displacement performance
of the salt-tolerant terpolymer at HSHT (high-salinity
high-temperature) conditions is shown in Fig. 6 [9].

DOI: 10.54859/kjogil109028

HAPs have particularly good results. The additional
recoveries range from 15 to 22% OOQOIP for several
studies using high-salinity brines (> 100,000 mg/L
TDS) [13,23]. Most of those studies used polymer
concentrations of 1,500-3,000 mg/L, which
are significantly higher than the concentrations
of 500-1,500 mg/L used for HPAM. The issues
related to higher polymer concentrations should
have been mentioned by those studies.

After sandstones, the core flooding studies
in carbonate systems are rarer but are increasing.
Some difficulties in testing carbonate rocks
are higher polymer adsorption on the positively
charged carbonate surface, more heterogeneous
pore systems, and usually water-wet or mixed-wet
conditions at the start. Sulfonated and zwitterionic
polymers have achieved some success in car-
bonate cores with the additional recoveries
of 5-15% at salinities of up to 200,000 mg/L
TDS [19,24]. Lower recoveries in comparison
to sandstones reveal higher adsorption losses
and more complicated displacement physics
in carbonates.

Micromodel studies offer direct observation of pore-
scale displacement processes that researchers
cannot observe during core floods. Recent work
done with micromodels has illustrated that salt-
tolerant polymers, and especially viscoelastic HAPs
and amphiphilic systems, can mobilize additional
residual oil ganglia compared to HPAM at high-
salinity brine conditions [5]. Sandpack flooding
studies provide an intermediate scale between
micromodels and cores while allowing for higher
flow rates, larger pore volumes, and more complex
porous media than micromodel systems. A number
of research groups have utilized sandpack floods
to screen for many salt-tolerant polymer candidates
before moving to work with core flooding and have
publicized recovery factor ranges of 45 to 75%
OOIP for optimized salt-tolerant formulations
and 30 to 55% for HPAM under high-salinity
conditions [25,26].

Field Applications, Pilots, and Scale-Up

The transition from the lab to the field is one
of the most difficult tasks for the salt-tolerant po-
lymer technology. Although HPAM polymer flooding
was applied successfully on multiple commercial
scales inmany fields (notably Daging— China, Manga-
la — India, etc.), the field experience concerning salt-
tolerant polymer flooding in the context of high-
salinity  high-temperature  conditions is  not
widespread [8,27]. The disparity between labo-
ratory and field data particularly concerning salt-
tolerant polymers emphasizes the critical problem
in the state-of-the-art knowledge regarding polymer
flooding in real life scenarios. The data gaps require
attention in terms of an investment in field tests,
improved handling of polymers in harsh treatments,
and better reporting of field pilot results.

Field trials introduce other limits that are not present
in laboratory recovery rates. Specifically, polymer

....................................................... 67
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Figure 6. Oil displacement effect curves for the salt-tolerant AM/AMPS/NVP/DS-16 terpolymer
(QJ75-39) at 95 C and TDS 55,377 mg/L for different polymer slug sizes (0.2, 0.3, and 0.5 PV). Note:
the technical designation AM/AMPS/NVP/DS-16 reflects the four comonomers introduced during
synthesis; sodium acrylate, present as a fifth structural unit formed by partial post-polymerization
hydrolysis of acrylamide residues, is not listed in the trade name but is part of the final polymer
structure (see Figure 3)

Incremental recovery increases from 12.76% to 20.65% as slug size increases, demonstrating the critical importance

of adequate polymer slug volume. Reprinted from [9].

Table 3. Representative field/pilot examples compiled in the supplied review; public recovery disclosure
is incomplete for several cases

Field Country Polymer Reservoir | T, °C | Salinity, mg/L TDS | Reported outcome Status
Daqing China HPAM Sandstone 45 6,000 12-14% OOIP Commercial
Mangala India HPAM Sandstone 60 7,000 8-10% OOIP Commercial
Captain UK AM/ATBS copolymer Sandstone 30 35,000 Positive (undisclosed) |Commercial
Bockstedt Germany AM/AMPS/NVP terpolymer |Sandstone 60 220,000 Under evaluation  [Pilot
Marmul Oman Modified PAM Carbonate 50 8,000 Improved sweep Pilot
Shengli China AM/AMPS copolymer Sandstone 70 30,000 4-6% OOIP Pilot
Xinjiang China HAP Sandstone 65 70,000 5-8% OOIP Pilot
Tambaredjo |Suriname HPAM (modified) Sandstone 38 3,000 2-4% OOIP Pilot

must be factory produced, transported, hydrated
with available water, then filtered before injection
with control of injection conditions. Formulations
requiring lab-grade water and time for reaction can
lose their performance in this process. Therefore,
considerable effort is placed on establishing a good
conditions for mixing the formulations and quality
control of the product [8,27].

For real high-salinity systems, public data lacks
significantly. The review notes pilots with modified
or sulfonated polymers in Germany, Oman,
and China, however, often the literature records
only qualitative responses to production or polymer

68
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structure. Lacking any mechanism of public repor-
ting, it is impossible to properly validate laboratory-
derived predictions.

An economic interpretation should take into account
all chemical costs. Specialty monomers such
as ATBS, NVP and others can increase the price
of polymer several times relative to the commodity
HPAM. If a polymer allows achieving the same
viscosity at lower concentration or preserving vis-
cosity sufficient to reduce overall injected amount,
this can justify the pricing. However, if high recovery
factor is produced but the polymer was used at high
concentration, it will definitely fail when analyzed
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Figure 7. Conceptual interpretation of RF and RRF
a) desirable outcome with moderate RF providing mobility control and low RRF indicating minimal formation damage;
b) undesirable outcome with excessive RF causing near-wellbore plugging and high RRF indicating irreversible permeability

damage
Original figure by the authors, based on [29]) and [24].

in a net-present-value framework so that it should
be perceived not only as a technical metric but also
an efficiency assessment on a chemical basis.
Produced-water treatment is another issue with
scaling up. Salt-tolerant polymers should be so-
luble in concentrated brine by design, which
complicates separation during produced-water
treatment. Residual polymer can affect flotation,
filtration, membrane separation, etc. Therefore,
field testing should include evaluation of properties
of the polymers with respect to the whole train
of water-treatment methods [28].

Injectivity,
Parameters
Polymer flooding performance is evaluated based
on several interrelated factors beyond simple oil
recovery factors.

Viscosity and concentration. The polymer viscosity
inreservoirconditions (T, salinity, shearrate)frequently
defines the actual mobility ratio. Salt-tolerant
high-associative polymers requiring very high
concentrations (> 2000 mg/L) to reach the required
viscosity may become less economic even if they
show good technical feasibility.

Injectivity. It is necessary to inject the polymer
solutions to sufficient rates without causing
the fracture of formations to keep the project profitable.
High-associative polymers can demonstrate very
high effective viscosities at low physical conditions
due to intense intermolecular interactions. The ratio
of viscosity in reservoir shear conditions to viscosity
at near-well conditions (viscoelastic shear-thinning
effect) is a very important design parameter [6].
RRF. The reduction of permeability due to retained
polymer after flooding causes problems for further
water injection and well injectivity. High RRF values
(>5) indicate significant formation damage, while
the moderate RRF values (1.5-3.0) can help with
additional mobility control. Generally, salt-tolerant

Retention, and Key Performance

polymers have relatively comparable or slightly
worse RRF compared to HPAM at an equal
mass concentration likely due to the decreased
extent of adsorption for sterically Shields polymer
molecules [24,29].

Long-term stability. The polymer viscosity has to be
retained during the period of polymer residency time
in the reservoir (can vary in the range of months
to years). The most relevant data on the stability
are provided by long-term stability tests conducted
at reservoir temperature under deoxygenated
synthetic brine for the period 1-12 months. AM/ATBS/
NVP terpolymers retained >70% of viscosity after
12 months at 120°C, which is the best proven long-
term performance for polymer chemistry [16,30].
Retention is often treated as a single number
of adsorption, but four different processes may
contribute to retention: equilibrium adsorption on mi-
neral surfaces, mechanical trapping of large mo-
lecules or microgel, hydrodynamic trapping under
flow conditions, and inaccessible volume that affects
the apparent transport rate of the fluid. The relati-
ve importance of these processes may change
with high salinity. First, electrostatic screening
may enhance adsorption of anionic polymers
by weakening charge repulsion from negatively
charged sandstone, while associative polymers may
form larger transient structures leading to mechanical
trapping. A zwitterionic polymer will show another
behavior because outside salt can alter both chain
conformation and surface interaction.

Thus, static adsorption tests are not enough for EOR
screening. They can be used for determining strong
chemical affinity but cannot replicate deformation
and transport through the pore throat. Dynamic
core flooding experiments, especially when polymer
concentration is measured from the effluent, can
represent a better estimate of retention, especially
together with post-flood permeability. If a polymer
shows lower than static adsorption but much

....................................................... 69
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higher RRF than HPAM, then mechanical retention
is dominating and materials’ behavior cannot
be described only as “low-adsorption”.

Retention also has an effect on economic side since
the polymer mass remaining around the injector
is of no use in terms of deep sweep even if it creates
strong local RF. For pattern flood, useful chemical
is the amount that expands to make a difference
in interwell mobility. This provides a relevant
performance metric: incremental oil per kilogram
of polymer that travels away from near well bore
region. Although hard to measure directly, tracer
and produced-polymer data constrain estimation
based on simulations [17,29].

Comparative Assessment of Reported Recovery
Consistently, the literature shows that salt-tolerant
polymers outperform HPAM only if conditions
in the experiment are harsh enough to reveal weak-
nesses of HPAM. Under laboratory conditions,
the difference in performance may narrow or even
disappear since HPAM is cheap, highly viscous,
and easy to prepare. Therefore, the relevant question
is not whether a novel polymer can outperform
HPAM somewhere, but where optimal conditions
lie in terms of salinity, hardness, temperature, per-
meability, and oil viscosity. Very few studies describe
this crossover in a systematic way.

A more accurate comparison is recovery efficiency
per injected polymer mass or unit cost of pressure.
Unfortunately, few papers report enough data
to calculate these metrics. Although a 20% OOIP
increment achieved with 3000 mg/L polymer
and 0.6 PV may seem very promising, it may be less
economically rewarding than a 14% OOIP recovery
with 1000 mg/L and 0.3 PV. An associative polymer
that creates large pressure increase may be un-
suitable near fracture pressure regardless of high
laboratory recovery. Future meta-analyses should
normalize polymer mass, pore volume, and mobility
reduction whenever it is possible.

Table 4. Reservoir-oriented screening logic
for salt-tolerant polymer displacement

Reservoir Polymer strategy Reason / condition

constraint to prioritize to verify
Modergte Sﬁlll'.llty Sulfonated AMPS/  |Maturity, manageable
/ established field ATBS copolymers [injectivity, supply scale
infrastructure poly! ) Y Supply
High temperature + ATBS{NVP- Hydrol)./tlc/thermall
hi L containing protection plus brine

igh salinity
terpolymers tolerance

Extreme salinity Zwitterionic Anti-polyelectrolyte
/ strong ionic or amphoteric response; verify
environment polymers adsorption

High-permeability
heterogeneous
reservoir

HAP/amphiphilic
associative polymer

Strong mobility control and
diversion; verify pressure

Low-permeability
reservoir

Lower-MW
or optimized
sulfonated polymer

Filterability/injectivity
dominate over maximum
viscosity

Environmental/water-
treatment constraint

Biopolymer or
lower-toxicity hybrid

Potential sustainability
benefit; verify microbial/

thermal stability

For the purpose of quantitative synthesis, incre-
mental recovery should be described with a small
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set of normalized descriptors. First is polymer dose
per pore volume, calculated from concentration
and injected PV. Second is mobility-control intensity,
ideally representative RF or mobility ratio under
reservoir flow conditions. The third is pressure
utilization, for example incremental recovery per
unit pressure increase in relation to waterflood.
Fourth is propagation efficiency: based on produced
polymer mass related to injected polymer mass
where possible. These descriptors would permit
more fair comparisons among studies with different
concentrations and slug sizes.

Why Cross-Study Recovery Data Remain Difficult
to Compare

The biggest methodological gap is in the reporting
of research. Salinity is sometimes discussed in terms
of NaCl concentration and other times in terms
of TDS. Hardness is sometimes simply omitted.
The molecular weight of the polymer, degree of hyd-
rolysis, and rheology (particularly viscometer shear
rates being unrelated to porous-flow) are often
unreported. Information regarding pore volume,
permeability distribution, or initial wettability may
be missing from the core data. All of this uncertainty
makes cross-study synthesis challenging, even
when all aspects of the individual studies might be
considered internally valid.

The second gap is simply the lack of head-to-head
comparisons under matched conditions. Clearly,
novel polymers are tested under the conditions
for which they were optimized, while HPAM is tested
at the same mass concentration and not the same
viscosity target or mobility ratio. Both are valid
and legitimate comparisons but yield answers
to different questions. If using equal concentration
evaluates thickening efficiency, equal viscosity eva-
luation determines if there might be other mecha-
nisms that improve displacement beyond mobility
control. Experimental studies should simply report
which evaluation is being considered.

Third, short-term corefloods underestimate risks
that would be present during prolonged use. Both,
a polymer can be injected immediately following
preparation, thereby avoiding months of chemical
aging that would happen in a reservoir, and a poly-
mer might suffer a high degree near-wellbore
mechanical stress, which cannot be replicated
with low rate corefloods. Integrated protocols should
involve aging, controlled mechanical degradation,
and porous-media testing following these steps.
Fourth, the amount of field evidence is still far less
than laboratory evidence. Field pilots represent
heterogeneity, well-pattern interactions, water-
treatment limitations, and supply chain variability
not observed with cores. Public reporting often
reveals what happened without complete chemical
and injection history, which could provide insight
into the response. Thus, publically available pilot
datasets are crucial in discerning whether there
are salt-tolerance advantages identified in laboratory
conditions that persist in field situations [8,27,31].
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Finally, stronger uncertainty treatment is urgently
needed in the displacement literature. Replicate
floods are uncommon, and small variations in core
properties could create recovery differences
comparable with the polymer advantage claimed.
Reporting uncertainty in porosity, permeability,
saturation, injected PV, pressure, and recovered
volume would make conclusions much more
robust and would benefit future datasets that rely
on machine-learning.

Conflicting conclusions regarding injectivity also
often result from differences in permeability.
A polymer described as easy to inject in a multi-
Darcy sandpack can be completely unsuitable
fora 100—-300 mD reservoir core. Thus, the molecular
weight, aggregate size, and filterability need
to be always understood with respect to pore-throat
size. The same goes for adsorption: a formulation
that is advantageous for quartz-dominated
sandstone can adsorb very effectively on surfaces
rich in carbonate or clay. We thus call for statements
such as “polymer X has minor adsorption” replace
with statements related to conditions.

Finally, the use of different denominators to report
recovery can make results look inconsistent.
Some papers report incremental version points
of OOIP, other report % after waterflood, and others
report total recovery factor. These values are not
interchangeable. A review database should always
store raw volumes and calculate the common metric
rather than comparing the reported percentage
directly.

Future Research and Field Qualification

Future laboratory studies should adopt a step-wise
workflow: bulk rheology in representative brine,
long timescale thermal/chemical aging, multiple
mechanical-shear tests, filtration and adsorption,
matched-condition  coreflooding, and imaging
of saturation re-distribution. Candidate polymers
that do not meet the initial stages of the transport
criteria should not proceed to the next stages

simply because they might achieve high zero-
shear viscosity; this workflow would minimize
the number of spectacular, but unusable,
formulations.

Monitoring field-scale deployment should also
be a part of polymer assessment. Measurement
of produced-polymer concentration, inter-well tra-
cers, injection-pressure history, production log-
ging, and time-lapse saturation diagnostics can
tell us whether or not the polymer propagated
to the desired area, and if the incremental oil was
produced because of better sweep. Relating these
measurements to reservoir simulation will also enab-
le to test, rather than assume, lab-derived rheology
and retention parameters [27,28].

For high salinity reservoirs, the most promising ave-
nue is probably not just one “universal” polymer,
but a more condition-specific approach. Sulfonated
polymers may remain optimal only because
supply chain scale and robustness are the most
important aspects; zwitterionic/polyampholyte sys-
tems may be a good option under extreme sali-
nity; and hydrophobically associating systems
may only be viable in contexts which permeability
can accommodate their network size. In that case,
field screening should be framed as multi-objective
optimization of efficiency, injectivity, stability, cost,
and environmental impacts.

An academic program of field qualification should
progress through distinct decision gates. Gate
1 would be fluid compatibility: must be dissolved
in make-up water, have brine stability, should
have no precipitation, and should have acceptable
filterability. Gate 2 includes rheological durability
after aging and applying field-representative
mechanical shearing. Gate 3 is rock compatibility —
includes adsorption, RF/RRF and injectivity in typical
cores. Gate 4 is displacement performance against
a commercial reference (under matched conditions).
Only at that point, piloting design can begin.

Pilot design should include sufficiently long baseline
period to distinguish between the polymer’s effects

Figure 8. Proposed gate-based field qualification program for salt-tolerant EOR polymers
Each decision gate (G1-G4) establishes explicit go/no-go criteria before advancing to the next evaluation tier. A polymer
that fails transport criteria should not progress solely on the basis of high laboratory viscosity. Original figure by the authors.
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and natural production variations. Injection devices
need high-frequency pressure and flow-rate sur-
veillance, while matrix producers need to sampled
for polymer breakthrough, salinity, water recession,
and tracer tests. Notice we could then compare
observed polymer front to predictions from reservoir
simulation. An early increase in pressure combined
with no response from offset producers may
mean that retention operates near the well bore,
and not just control of a successful deep mobility.
The pilot needs to define also a stopping
or reformulation criterion for the injection.

Conclusions

The oil-displacement effectiveness of salt-tole-
rant polymers relies on the interplay between
molecular rheological properties and the behavior
of porous media. While salt-tolerance prevents
viscosity losses, which is critical for controlling
mobility, the incremental recovery as well depends
on other pertinent factors such as prior shear
history, viscoelasticity, adsorption, visco-mechanical
retention, permeability, other forms of heterogeneity,
viscosity of oil, concentration of polymer, and slug
size. Therefore, having information about salt-
tolerance is necessary for the enhanced oil recovery
procedure, but it is insufficient on its own.
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Research from the last decade has demonstrated
that sulfonated copolymers are the most mature
option for this extreme condition, while other types
of polymers (amphiphilic, amphoteric / zwitterionic,
hydrophobically associating) achieve stronger
rheology under severe salinity. While studies with
double-digit incremental oil recovery results under
HSHT condition have been recorded, it does
not mean that such methods can be employed
tactically. However, it should be mentioned
that limiting factors for comparing results recorded
across studies include non-standardized definitions
of brine, polymer doses, and termination points
for waterflooding, as well as incomplete pressure
and retention reporting.

Thus, the conclusion is made in a conditio-
nal way: no family of salts-tolerant polymers can
be announced as the most effective from the existing
data on oil displacement. The best candidates
for polymers include polymers with low mobility
reduction at reasonable concentration, those that
propagate effectively with low or acceptable RRF,
and those that can expose high viscous stability
after reasonable aging and shear. The first image
obtained in laboratory experiments is to be reported
consistently.

AONONHUTENbHO

UcTouHuk cumHaHcupoBaHua. MccneposaHue
duHaHcupoBanocb Komutetom Hayku MuHuctep-
CTBa Hayku U Bbiclero obpasoBaHus Pecnybnvkm
KasaxctaH (rpaHT Ne AP26102717).

KoHcnukt wuHTepecoB. ABTOpbl AeKnapupyroT
OTCYTCTBME SIBHbIX WM MOTEHUMAnbHbIX KOH(IUKTOB
MHTEPECOB, CBsI3aHHbIX C Nybnukauuen HacTosiLLen
cTartbu.

Bknap aBTopoB. Bce aBTOpbl nogTBEpXOaroT
COOTBETCTBME CBOEr0 aBTOPCTBA MEXAYHAPOAHbIM
kputepusm ICMJE (Bce aBTOpbl BHECMM CyLLECT-
BEHHbIN BKMag B pa3paboTKy KOHUenuuu, npose-
OeHve wuccnefoBaHWs U MOATOTOBKY — CTaTbM,
npounu n opobpunn uHaneHyl Bepcuio nepeq
nybnukauven). Haubonbwwnii BkNag pacnpege-
NéH cnegyowmm obpasom: beviceHbaea A. —
cuUcTeMaTUYecknin NOUCK NuTepaTypbl, U3BnevYeHve
N cuctemaTM3aumsi AaHHbIX, HanvcaHue nepBoHa-
YyanbHoro BapuaHTta pykonucu; CapceHbekynbl b. —
pa3paboTka KOHUenuunm 1 au3anHa nuccnegoBaHus,
KPUTMYECKUA aHanu3 MexaHu3MOB MOMMEPHOro
3aBOAHEHNS, Hay4yHOEe PYKOBOACTBO MOLrOTOBKOW
pykonucy; TukebaeB T. — aHanu3 AaHHbIX OMbITHO-
NPOMBICIIOBbLIX WUCMBbITAHUA W MacwTabupoBaHus,
NnoAroToBKa WMMIOCTPaUUA U Bu3yanusaums [aH-
HblX; KaH B. — akcnepTHas nposepka pasgenos
N0 XMMUN U MONEKYNAPHOMY AM3alHy NOnnMepos,
duHanbHas pegakums pykonucu; Akumbekynbl E. —
CpaBHUTENbHAs OLEeHKa nokasatenen apdekTuB-
HOCTW BbITECHEHWSl, pedakTMpoBaHWe W CTPYKTY-
pvpoBaHune pyKonucu.
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ABSTRACT

Background: Ensuring employees occupational safety at the oil and gas industry facilities remains
a relevant objective, as far as traditional monitoring methods for the use of Personal Protective
Equipment (PPE) are based on manual visual inspections and are susceptible to human factor. Most
existing computer vision systems are limited to detecting only a small number of 2—6 classes of PPE
categories and to verifying the anatomical consistency between detected protective equipment
and the corresponding body parts of employees.

Aim: Developing and validating a digital monitoring method for compliance with PPE use requirements
based on neural network architectures, integrating algorithms for object detection, human pose
estimation, and anatomical matching of PPE elements in real time mode.

Materials and methods: A unique dataset of 16352 images (after augmentation) containing 13 object
classes, including 6 types of PPE and 6 negative classes was created for training the model.
The YOLOv8 model was used for object detection, and HRNet for human pose estimation. A two-tier
video stream processing architecture was implemented, combining object tracking (BoT-SORT), spatial
and anatomical matching and TensorRT quantization to improve system performance.

Results: During the training phase, the YOLOv8 model achieved Precision = 0.98, Recall = 0.97,
and F1 = 0.94. When testing the developed system on 16 video files obtained from industrial sites,
the system achieved a precision of 96.58%, a recall of 68.48%, and an F1 score of 0.8014. Detecting
small objects (gloves) in cropped images improves detection efficiency by 2-3 times compared to full-
frame processing.

Conclusion: The developed approach, combining the YOLOv8 and HRNet models and an anatomical
matching algorithm, provides effective digital monitoring of compliance with PPE requirements
in real-world production conditions. The obtained results confirm the potential of its application
in the development of intelligent industrial safety monitoring systems at industrial facilities.

Keywords: big industrial safety; personal protective equipment; computer vision;, YOLOv8 neural
network; HRNet; human pose estimation; object detection.
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OerMHaanoe unccnegosaHue

LUundcdpoBOoi MOHUTOPUHI UCNOSbL30OBaHMUA CPeacTB
MHAMBUAYaNbHOM 3aWMUTbl HA NPOMbILUSIEHHbIX 06 beKTax
Ha OCHOBE NPMMEeHEeHUsI HeMpoceTeBbIX apXUTEKTYpP

f.C. ©6aimaHan’?, A.H. AnumoBa', K.A. BoctaH6ekoB', P.E. AGapaxmaHoB®,
. ©peHkbisbl', [.B. HypcentoB'?

KMI™ nxuHupuHe, 2. AcmaHa, Kaszaxcmat

2KasHUTY um. K.U. Camnaesa, 2. Anmamsi, KazaxcmaH

AHHOTALMUA

O6ocHoBaHue. ObecneyeHne npon3BOACTBEHHOW 6e3onacHocTn paboTHWMKOB Ha  obbekTax
HedTerasoBon OTpacnu ABMSETCA aKTyanbHOW 3adaqen, MOCKOmNbKY TPaauLMOHHbIE MeToAbl KOHTpONs
MCMNOnb30BaHWA CPeAcTB MHAMBUAyanbHOM 3awmTbl (ganee — CW3) ocHoBaHbl Ha BW3yanbHbIX
OCMOTpax 1 NoABEPXKEHbl BNUAHMIO YernoBeyeckoro haktopa. CyLuecTByoLmME CUCTEMbI KOMMBIOTEPHOIO
3peHuns], Kak NpaBuso, orpaHnynBatoTcs getekumen 2—6 knacco CM3 1 He yunTbIBalOT aHaToMmnyeckoe
COOTBETCTBME 3aLLMTHOrO 060pyAoBaHUS YacTaM Tena paboTHUKa.

Lenb. Paspabotka u anpobauus meToda UMGPOBOrO MOHUTOPUHra cobniogeHus TpeboBaHUn
no wucnonb3oBaHuio CU3 Ha OCHOBE HEMPOCETEBbIX apXWUTEKTYP, WHTErpupytloLero anroputmbl
obHapyxeHnsi ObOBbEKTOB, OLEHKM MOo3bl 4YerioBeka W aHaTOMMYecKoro MmatyuHra anemeHtoB CU3
B PEXMME pearnbHOro BpEMEHN.

MaTepuansbi u metoabl. [1na obyyeHns mogenu co3gaH cOBCTBEHHbIN YHUKanbHbIM aaTtacet us 16352
n3obpaxeHun (nocne ayrmeHTtaumu), cogepxawmn 13 knaccoB obbekToB, Bknioyas 6 Ttunos CU3
M 6 HeraTuBHbIX KnaccoB. [ns getekuun OOBLEKTOB ucnornb3oBaHa mogenb YOLOV8, ansa oueHku
nosbl 4venoseka — HRNet. Peanu3oBaHa AByxypoBHeBas apxuTekTypa o6paboTku BuaeonoToka,
obbeguHsowan TpeknHr o6bektoB (BoT-SORT), nNpOCTPaHCTBEHHBIN U aHAaTOMUYECKUA MAaTuuH,
a Takke kBaHTU3aumio TensorRT ans NoBbILEHWS NPOM3BOAUTENBHOCTU CUCTEMBI.

Pesynbratbl. Ha atane o6yyeHua mogens YOLOV8 gocturna sHaveHun Precision = 0,98, Recall = 0,97
n F1 = 0,94. MNpn TectupoBaHun paspaboTaHHOW cucTeMbl Ha 16 Buaeodanax, NOMyYeHHbIX
C MecTopoXaeHun, JocTurHyThbl Precision = 96,58%, Recall = 68,48% wu F1-mepbl = 0,8014. detekuums
Menknx obbeKToB (mepyaTtku) Ha obpesaHHbIX M3obpaKeHUsiX No3BONseT MOBbICUTbL APAEKTUBHOCTD
obHapyxeHus 06beKkToB B 2—3 pa3a No CPaBHEHUIO C NONHOKaApPoBoON 06paboTKon.

3aknrouyeHue. PaspabotaHHbli nogxod, obbeauHsiowmn mogenn YOLOv8, HRNet v anroputm
aHaTOMMYecKoro MatuyvHra, obecnevmBaeT 3MOAEKTUBHBLIA LUPPOBOA MOHUTOPUHT  COBMOAEHUS
TpeboBaHuii No ncnonb3oBaHuio CU3 B pearnbHbIX MPOM3BOACTBEHHbIX YCNOBUAX. [MonyyeHHble pesynb-
TaTbl NOATBEPXAAIOT MEPCMNEeKTUBHOCTb €r0 NPUMEHEHUS MPU CO34aHWW MHTENNEeKTyanbHbIX CUCTEM
MOHWUTOPWHIa NPOVU3BOACTBEHHON 6E30MAaCHOCTM Ha MPOMBILLNIEHHbBIX NPEANPUATUSIX.

Knroyeewle croga: npousgodcmeeHHass b6e3onacHocmb, cpedcmea uUHOUsuUdyasibHoOU 3auumel,
KomrbromepHoe 3peHue, Helipocemb YOLOV8, HRNet, oueHka nossl Yeroseka, 0emekyusi 06bekmos.
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TynHycka 3epTTey

HenpoHAbIK Xeni apxuTeKkTypanapbiH KongaHy HerisiHge
OHepKacinTik o0beKTinepae xeke KOpFaHbIC KypanaapbiH
nanaanaHyabl caHAblK MOHUTOPUHITEY

f.C. ©6gimanan'?, ©.H. 9nimoBa’, K.A. BocTtaH6ekoB’, P.E. O96gipaxmaHoB?,
. ©peHkbi3bl', [.B. HypceniToB'?

KMI™ MxxuHupuHe, Acmara Kanacsl, KazakcmaH

2K.1. Combaee ambiHOarbl Ka3¥T3Y, Anmamsi Kanackl, KazakcmaH

AHOATNA

Herizgey. MyHai-ra3 canacbl o6bekTinepiHaeri KblaMeTkepnepaiH, eHaipicTik kayincisairii kamtamachi3
ety e3ekTi MiHaeT bonbin Tabbinagbl, cebebi xeke kopraHbic KypangapblH (XKKK) nangananyabl 6akbi-
naygblH A9CTypni a4icTepi Bu3yanabl Tekcepynepre HerisaenreH xxaHe agaMmm (akTopAblH acepiHe yilbl-
panabl. KongaHbicTarbl KOMMbloTepnik Kepy >xynenepi, agette, XKKK-HbIH 2—6 knacblH faHa aHbiKTay-
MEH LUeKTeneai >xaHe KopFaHbIC KypanaapblHbIH KbI3MeTKep AeHe GenikTepiHe aHaTOMUANbIK COMKECTIriH
eckepmengi.

MakcaTtbl. HelripoHablk xeni apxutektypanapsbl Heridinge XXKK nanganaHy TanantapbiHblH, cakTanybliH
CaHAblK MOHUTOPUHITEY 9AiCiH a3ipney xaHe anpobauusanay, HakTbl yakblT pexumiHae obbekTinepai
aHblKTay, afaMHblH nosacblH baranay xoHe XXKK aneMeHTTepiHiH aHaTOMUANbIK COMKeCcTeHAipy anro-
puTMAEpIH BipikTipy.

Martepuanpap MeH agictep. Mogenbai okbITy ywiH 16352 keckiHHeH TypaTblH e3iHAik Giperei gepek-
Tep XMUbIHTbIFbI (ayrMeHTaumsaaH kenin) Kkypbingbl, on XKKK-HbIH 6 TypiH xoHe 6 Tepic KnacTbl KAMTUTbIH
13 06bekT knacbiHaH Typaasl. O6bekTinepai Aetekumanay ywiH YOLOvV8 moaeni, an agamHbIH No3achiH
baranay ywiH HRNet nangananbingbl. XXyneHiH eHiMainiriH apTTeipy MakcaTbiHAa obbekTinepai 6akbl-
naygpbl (BoT-SORT), KeHICTIKTiK XaHe aHaToMuAnbIK CavkecTeHaipyai, coHaan-ak TensorRT kBaHTu3a-
UMSICbIH BipikTipeTiH GeHearbliHAbl 6HAEYAIH eKi AeHrenni apXuTekTypachl icke acblpbingpl.
HaTtuxenepi. OkbiTy KeseHiHae YOLOvV8 mogeni Precision = 0,98, Recall = 0,97 xaHe F1 = 0,94 maH-
OepiHe Kon xertkisai. KeH opbliHaapbiHaH anbiHFaH 16 G6enHedbaringa a3ipneHreH xymneHi Tectiney 6apbi-
cbiHaa Precision = 96,58%, Recall = 68,48% »xaHe F1-enwemi = 0,8014 HaTwxkenepiHe Kon XeTkisinai.
KecinreH keckingepgeri ycak obbekTinepai (KkonFantapabl) AeTekumsanay TonblK Kagprbl eHOeyMeH ca-
nbiCTbipFaHaa 06bekTiNepAi aHbikTay TUiIMAiNIriH 2—3 ece apTThipyFa MyMKiHAIK Oepeai.

KopbiTbiHabl. YOLOV8 xaHe HRNet mMopenbaepiH, coHaan-ak aHaTOMUANbIK COMKECTeHAipy anro-
pUTMiH GipiKTipeTiH @3ipneHreH Tacin HakTbl eHAipicTik xaFaannapaa XXKK nanganaHy TanantapbliHbiH
cakTanyblH TWiMAi CaHAblK MOHWTOPWHITEYAI kamTamacbld eTefi. AnblHFaH HOTUXenep OHbIH eHep-
KoCIiNTiK KacinopbIHAApAa eHAIPICTIK KayincCi3aikTi MOHUTOPUHITEYAIH, 3UATKEPNIK XXynenepiH Kypy KesiHae
KongaHblfy nepcnekTueanapbiH pactangbl..

Hezizzi ce3dep: eHAipicmik Kayinci30ik, xeke KopraHbiC Kypandapbl, komrnbromeprik kepy, YOLOv8
HelipoHObIK xenici, HRNet, aBamHbiH no3acsiH baranay, 0b6bekminepdi Oemekyusinay.

[anekces KenTipy yLiH:
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KongaHy HerisiHde eHepKacinTik obbekTinepae >Xeke KOpfFaHbIC KypanfapblH naWpanaHyAbl caHablK
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Introduction

In modern industry employee safety is a key
element of effective process organization. Failure
to comply with personal protective equipment
(PPE) usage regulations poses a direct threat
to the health and lives of employees, leading
to the implementation of innovative technologies
to automate the PPE use monitoring. Traditional
approaches based on manual visual inspections
and periodic checks are susceptible to human error
and delays in identifying safety rules violation [1, 2].
Today, there are two main approaches to PPE
monitoring such as sensor-based methods based
on radio frequency identification and the Internet
of Things [1, 2] and machine vision methods using
deep learning algorithms [3-15]. The second
group of methods has attracted particular attention
due to their ability to analyze visual data without
the involvement of additional means. However,
existing solutions are primarily limited to detecting
a few classes of objects and are not always capable
of verifying the correct wearing of PPE.

The purpose of the study is to develop a digital
monitoring method for compliance with PPE
use standards at industrial sites, combining emp-
loyee detection (YOLOvV8), human pose estimation
(HRNet), detection of 13 classes of PPE objects,
and anatomical matching to verify the correct
wearing of PPE in real time mode.

Literature review

This section reviews key research in the field
of automated PPE detection using deep learning
methods. The reviewed works reflect the main
development directions in this field, including
the application of deep learning algorithms, transfer
learning methods and various approaches to impro-
ving PPE detection accuracy.

Xiong R. and Tang P. [4] proposed a method
for detecting compliance with PPE use at construc-
tion yards based on employee pose analysis using
pose estimation technology, instead of traditional
object detection. In the proposed approach,
the employee’s body is represented as a skeletal
model, and individual body parts are used as spa-
tial landmarks to define part attention regions
where the presence of relevant PPE elements
(e.g., a hard hat on the head, a vest on the upper
body) are expected to be worn. To localize these
regions, the authors developed a set of rules based
on human anatomical features, after which they
used convolutional neural networks to classify
the extracted image fragments.

Experimental results demonstrated the high effi-
ciency of the proposed approach: the F1-score
was 96.95% for detecting hard hats and 94.61%
for detecting vests. Furthermore, the developed
method demonstrated higher accuracy compared
to traditional object detection models, including
Faster R-CNN and YOLO. These results demon-
strate the potential of using human pose esti-
mation methods for automated compliance control

DOI: 10.54859/kjogil109018

of industrial safety requirements and monitoring
the use of PPE at construction yards.

A number of studies have been devoted
to the application of traditional object detection me-
thods for monitoring the use of PPE. In the work
of Chen S. and Demachi K. [5], an approach
to monitoring compliance with requirements
for the use of PPE at nuclear power plant facilities
was proposed. To train the model, an annotated
dataset was formed, including 3808 images obtained
both from webcams installed at an industrial
facility and from open internet sources. A separate
manually collected dataset was used for testing.
In the framework of the study, two classes of objects
were considered: a protective helmet and a full-face
protective mask. To solve the detection problem,
aone-stage YOLOv3 model with the basic Darknet-53
architecture was used. Training was performed
in two stages: the first stage involved training with
frozen convolutional layers of the basic network,
and the second stage involved tweaking the model
with unfreezing of all layers. To optimize the training
process, the Adam optimizer algorithm with a batch
size of 8 and different learning rates at individual
stages was used. Based on experimental results,
the developed model demonstrated an accuracy
of 97.64% and a recall of 93.11%, processing
a video stream in real time at 7.96 frames per second
(FPS). However, the study is limited to monitoring
only two types of PPE and does not consider
a wider range of PPE. The authors note the need
to expand the dataset and implement the developed
model in real-world production conditions as future
directions for development.

In a study by Delhi V.S.K., et al. [6], the problem
of using PPE on construction yards in real time mode
was examined using deep learning and computer
vision methods to improve industrial safety. To train
the model, the authors manually compiled a dataset
consisting of approximately 2 500 images collected
from open internet sources. The images were divided
into four classes: “SAFE,” “UNSAFE,” “no clothing”
and “no jacket.”

The YOLOvV3 architecture was used as the object
detection model. To improve the robustness
and generalization ability of the model, image
augmentation methods were used during the data
preparation stage, including horizontal flipping
and rotation by up to 30°. The dataset was divided
into training, validation, and test sets at a ratio of 90%,
8%, and 2%, respectively. Experimental results
demonstrated the high efficiency of the proposed
model then the mAP, Recall, and F1-score values
reach 97%.

Wang Z., et al. [7] investigated the problem of emp-
loyee compliance with occupational safety re-
quirements using deep learning neural network
methods adaptedfor real-time mode object de-
tection. The authors developed and compared
detection models based on the YOLOv3, YOLOv4,
and YOLOVv5 architectures for recognizing six clas-
ses of PPE objects. The CHV dataset [8] containing

....................................................... 79
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1 330 high-quality images was used for training
and testing the models. The dataset included six
classes of objects: protective helmets of four colors,
employee face images and vests. A comparative
analysis revealed that the YOLOv5x model achieved
the highest detection accuracy, reaching 86.55%,
while the YOLOv5s model demonstrated the highest
processing speed reaching up to 52 frames per
second. The obtained results indicate a tradeoff
between detection accuracy and computational
efficiency.

Ma L., et al. [9] proposed a combined PPE detection
algorithm using a portable version of the YOLOv4
model. A dataset containing approximately 25 000
images obtained from CCTV cameras installed
at construction yards was generated to perform
experiments. The images were unevenly distributed
across six object classes and divided into training
and test sets. Two object detection architectures
were considered such as YOLOv4 and YOLOv4-
Tiny. To improve the accuracy of the models,
fine-tuning and optimization were performed
using the original dataset. The best results were
obtained using the CLSIim YOLOv4 model, based
on the Channel and Layer Slimming (CLSlim)
method. This approach contributed to reduce
the number of model parameters by 98.2%,
and to increase the output speed by 1.8 times,
and, in the same time, to reduce the mAP value
by only 2.1% compared to the baseline model.
The results obtained demonstrate the high efficiency
of the CLSIlim method in reducing computational
power and increasing the speed of object detection.
In the study by Lo J.-H., Lin L.-K., and Hung C.-
C. [10], the problem of developing deep learning
algorithms for detecting the use of PPE in real time
mode was considered. A dataset containing over
11 000 images was generated for training and eva-
luating the models. The capabilities of the YOLOV3,
YOLOv4, and YOLOv7 architectures were inves-
tigated. To improve training quality and reduce
the risk of overfitting, data preprocessing methods
were used, including image flipping, cropping,
noise addition, and color space transformation.
A comparative analysis showed that the YOLOv7
model demonstrates the best results, achieving
a mAP value of 97.29% with a processing speed
(FPS) of 25.02 frames per second. The implemented
system achieved a PPE detection accuracy
of 97.5%, confirming the effectiveness of modern
deep learning models for monitoring safety
compliance at industrial facilities in real time mode.
The authors note the need to further expand
the dataset by including more PPE use scenarios,
images with overlaying objects, and negative
examples, as well as by improving data collection
methods. It should be noted that most images
in the dataset were captured under good lighting
and favorable weather conditions, which may li-
mit the generalization ability of the model
and its effectiveness in more complex industrial
conditions.
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In the study by Lee Y.-R., et al. [11], a computer
vision-based platform was proposed to monitor
the proper use of PPE at construction yards.
To compile the dataset, images with a resolu-
tion of 1280x720 pixels obtained from various
sources, including Google Images, CCTV came-
ras and smartphones used at construction yards.
The dataset included three classes of objects:
“Person”, “Hard Hat”, and “Safety Vest”. A total
of 1 031 images were used for the model
training, and 257 images were used for testing.
The dataset was used to train a contemporary
pixel-based PPE detection model of the YOLACT
architecture. The DeepSORT algorithm was used
to track objects between frames. The results
of the study show that the YOLACT model achieved
an mAP50 score of 66.4%, and the DeepSORT
algorithm provided an accuracy of 91.3% in detecting
the PPE use status. As a future research direction,
the authors consider expanding the platform’s
functionality by identifying potentially hazardous
situations on construction sites through analyzing
the co-relation between employees, the PPE
they wear, and the surrounding work environment.
Nugraha K.O.P.P. and Rifai A.P. [12] proposed
an approach to monitoring compliance with PPE
use requirements in industrial laboratories based
on convolutional neural networks (CNN). The authors
created their own dataset of images of labora-
tory employees containing various PPE wearing
scenarios. A trained model classified the images
with the aim of determination of the presence
or absence of mandatory PPE items, including
lab coats, safety glasses, and gloves. Experimental
results showed that the developed approach
provides acceptable accuracy in classifying ele-
ments under controlled operating conditions. Howe-
ver, the authors also found a significant dependen-
ce of classification quality on shooting conditions.
In particular, changes in illumination and background
characteristics leads to a noticeable decrease in re-
cognition accuracy compared to the conditions
presented in the training set. The obtained results
demonstrate the existence of a domain shift
problem inherent in PPE usage monitoring systems
and highlight the need for more variable datasets
covering a wider range of operating conditions,
including different illumination levels, viewing angles,
and environmental features.

Zhao M. and Barati M. [13] proposed an approach
to detecting PPE in electrical substations based
on graph neural networks (GNNs). Unlike classical
object detection methods, which consider objects
independently, the proposed model takes into
account spatial and semantic relationships between
objects, including employees, process equipment,
and PPE, representing them as a graph structure.
This approach improves the robustness and speed
of PPE detection in a specific industrial environment
characterized by a high density of objects, a complex
background, and the presence of visually similar
elements.
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In the meantime, the authors note that the effecti-
veness of the proposed method largely depends
on the quality and representativeness of the training
data. Furthermore, constructing a graph structure
requires additional labeling of the connections
between scene objects, which increases the labour
intensity of data preparation and complicates
the implementation of such solutions in real-world
industrial settings.

Ngoc-Thoan N., et al. [14] developed an impro-
ved model based on the YOLOv5 architecture
for preventing emergency situations and monitoring
the use of PPE at construction yards. The authors
modified the network architecture and training
procedure to improve the accuracy of detecting
PPE elements and potentially hazardous industrial
situations. Conducted experiments demonstrate
improved performance compared to the base
version of YOLOv5 model. Despite these results,
the authors note that the developed model remains
sensitive to changes in environmental conditions,
including variations in illumination, weather condi-
tions, and scene background characteristics.
These factors may limit its reliability during
around-the-clock operation in real industrial
conditions.

Contemporary research is aimed at improving object
detection architectures by eliminating anchoring
mechanisms and improving the quality of data
preparation. For example, Wang H. [15] investigated
the applicability ofthe YOLOv8 modelto PPE detection
objectives. Based on the experimental results,
the model demonstrates precision, recall, and F1-
score values of 0.95, 0.84, and 0.74, respectively,
outperforming models such as YOLOv5s, Faster
R-CNN, SSD, and RetinaNet in detection quality.
YOLOvV8's high performance is due to its
use of an anchor-free detection mechanism
and an expanded dataset using augmentation me-
thods. Eliminating fixed anchors leads to the re-
duction of the model's dependence on predefined
object parameters and to increasing its robustness
to changes in scale, illumination, and scene
dynamics. The results obtained demonstrate
the high potential of the YOLOV8 architecture
for building automated monitoring systems for PPE
use in industrial conditions.

Materials and methods

Data collection and processing. A unique cove-
ring various scenarios and situations at produc-
tion sites image dataset was formed for the study.
For its formation, video materials obtained directly
from the production sites were used. The initial
sample included 300 video files, each of which was
analyzed manually. Based on the results of the ana-
lysis, 91 of the highest quality video recordings
were selected that met the requirements for training
data. The selection took into account the absence
of a black screen, sufficient lighting, the correct
camera angle, the presence of activity in the frame
and the minimum level of noise in the frame.
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Based on the selected video materials, a dataset
was created, including 2 877 images containing
13 object classes: person, helmet, glasses, jacket,
gloves, pants, boots, as well as negative classes
for each element of PPE (helmet-negative, glasses-
negative, jacket-negative, gloves-negative, pants-
negative, boots-negative). The use of negative clas-
ses made it possible to reduce the number of false
positives in cases where elements of everyday
clothing are visually similar to personal protective
equipment.

Data Augmentation. To increase the volume
and diversity of the dataset, augmentation methods
were used, which is an important stage in data
preparation in computer vision tasks. The use
of data augmentation is relevant in the context
of PPE detection, as it improves the model’s ability
to handle real-world scenarios.

During the augmentation process, geometric
transformations were used, including rotation,
scaling, and image translation, simulating changes
in the position and orientation of objects typical
of industrial settings. Horizontal image flipping was
also applied, allowing the model to better generali-
ze to PPE examples viewed from different angles.
To simulate a variety of operating conditions,
color corrections were performed on the images,
including brightness and contrast adjustments.
Blurring and noise addition methods were also
applied to simulate real-world industrial conditions,
where PPE may be partially hidden or exposed
to external influences.

As a result of the augmentation, the dataset
size increased from 2877 up to 16352 images.
This allows for significant increase the variability
of the training set and improvement of the model’s
robustness to changes in the external environment
and shooting conditions.

Object Detection. Various computer vision archi-
tectures were considered for object detection and
instance segmentation tasks, including Faster
R-CNN [16], SSD [17], and models from the YOLO
family [18]. Among them, special attention was given
to the YOLOVS architecture, developed by Ultralytics,
which is an advanced single-stage detector
optimized for real-time operation. The YOLOv8
architecture uses a fully convolutional approach
with the CSPDarknet backbone, ensuring efficient
gradient propagation and increasing computational
efficiency. Unlike previous versions of the YOLO
family, the model implements an anchor-free
detection mechanism, which allows to increase
the detector’s flexibility and to reduce computational
complexity without significantly reducing accuracy.
For segmentation, YOLOv8 predicts masks si-
multaneously with bounding rectangles, using de-
formable convolutions to improve spatial perception
of objects. By virtue of pre-training on large-scale
datasets such as COCO, the model demonstra-
tes high generalization ability and performance
when solving a wide range of object detection tasks.
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In this study, the YOLOV8 architecture was used
to train and subsequently evaluate object detection
and segmentation performance on the created
dataset.

Human Pose Detection. Various deep learning
architectures can be used to solve the problem of 2D
human pose estimation, including ResNet [19],
networks of Stacked Hourglass type [20],
OpenPose [21], as well as methods based on Part
Affinity Fields and Convolutional Pose Machines
(CPMs) [22].

In this study, the model proposed by SunK_, et al. [23],
based on the High-Resolution Network (HRNet)
architecture was used to detect human body
keypoints. HRNet uses a high-resolution subnet
and repeatedly integrates representations formed
at different resolutions, achieving high accuracy
in pose estimation objective.

To predict keypoint coordinates in images, the HRNet
model generates high-resolution heatmaps of ob-
jects, modeling the true position of each point
using a two-dimensional Gaussian distribution.
On the COCO and MPIl datasets, the HRNet
model demonstrates high accuracy in human pose
estimation. This study used a pre-trained version
of HRNet trained on the COCO dataset.

Model Training and Evaluation

Training the Object Segmentation Model. To train
the object segmentation model, the resulting da-
taset was divided into subsets to effectively utilize
its potential. The total dataset size was 16352 ima-
ges, of which 13 081 were used for training
the model, and the remaining 3 271 images were
used for testing and validation. The distribution
of objects by class is shown in Figure 1, allowing
for a clear understanding of the dataset structure
and its correspondence to real-world data.

The model was trained over 300 epochs, providing
the model with a sufficient number of iterations
to train on diverse data and adaptation to a variety
of conditions.

Model Evaluation. To evaluate the performance
of the YOLOvV8 model for solving the PPE detection
problem, standard object detection quality metrics
were used: Precision, Recall, and Mean Average
Precision (mAP). These metrics allow us to evaluate
the model’s ability to correctly detect and localize
PPE in images.

Precision measures the accuracy of positive pre-
dictions made by the model. The formula for Pre-

cision is as follows:
TP

Precision = ——,
TP+FP

(1)

where TP (True Positives) is the number of correct
PPE detections; FP (False Positives) is the number
of instances where the model incorrectly predicted
the presence of PPE despite its absence.

Recall, also known as sensitivity or true positive rate,
measures the model’s ability to detect all relevant
PPE items. The formula for Recall is as follows:

Q) e
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TP
TP+FN

Recall = (2)
where FN (False Negatives) is the number of actual
PPE items that the model failed to recognize.

Figure 1. Class Distribution in the Dataset

Mean Average Precision (mAP) is one of the main
metrics used to evaluate the quality of object
detection models. This metric calculates the avera-
ge accuracy at different confidence thresholds
and is often visualized as a Precision-Recall Curve.
Calculating mAP involves several steps:

— to calculate Precision and Recall for different
confidence thresholds.

— to calculate the area under the Precision-Recall
curve.

— to average the areas under the curve for different
classes, which yields the mAP value.

The mAP provides a comprehensive picture of mo-
del performance at different confidence levels in de-
tecting PPE objects. A higher mAP value indicates
a more robust and accurate model.

The analysis of these metrics data allows to identify
the strengths and weaknesses of the model, enab-
ling adjustments to improve detection accuracy.
To improve PPE detection accuracy, several key
hyperparameters must be considered as follows:
Learning rate is a critical parameter that affects mo-
del convergence. The optimal value is selected expe-
rimentally, starting with a low value and gradually
increasing it if necessary.

Batch size affects stability and training speed. Larger
batches speed up training but require more memory,
so it is important to find a balance between efficiency
and available resources.

Data augmentation involves the methods such as ro-
tation, shear, brightness and contrast adjustments.
improve the model’s ability to generalize and adapt
to real-world conditions.
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Dataset balance ensures an even distribution
of images from different classes (PPE and negative
examples) to prevent the model from being biased
toward a particular category.

A validation dataset was used to monitor trai-
ning quality, playing a key role in assessing
the model's generalization ability and identifying
potential overfitting. The validation set was de-
signed to cover various production scenarios,
camera angles, and lighting conditions, ensuring
its representativeness of real-world operating
conditions. During validation, hyperparameters
such as learning rate, batch size, and augmentation
parameters were adjusted to determine the opti-
mal configuration for the best object detection
performance.

After completing the training and validation pha-
ses, the model was tested on a test dataset
not previously used in the ftraining process.
The testing module evaluates the performance
of the YOLOvV8 model and verifies its accuracy
in detecting PPE. For accurate evaluation, the test
set must be diverse and cover potential operational
scenarios in which the model will be used. The key
testing metrics are Precision, Recall, and F1
score, which reflect the quality of predictions
and the confidence of the model.

Therefore, when creating a YOLOv8 model, training
parameters such as learning rate, batch size,
and data augmentation methods must be consi-
dered. Balancing the dataset and ensuring diversity
in the validation and testing datasets are crucial
for accurate model evaluation. These recommen-
dations should be adjusted to the specific requi-
rements for improving PPE detection accuracy,
ensuring the effective performance of the model.
For the further evaluation of the model's perfor-
mance, the Precision-Confidence Curve was ana-
lyzed. This curve allows for evaluating the range
of object detection accuracy changing with different
model confidence thresholds. As shown in Figure
2, the model achieves an accuracy of approxima-
tely 0.98 for all classes, demonstrating high predic-
tion reliability with a minimal number of false positi-
ves. It is of great importance in industrial conditions
where strict compliance with safety standards
is required.

The Recall-Confidence Curve (refer Figure 3)
shows the relationship between Recall and model
confidence. High Recall values, reaching 0.97,
indicate the model's ability to effectively detect
virtually all types of PPE, reducing the probability
of missed events. This confirms the reliability
of YOLOv8 for PPE detection tasks in real-world
conditions.

An analysis of the Recall curves for individual classes
reveals heterogeneity in the model’'s performance.
Of particular interest is the “person” class, for which
recall begins to decline sharply at a confidence
threshold of approximately 0.4, while for most PPE
classes, a steady decline is observed only at values
above 0.7. This behavior is explained by the high
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intra-class variability of objects in the “person” class,
due to the variety of poses, viewing angles, object
scales, and the presence of partial overlapping
of employees in the frame. As a result, the model
assigns lower confidence values to correct human
detections.

Figure 2. Precision-Confidence Curve based
on bounding rectangles

Figure 3. Recall-Confidence Curve based
on bounding rectangles

For the comprehensive assessment of the qua-
lity of PPE detection, the Precision-Recall
Curve was analyzed. Figure 4 illustrates the tra-
deoff between Precision and Recall, allowing
for a detailed assessment of the model’s per-
formance. YOLOv8 demonstrates an average
accuracy of mAP@0.5 equal to 0.964 across all
object classes, demonstrating the model’s high
performance and reducing the risk of missing PPE
items, contributing to improved safety in industrial
conditions.

An analysis of the class-specific mean accuracy
(mMAP@0.5) values reveals significant variation:
from 0.990 for the “person” class and 0.992 for
“safety glasses” to 0.867 for “non-safety glasses” and
0.942 for “boots.” The lowest value for the negative
“non-safety glasses” class is conditional upon
the visual proximity of regular eyeglasses and other
facial features to safety glasses, making it difficult
to distinguish between the positive and negative
classes. The relatively low value for the “boots” class
is conditional upon to the small size of the object

....................................................... 83
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and the frequent overlap of shoes at the bottom
of the frame when viewed from a wide-angle
camera angle. These observations are consistent
with the imbalanced distribution of classes
in the dataset (Figure 1) and confirm the need
for targeted expansion of the training set for poorly
represented and visually ambiguous categories.

Figure 4. Precision-Recall curve for bounding
rectangles

For the further evaluation of the model's quality,
the F1-score dependance on confidence level
curve (F1 Confidence Curve) was analyzed, allo-
wing us to assess the balance between Preci-
sion and Recall of YOLOvS8. Figure 5 demonstra-
tes the influence of the confidence threshold
on the F1-score value of the object detection
quality metric. YOLOv8 achieves an F1-score
of approximately 0.94 at the optimal confidence
threshold for all PPE classes.

Figure 5. F1-score curve, confidence
for bounding rectangles

The F1-score curve clearly shows that the optimal
balance between Precision and Recall for all
classes is achieved at a confidence threshold
of approximately 0.425, resulting in an F1 value
of 0.94. However, the “human” class demonstrates
lower F1-score values (a plateau at approximately
0.8) across the entire threshold range compared
to the PPE classes, which is consistent with the re-
call curve analysis. The model’s results are presen-
ted in Fig. 6.

Q4 e

Figure 6. Model result on test data

Development of a PPE Monitoring System

To ensure continuous analysis of the video stream
in real time, a dual-threaded data processing
architecture is implemented in the system.

The first thread (Capture Thread) asynchronously
reads frames from the video stream and stores them
in a buffer for subsequent processing. This approach
minimizes delays in data receipt and ensures
the transmission of the most relevant frames.

The second thread (Processing Thread) is res-
ponsible for object detection and subsequent se-
mantic analysis. It extracts frames from the first
thread and processes them independently
of the capture process. Splitting the functions into
two threads reduces processing delays and ensu-
res the relevance of the analyzed frames even
when the computation time exceeds the interval
between new images received.

This approach prevents data transmission delays
and efficiently utilizes computing resources (CPU/
GPU).

At the first stage of video stream, processing
a people detection model based on YOLOv8
and the BOTSORT tracker is used. These models
effectively identify people in the frame and track their
movements. Next, a pose estimation is performed
for each detected person using the HRNet model.
This model uses frame images and the coordina-
tes of the person’s bounding box (bbox) as input.
The model can identify 17 key points of the human
skeleton with high accuracy, which is especially

important when multiple people are present
in the frame.
Following the pose estimation, the person’s

bounding box is expanded by N pixels, after which
the corresponding region of the image is cropped,
and the cropped region is being uploaded to the object
detection model. This approach allows for focused
analysis on the employee location and eliminates
the influence of the surrounding background.
The model is trained to recognize 13 object
classes: one class corresponds to the person,
and the remaining 12 classes correspond to PPE
items and their negative classes (helmets, goggles,
gloves, etc.). Experiments have shown that using
cropped images significantly improves the detection
of small objects. For example, for the “gloves” class,
58 detections were obtained in cropped images,
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compared to only 25 in the full frame. These results
indicate that image cropping enhances the accura-
cy of small object detection, improving the overall
performance of the system.

To reduce the number of false positives, a two-
stage mechanism for matching detected objects
to a specific employee was implemented.
The first stage uses spatial matching, which
matches the coordinates of detected PPE objects
with the bounding rectangle of the person based
on the intersection of their regions. The second
stage uses anatomical matching, which verifies
that the PPE matches the pose keypoints.
For example, a helmet should be positioned near
the head, and gloves near the hands.

The analysis results are stored in a “person” class
object, which contains the following information:
frames, a list of detected PPEs with confidence
levels, a pose keypoint vector, and a tracking ID.

To improve decision stability, the system accumula-
tes data for each person over M-consecutive frames
(M = 24 at 8 FPS, which corresponds to a three-
second video fragment). PPE presence classification
is performed using the majority rule: if more than 50%
of the frames in the interval contain a negative class
(absence of an object), an event is generated.
To reduce the impact of noise and random detec-
tion errors, a model confidence threshold exceeding
0.85 is additionally used for negative classes.

To prevent repeated registrations of the same viola-
tion, a time filter has been implemented. This fil-
ter uses a hash table of events with a set time-
to-live (TTL) of 5 minutes. Each event is encoded
with a combination of parameters (track ID, PPE
type), preventing repeated registrations of the same
violation within a specified time interval.

When a violation is detected in asynchronous mode,
a GIF animation consisting of 24 consecutive frames
is generated and then saved to the database via
a separate record thread. This approach eliminates
delays in the main thread associated with animation
generation, maintaining high system performance.
Experiments have shown that generating GIF files
is a resource-intensive operation and can reduce
video stream processing speed. Therefore, the sys-
tem implements a dynamic buffer clearing mecha-
nism after object lifetimes, preventing the accumula-
tion of out-dated data and optimizing RAM usage.
To improve system performance, TensorRT model
quantization methods are used to accelerate GPU
inference and an asynchronous frame-preloading
algorithm. RAM consumption is controlled using
an object manager, which removes excess instan-
ces of the Person class if their number exceeds
a specified threshold (5 instances). This approach
enables efficient resource management and ensu-
res uninterrupted system operation even during
lengthy video stream analysis.

Results and Discussion
This section presents the results of testing the PPE
compliance monitoring system using 16 video
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files obtained in real-world production conditions.
The system uses two models: a PPE segmentation
and detection model based on YOLOv8 and a human
pose estimation model using HRNet, which sig-
nificantly improves the accuracy of determining
whether PPE is being worn correctly.

The following metrics were used to evaluate
the model's performance: True Positives (TP)
is equal to 113, True Negatives (TN) is equal
to 0, False Positives (FP) is equal to 4, and False
Negatives (FN) is equal to 52.

Based on these values, key metrics were calculated:
— Recall comes up to 0.6848. This metric
characterizes the system’s ability to detect actual
violations, amounting to 68.48%. This indicates
that the model is not always able to identify
all violations;

— Precision comes up to 0.9658. A high value
for this indicator indicates that 96.58% of the detec-
ted violations were correct;

— F1-score comes up to 0.8014. This metric
is an integral indicator of the system’s quality,
as it takes into account both precision and recall.

— Accuracy comes up to 0.6686. This value
indicates that 66.86% of the analyzed cases
were correctly classified. However, this metric
has limited informativeness for the task at hand,
as the test sample did not contain any true negatives
(TN = 0). This is due to the specifics of the dataset’s
formation: the “no violation” class was not inc-
luded in the video tagging, as it has no practical
significance in the context of the task. The model
focuses exclusively on identifying violations, so only
cases where they were present were considered
during the tagging process. Consequently, no true
negatives were recorded in the test videos.

The system demonstrated an F1 score of 0.8014,
reflecting a balanced balance between high Precision
(96.58%) and Recall (68.48%), as evidenced
by a low false positive rate (FP = 4). This indicates
a good ability of the model to detect violations.
However, Recall (0.6848) indicates the presence
of missed events (FN = 52). This suggests the need
to further improve the system’s sensitivity to reduce
the number of undetected events.

To improve the completeness of violation detection
in real-world conditions, it is necessary to optimize
frame-processing algorithms, improve models
for more accurate violation detection, and expand
the training set.

Training vs. Real-World Gap. It is worth emphasizing
the difference between the conditions under which
the model is evaluated during training and during real-
world use. Model training metrics (Precision = 0.98,
Recall = 0.97) were obtained on a static test dataset
containing 3,271 images with annotated objects,
where detection quality was assessed exclusively
under controlled conditions. The system training
metrics (Precision = 0.9658, Recall = 0.6848) reflect
the performance of the full monitoring system, which
includes not only the detection model but also
additional data processing stages: object tracking

....................................................... 85
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(BOTSORT), temporal aggregation (24 frames
in 3 seconds), threshold filtering (confidence
> 0.85), anatomical matching, and a temporal
filter for repeated events (TTL = 5 minutes). Each
of these components can be a source of missed
violations. Thus, the recall of 68.48% characterizes
not an isolated detection model, but the full chain
from video stream to event generation.
Comparative analysis with existing approaches.
The obtained results should be considered
in the context of previously published studies.

Table 1. Comparative analysis with existing

approaches
Research Model pumbsy Main results
of classes
Delhi V.S.K., mAP =97%,
Sankarlal R., and YOLOv3 4 Recall = 97%,
Thomas A. [6] F1-score = 97%
Wang Z., et al. [7] YOLOvV5x 6 Accuracy = 86,55%
Lo J.-H., Lin L.-K,,
and Hung C.- YOLOv7 not specified [mAP = 97,29%
C.[10]
Precision = 0,95,
\Wang H. [15] YOLOv8 not specified [Recall = 0,84,
F1-score = 0,74
- . 13 (including |Precision = 0,98,
ggge; training (this | v 5ug | 6 negative |Recall = 0,97,

Y classes) F1-score = 0,94
Digital monitorin YOLOV8 + | 13 (including |Precision = 0,9658,
ongPE (this St dg ) |FHRNet + BoT-| 6 negative " |Recall = 0,6848,

Y SORT classes) |[F1-score =0,8014

As the table shows, during the training phase,
the proposed YOLOv8 model demonstrates re-
sults comparable to the best solutions pre-
sented in the literature. However, when testing
the monitoring system on real video recordings,
Recall dropped to 68.48% while maintaining a high
accuracy of 96.58%.

This discrepancy is explained by several significant
factors. Firstly, the proposed system detects 13 ob-
ject classes, including six negative classes, while
most of the reviewed studies are limited to recogni-
zing 2—-6 object categories. Secondly, the system
was evaluated on a continuous video stream ob-
tained in real-world oil and gas field operational
conditions, which presents additional challenges
such as motion blur, changing illumination, partial
occlusion of workers, and the small size of individual
PPE elements in the frame.

Contribution of Anatomical Matching. The key
difference  between the proposed approach
and works [5—7, 9-15] is the use of a two-stage mat-
ching mechanism, including spatial and anatomical
matching. Most existing systems associate PPE
with a worker based solely on the spatial intersection
of bounding boxes (loU), which can lead to false
positives. For example, the system may mistakenly
interpret a hard hat held by a worker as being
correctly worn.

The closest approach to the proposed approach
is the study by Xiong R. and Tang P. [4], which
also uses human pose estimation to determine
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attention zones. However, this approach is focused
only on two types of PPE (hard hat and vest).
The proposed system controls six types of PPE,
including gloves and boots, which requires more
precise determination of the positions of the hands
and feet.

Using the HRNet architecture, it is possible to iden-
tify 17 key points of the human skeleton with high
accuracy, ensuring correct anatomical matching
of PPE elements with corresponding body parts even
when multiple employees are present in the frame.
Practical Relevance and Industrial Implementation.
Despite the moderate Recall value, the system’s
high  accuracy (96.58%) ensures its practical
significance for industrial applications. During
the training phase, the YOLOv8 model achieved
an F1 value of 0.94, significantly exceeding the result
reported by Wang H. [15] for a similar YOLOv8s
model (F1 = 0.74). Furthermore, the developed
monitoring system, when processing a real video
stream, demonstrated an F1 value of 0.8014, which
is also higher than the results of the aforementioned
study, despite significantly more complex operating
conditions (13 classes, video stream, anatomical
matching).

From a practical standpoint, high detection accuracy
is of particular importance for industrial safety
systems. Frequent false positives (unfounded
warnings) lead to reduction of user confidence
in the system and to ignoring the warnings
by operators. Therefore, the achieved result,
characterized by only four false positives (FP = 4)
out of 117 positive predictions, demonstrates
the system’s high reliability and the accuracy
of the generated violation notifications.

An additional advantage of the developed solution
is its two-tier video stream processing archi-
tecture, based on asynchronous frame reading
and processing. The implemented approach
ensures a performance of 8 frames per second,
which is sufficient for monitoring production pro-
cesses characterized by relatively low employee
movement speeds.

To improve computational efficiency, model quan-
tization using TensorRT was used, which allows
for reducing inference time and data processing de-
lay. This solution is an important factor for the subse-
quent integration of the system into the existing
video surveillance infrastructure of oil and gas fields
and ensuring its operation in near-real time.
Limitations of the Research. Despite the obtained
results, this study has several limitations. The system
was tested on 16 video files obtained from a single
oil field, which limits the generalizability of the results
to other industrial facilities. The absence of a True
Negatives class (TN = 0) is conditional upon
to the nature of the dataset, which is designed solely
for safety rules violation detection. Consequently,
several quality indicators, such as Specificity
and negative predictive value (NPV), cannot be
calculated correctly. Furthermore, the dataset pre-
dominantly contains daylight scenes with a small
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number of workers in the frame (up to 5 people),
which may limit the system’s effectiveness
at nighttime shooting, complex lighting, and dense
employee occurrence.

Directions for Further Research. To improve the com-
prehensiveness of safety rules violation detection,
the following is planned:

1. To expand the dataset to more than 30 000
images, including scenes with night lighting, various
weather conditions, and data from multiple industrial
sites.

2. To explore adaptive mechanisms for selecting
confidence thresholds instead of a fixed value
(> 0.85), including the use of reinforcement learning
methods for dynamic threshold adjustment.

3. To conduct a comparative evaluation
of modern object detection models, including
YOLOv11, YOLOv26, and RT-DETR, to improve
the performance of small PPE elements detection.
4. To implement a feedback mechanism for fur-
ther training the model based on accumulated false
negatives (FNs).

5. To conduct multi-center validation of the system
on data from various industrial sites to confirm
the generalizability of the approach.

Conclusions
This paper presents the system for monitoring
compliance with PPE wearing standards in real
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Fbinbimu wony

KasakctaH Pecny6nukacbIHbIH 3HepreTuka canacbiHaa
XYMbINAbIPY AaublHAbIFbIH MOHUTOPUHITEYAIH LUPPNbIK XKYWUeCiH
KanbinTacTbipy

H.C. Kanayos, E.X. KowkapoB
KasakcmaH Pecnybnukacbl QHepeemuka muHucmprniei, Acmaxa Kanacel, KazakcmaH

AHHOTALMUA

Byn makanaga KasakctaH PecnybnukacbiHbIH 3HepreTvka canacbliHaa XyMblngplpy AalblHAbIFbIH MO-
HUTOPUWHITEYAIH LUMdPnbIK XXYNECIH KanbinTacTblpyAblH TEOPUANbIK XoHe KongaHbanbl acnekTtinepi ka-
pacTbipbinaabl. 3epTTey aHepreTMkanblK KayincisaikTi kKamTamachl3 eTy XafganbiHaa umMdpnblk TpaHc-
hopMaumsHbIH, peniH, coHaan-aK cananblk aknapaTtTblK XXyhenepain Kasipri apxMTekTypacblH Tangayfra
HerizgenreH. QHepreTnka CeKTOpbIHAAfFbl KONAaHbICTarbl LMdprblk nnatdopmManap MeH MHTerpaumnsanbIK
WwewiMaep KapacTblpbinbin, OonapAblH HeridiHEH eHAIPICTIK XaHe akiMLUINiK npouecTepai aBToMaTTaHabl-
pyfFa BGafblTTanfaHbl, an XXyMbinablpy AavbiHAbIFbIH KelweHai 6aranay yHKUMANapbIHbIH, XETKINIKCI3 aa-
MblfaHbl @aHbIKTanabl.

3epTTey bapbicbiHaa KasakctaH PecnybnmkacbiHblH OTbIH-3HEpreTuka KelueHiHaeri Axyanablk-Tanga-
ManblK OpTanbIKTbiH KbI3METi, coHaan-ak «KasMyHnawnla3» ¥K AK, «QazaqGaz» ¥K AK, «KKEGOC» AK,
«Camypbik-OHepro» AK cuskTbl ipi yibiMaapablH, Ldprbik MHPaKypblnbiMbl Tanganabl. CoOHbIMEH Ka-
Tap, xanblkapanblk Taxipube (IEA, UNECE) HeriziHae aHepreTvkanblk KayincisaikTi uudpnaHgbipyabliH,
3amaHayu YpAicTepi kapacTblpbinabl. MIMpuKanblk 6eniMae XyprisinreH cayanHama HaTuxenepi cana-
Aarbl umdpnaHabIpy AeHrei MeH 6ackapyLbinbiK TMIMAIMIKTIH opTalla AeHrenae eKeHiH KepceTTi.
3epTTey HoTUXeCIHAE XYMbINAbIPY AaWbIHABIFbIH HAKTBI YaKblT PEXUMIHAE MOHUTOPUHITEYre MyMKIHAIK
OepeTiH ywWw AeHrenni nHTerpaumsanadfaH umdpnelk nnatgopma mogeni ycbiHbinael. byn mogens Big
Data, »acaHObl MHTENNEKT xaHe bomKaMablK aHanuTuka TexHonorusnapbiHa HerisgenreH. KopbiTbiH-
ObICbIHAA 3HEepreTuKanbIK Kayinci3AikTi KyLenTy yLwiH GipblHFak LMpPblK MOHUTOPUHI XXYNECIH eHridy
XoHe BefoMCTBOapanblk AepekTep UHTErpaumaCchbiH 4aMblTy KaXKeTTiniri Herisgenai.

Hezizzi ce3dep: sHepeemukarbiK Kayincidoik, Xymblnobipy 0alibiHObIfbl, YugpraHObIpy, MOHUMOPUHe
Xyleci, 0epekmepze Heeiz0enzeH backapy, Big Data, xacaHObl uHmesnnekm, axyanoblK opmarbik,
SHepzaemuKarbiK UHpaKypblbiM, 0ardapbiCmblK 6acKkapy.
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Hayu4HbIn 0630p

PopmupoBaHme LppoBON CUCTEMbI MOHUTOPUHTA
MOOMNU3aLMOHHOM FOTOBHOCTU B 3HepreTuveckom cepe
Pecny6nuku KasaxcraH

H.C. Kanayos, E.X. KowkapoB
MUHucmepcmeo 3Hepeemuku, e. AcmakHa, KasaxcmaH

AHHOTALUUA

B naHHOM cTaTbe paccMaTpuBatoTc TeopeTUYeckue 1 NpuknagHble acnekTel GopMMpoBaHUs LM poBon
CUCTEMbI MOHUTOPWMHIa MOOMNU3aLMOHHOM FOTOBHOCTM B 3Hepretudeckon cdepe Pecnybnuku
KasaxcTaH. MiccnenoBaHne OCHOBaHO Ha aHanu3e ponv undpoBOM TpaHcdopMauuym B obecneveHum
3HepreTuyeckor 6e30MacHOCTU, a Takke TeKyLlen apXMTEeKTypbl OTpacreBbiX WMH(OPMALMOHHBIX
cuctem. YCTaHOBMEHO, 4TO CyllecTByllMe LudpoBble NnatopMbl B 3HEPreTMuKe B OCHOBHOM
OpPUEHTUPOBaHbI HAa aBTOMATMN3aLUMI0 NPON3BOACTBEHHBIX U aAMUHUCTPATMBHbIX MPOLIECCOB, B TO BPEMS
KaK PYHKLMN KOMMNIEKCHOM OLLEHKN MOOMIN3aLMOHHOM rOTOBHOCTU Pa3BUTbl HE4OCTATOYHO.

B xope wuccnemoBaHums npoaHanuavpoBaHa AesTenbHocTb CUTyauMOHHO-aHanMTUYecKoro LeHTpa
TONMMBHO-3HEpPreTu4eckoro komnnekca Pecnybnukn KasaxctaH, a Takke umdpoBas UHPPaACTPyKTypa
Takmx knouveBbix komnaHui, kak AO HK «KasMynailas», AO HK «QazaqGaz», AO «KEGOC»,
AO «Campyk-OHepro». [1OMOMHUTENBbHO pPacCMOTPEHbI COBPEMEHHbIE MEXAYHAPOAHbIE MPaKTUKK
undppoBusaumm  aHepretmdeckon 6esonacHoctn  (IEA, UNECE). Pesynbratel  amMnupuyeckoro
MUCCredoBaHUsl, OCHOBaHHble Ha  OMnpoce, MoKa3anu CpegHWA  YpoBeHb  LudbpoBusauum
1 ynpasreH4yeckon adeKTMBHOCTIN B OTpacnu.

B pesynbrate npegnoxeHa TpexypoBHeEBasi MHTerpnpoBaHHas undposas nnatcopmMa Ans MOHUTOPUHIa
MOBUNM3aLMOHHON FOTOBHOCTU B PEXMME pearibHoro BpemeHn. Mogenb ocHoBaHa Ha TexHornorusx Big
Data, nckycctBeHHOro MHTeNeKTa 1 NPOrHo3Hon aHanuTukn. O6ocHoBaHa HEOOXOAMMOCTL BHEAPEHUSI
eQVHON UMPOBON CUCTEMbI MOHUTOPUMHIA W YCUNEHUS MEXBEOOMCTBEHHOW WHTerpaummM AaHHbIX
0N NOBbILIEHNUST 3HepreTnyeckon 6e3onacHoCTu.

Knroyeewle  crioga:  aHepzemuyeckas  6e3onacHocmb,  MOOUMU3AUUOHHasi ~ 20MO8HOCMb,
yugposusayus, cucmema MOHUMOPUHaa, yrpaesneHue Ha ocHose OaHHbIX, Big Data, uckyccmeeHHsbIl
UHMernneKkm, cumyayuoHHbIU UeHmp, 3Hepaemuyeckasi UHgbpacmpykmypa, Kpu3ucHoe yrnpaeseHue.
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Review article

Formation of a Digital Monitoring System
for Mobilization Readiness in the Energy Sector
of the Republic of Kazakhstan

Nurgauzhan S. Kalauov, Yerzhan Zh. Koshkarov
KMG Engineering, Astana, Kazakhstan

ABSTRACT

This article examines the theoretical and applied aspects of formation a digital monitoring system
for mobilization readiness in the energy sector of the Republic of Kazakhstan. The study is based
on an analysis of the role of digital transformation in ensuring energy security, as well as the current
architecture of sectoral information systems. It was established that existing digital platforms
in the energy sector are primarily focused on automating production and administrative processes,
while comprehensive mobilization readiness assessment functions remain insufficiently developed.

The study analyzes the activities of the Situational and Analytical Center of the Fuel and Energy
Complex of the Republic Kazakhstan, as well as the digital infrastructure of key companies such
as NC KazMunayGas JSC, NC QazaqGaz JSC, KEGOC JSC, and Samruk Energy JSC. In addition,
international best practices in digitalization of energy security (IEA, UNECE) are reviewed. The empirical
results based on a survey indicate a medium level of digitalization and managerial efficiency
in the sector.

As a result, a three-tier integrated digital platform for real-time monitoring of mobilization readiness
is proposed. The model is based on Big Data, artificial intelligence, and predictive analytics. The study
substantiates the need for a unified digital monitoring system and enhanced interagency data integration
to enhance energy security.

Keywords: energy security; mobilization readiness; digitalization;, monitoring system; data-
driven management; Big Data; artificial intelligence; situational center; energy infrastructure; crisis
management.
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Tom 8, Ne 3 (2026)

KazaxcTaHHBIH MyHali-ra3 caachblHbIH Xa0apIibIChl

Kipicne

«KasakctaH—2050» CtpatermsacbiHga XXI fa-
cblpAblH XahaHablk AamyblHa acep eTeTiH Herisri
OH CblH-KaTep alKkbiHAanbIM, onapablH iWiHae SHep-
reTukanslk Kayinciagik maceneciHe epekwe MaH
GepinreH' . KasakctaH keMipcyTeri pecypcTapbiHbIH
eneyni KopblHa Me MeMIeKeT peTiHae XahaHablK
3HepreTvKanblk HapblKTa cTpaTernanblk MaHbl3fa
e >XoHe Xanblkapanblk 3HepreTukanblK >KyMeHiH,
MaHbI3[bl KaTbICYLLUbICLI 6oMbIN Tabbinagbl.

Kasipri keseHOe reocasic TypaKkCbI3ObIKTbIH,
KyLLeloi, aHeprns pecypcrapbiHa CypaHbIC Kypblbl-
MbIHbIH ©3repyi )XaHe XeTKi3y TisbekTepiHiH Oy3binybl
3HepreTvKanblK Kayincisgikti  ynTTblK  Kayincisgik-
TiH Herisri kKypampgac Oeniri peTiHOe KapacTblpy
KaXeTTiniriH -~ apTTelpagbl.  OHepreTvkanblk — WH-
bpakypbInbIMHBLIH TYPaKTbIbIFLI Ka3ipri Xafaanaa
TEeK 3KOHOMMKanbIK (HhaKTop eMec, COHbIMEH KaTap
YNTTbIK Kayinci3gikTiH MaHbI3Obl 3remMeHTiHe an-
HanbIin oTblp, cebebi aHeprusaMeH xabablkTayaarbl
y3inictep eneymeTTiK TypaKTbifblkka ©HEepKacinTik
eHgipic neH MemneKkeTTik backapy >xynenepiHe Tike-
new acep eteqi.

KasakctaH PecnybnukacbiHaa (byaaH api— KP)
3HepreTMka canacblHAafbl AaffapbICTbIK JKaFgan-
napgbl 6ackapy *aHe OTblH-3HepreTMKasblK KeLleH-
HiH, TYPaKTbINbIfbIH KAMTaMachl3 eTy yHKLuusinapbl
KP OHepretuka muHuctpnirine (6yaoaH api — 3OM)
KapacTbl «Axyanablk-TangaManbslk opTanbifbl» ak-
LmoHepnik korambl (6yaaH api — ATO AK) apkbinbl
Xysere acblpbinagbl. OpTanblk Kasipri yakelTta op-
TanblK XbIMbITY MayCbiMblHA AaWbIHABIKTEI MOHM-
TOPUHITEY, MyHal MEH CyWbITbINFaH ra3 »eTKisinim-
nepiH 6ackapy, corfan-ak xargannbik-Tangamarnbik
AewbopaTapapl nNaganaHy apkbinbl canaHbliH axy-
anbiH Gakblnay KbI3MeTTepiH aTtkapafbl. Ananga
axyangblk-TangamMarnblk opTanbikneH TbIfbl3 XYMbIC
XacanTblH Herisri cananblk «KasMyHanlas» ¥K AK,
«QazagqGaz» ¥K AK, «KEGOC» AK xaHe «Samruk
Energy» AK cusakTbl yrbiMaapabiH, UMAPbIK XKyn-
enepi opTanbikneH iWiHapa WHTerpauusnaHfaH.
Ocipece XyMbINAbIPY KOHTEKCIHAE yWbiMaapabiH,
bapnbifbiHga Gipgert umdpnblk 6ackapy, MOHWTO-
PUHITEY, AaFdapbiC Ke3eHiHAe iC-KMMbIM XKyprisy
npouectepi TOMbIK LIeWiM TannafaH >oHe Xy-
MbINAblpy AanbiHOblFbIH - OaranayaplH,  GipbiHFan
undpnaHablpbinFaH xyreci kanbintacnaraH. Ocbl
TypfFblga ynbiMaapabiH LUMPbIK XXYNECIH YaKineTTi
MEMMEKETTIK OpraHHbIH, OpTanblfbIMEH WHTErpaum-
anay, 6annaHbiC apHanapbiH 6ip Xyrae ynunecripy,
acipece xacangbl nHTennekr (KW) mymkiHaikTepiH
naviganaHy MaceneciHiH e3ekTiniriH kepceteqi [1].

BroapTypninikTi aBTOMaTTaHabIpbinFaH Gara-
nay >xeHe 9KOXyhe TypaKTblbIfbIH MOHUTOPUHITEY
XeHiHae 3epTTey XyprisreH Gipkatap otaHabIK 3epT-

Teywinep XW meH mawwuHanblk okpity (MO)? opi-
CTepiHiH TMiMAainiriH pactanabl. OnapgpiH nikipiHLwe,
KW meH MO Toyekenaepai 6omkayabl xxakcaptagbl
YKoHe A9CTypni 84icTepMeH canbICTblpFaHaa XofFapbl
OONAiKTi, XblnaaM eHaeyai )KeHe XaKcbl aykpiMaany-
Obl KaMTamachI3 etegi [2].

OcbifaH GannaHbICTbl  3HepreTMka cana-
CblHAAfbl HEri3ri fbiNbiMM Npobnema XyMmbinabipy
OalblHObIFBIH - HAKTbl yakblT pexumiHae 6Garanay,
MOHUTOPUHITEY 8He OackapylbinblK  LIeLwiM
kabbingayapl KongayFa apHanfaH bipblHFan umudp-
NbIK XYWeHiH LwekTeyniriMeH cunattanagbl. Kon-
OaHbICTafbl  akmapaTTblK  XKyhenep  eHAipicTik
XeHe onepauuanbik MiHOeTTepai wewyre, 6enbit

KeseHae anartTapAbl  MOHWUTOPUHITEYre GarbiT-
TanfFaHbiIMeH, onapgblH  (yHKUMOHangplk  MyMm-
KiHOIKTEPI  XyMbINAbIPY — pecypcTapbliH  Backapy

MiHAETTEPIH TOMNbIK KAMTbIMaNabI.

3epTTey asicblHa KipeTiH Macenenep Xanbik-
apanblk yibiMaapablH ecenTepi MeH >KekenereH
fanbiMaapgblH,  3epTTeynepiHae KeHiHeH kapac-
ThipbiniFaH. ATan awTtkaHga, bipikkeH ¥nTTapbl
¥ibIMbIHbIH, Eyponanblk 3KOHOMUKanblK KOMUCCUS
(UNECE, arbin. The United Nations Economic Com-
mission for Europe) ecenTtepiHge undpnbIK TpaHc-
dopmauus [3], ACAPS?® ecenTepiHge aHepreTuka
canacblHaarbl  kubepkayincisgik  macenenepi  ke-
HiHeH kapanfaH [4]. K. AdanacbeB, M. Boxopko,
O. besnaptoyHa, M. Be3napTouHbI CbiHALI 3epT-
Teyllinep ackepu Kafgawgarbl 3HepreTukanblK
KayincigikTi 6ackapy [5], nHOoOHEe3Ms 3epTTeyLinepi
undpnblk TpaHchopmauuanayaarbl Keitai Taxipu-
GeciH TangaraH [6].

OHepreTuKanblk kayincisgik macenenepi otaH-
ablKk 3eptreywinep JI.M. WMeatoBsa, H.T. YpaHxaes,
I AprbiHbaeBa, A.K. Kykees, J1.W. Mepranuesa
xoHe OackanapablH eHbekTepiHOe KaMTbIfFaH.
Byn aBToprap HerisiHeH aHepreTuKanblk Kayinciaaik-
TiH OKOHOMMKanbIK, KYKbIKTbIK, TEXHOMNOrMSAnMbIK
acnekTinepiH KamTbiM, canaHblH OPHbIKTbINbIFbIH
KamTamacbl3 €Ty TeTiKTepiH HerizgereH. ArtanfaH
3epTTeynepai Tangay 3HepreTvkanblk Kayincisaik,
undpnblk TpaHchopMauusi >xaHe [OaFaapbICTblK
Hackapy MacenenepiHiH XeTKiNiKTi AeHrenge 3epT-
TeNnreHiH kepceteni. Ananga kapacTblpbiifaH 3epT-
Teynepae 9HepreTuka canacbliHblH, KyMbINabIpy
OalbIHAbIFBbIH - LUGPIbIK MOHUTOPUHITEY Maceneci
nepbec fFbinbiMy 3epTTey 0ObEKTICI peTiHae Kapa-
CTbIpbINIMaraH.

[ereHmMeH, aHepreTvKanblk Kayincisgik neH
LMdpnblK TpaHCchopMaumst MacenenepiHe apHanfaH
FbINbIMM eHbekTepaiH efayip caHbliHa KapamacTaH,
3HepreTMka canacblHAafFbl >KYMbINAbIPY AalbiH-
ObIFbIH HAKTbl YaKbIT PEXMMIHOE MOHUTOPUHITEYrE
apHarnfaH uHTerpauusnaHfraH umdpnbiK Xyrenepgi

' «KasakctaH-2050» CTpaTervsichbl kanbintackaH MEMIIEKETTIH aHa casicn GafbiTbl. KasakcTaH PecnybnukacbkiHbiH Mpeau-
neHTi - enbacekl H.8. Haszap6aeBTbiH KasakctaH xankbiHa XKongaybl, ActaHa K., 2012 xbinfbl 14 )enTokcaH.

2 MawwwmHanblk okbiTy (MO) — XKW xeHe uHdopmaTvKaHbIH YIKeH kenemaeri AepekTepai XvHan, anroputmaepai nanganaxHa
OTbIPbIN MaLUMHaHbIH afaM MWbl CUSIKTbI YAPEHYiHE KEMEKTECETIH canachl.

3 ACAPS (bactanksiga — Assessment Capacities Project) — 2009 . KypbifiFaH Toyenci3 KOMMepPUUAIbIK eMeC YMbIM.
On pafpapbicTap, anatrap aHe TeTeHLUe XaFaannap kesiHge LewiM kabbingayra kKeMeKTecy YLUiH NyMaHUTapnblK KaxeT-
TinikTepre Tayencia Tanaay, Aepektep MeH aaictemenik Kypanaap yCbiHyFa MamaHOaHfaH.
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KanbINTacTblpyablH TEOpPUSANbIK X8He aicHama-
NblK Herisgepi XeTKiNikTi geHrenge 3epTTenMereH.
Byn 3eptTey GafbiTbiHAAFb! FbIMbIMU ONKbIMbLIKTbIH
cakTanbin oTblpFaHbIH KepceTes,.

3epTTey HaTwxenepi kepcetkeHaen KP-garbl
XYMbINAbIPY AalblHAbIFbI XXYNECi HEeri3iHeH OacTyp-
ni Tacingepre cymeHepi xaHe Oipkatap WHCTUTY-
uMoHanablK XeHe TEeXHOMOrMUsAnbIK LueKTeynepMeH
cvnatTanagpl. ATan antkaHga, OepekTepai XuHay
MeH eHaeyaiH hparmeHTaumAChl, aknapaTTblK Xyne-
nepain XeTKiMKCI3 MHTerpaumnsachl )XaHe HaKTbl yakbIT
PEXUMIHOE MOHUTOPWUHI MEH aBTOMATTAHObIPbII-
FaH wWewiM kabbingay TETIKTEPiHiH KeTkinikciaairi,
XKYMbINAbIpy OavblHAbIFbIH GaFanayabiH GipblHFam
undpnaHabIpbinFaH XyneciHii, 6onmaybl Aafaapblic
Ke3eHiHae GackapylbinblK WeLwiMaepaiH xegengiri
MeH fangiriHe kepi acep eTyi bIKTUMar.

Xanblkapanblk — Toxipuebe  KepceTKeHOew,
aHepreTuKanblK Kayincisgik canacbiHoa UupnbIK
MOHUTOPUHTI XoHe MoAenbAey XyWenepiH KonaaHy
OardapbICThlK Toyekenaepai angblH ana aHblkTayFa
XeHe WHMPaKypbINbIMHbIH OPHBLIKTbINbIFBIH apTThl-
pyFa MyMKiHAIK ©epegi. MyHoanm xyvenep HakTbl
yakbIT pexvMiHAe AepekTepai eHaey, Tayekengepai
Bormxkay xaHe pecypctap b6anaHcbliH 6ackapy yHK-
uusinapbiH kKamMTuapl.

KP ywiH aHepreTuka canacbl 3KOHOMMKaHbIH
Gasanblk cekTopnapblHbiH Gipi Gonbin Tabbinaabl
)K@He OHbIH TYPaKTbl KbI3BMETi YNTThIK Kayinci3gikneH
Tikenen GavnaHbicTbl. COHABIKTAH 3HEepreTukanbik
XYMEHIH XXyMbINAbIpY AaiblHAbIFbIH GaFanay, backa-
py >X8He Y3[AiKCi3 MOHUTOPUHITEY fbiIbIMU X8He
npakTuKanblK TypfbldaH MaHbI3Abl MiHOET Gonbin
caHanagbl. byn miHgeTTepai WweLly aHepreTuka ca-
NacblH XyMbINAbIPY KOHTEKCiHAEe UMpnblK TpaHc-
opmaumsanay apKbifbl Xy3ere acbipblilybl MyMKiH.
LUndpneik wewimaep cana obbekTinepiHiv garoa-
PLICTLIK XaFdannapbiHaa yunecimai xeHe xepen
XyMbIC icTeyiH kamTamacbl3 eTin, 6enbiT keseHae
TWMIMAI MOHWUTOPWHI MeH Tangayfa MyMKiHAgik Ge-
peai.

MaTtepuangap MeH agictep

Byn 3epttey KasakctaH PecnybnuvkacbiHbiH
3HepreTMka canacblHOaFbl >KyMbINAbIPY AalbiH-
OblFbIH MOHUTOPUHITEYAH UHTErpaumsnaHraH Lud-
PrbIK XYWECiH KanbinTacTblpyablH TEOPUANbIK HEri3-
OepiH a3ipneyre xeHe OHbl XeTingipyre 6arbiTTanfaH
NpaKkTUKanblK YCbIHbICTAP YCbIHyFa Heri3gernreH.
YKyMbic GapbicbiHAa XYMbINAbIPY AanblHObIFbI MEH
3HepreTuKanblk kayincisaik canacbliHaarbl LUPbIK
XynenepgiH TeopusnblK Heri3gepi xaH-xakTbl 3epT-
Tenin, xanbikapanblk Taxipubere Tangay kacangpl,
CcoHAaw-aK KongaHbiCTarbl XXyYMbINAblpy OalbIHAbIFbI
MOHUTOPWHII XXYNECIHIH, Ka3ipri Xan-Kyni xaH-xakTbl
KapacTblpbingpi.

3eptTeyaiH Heriari oobekTici peTiHae KP aHep-
reTvka canacblHblH XYMbINAbIPY AaWbIHAbIFbIH KaM-
Tamacbl3 eTy XyWheci TaHaangbl, an naHi Gonbin
3HepreTvKa canacbliHblH XYMbINAbIPY AanbIHAbIFbIH
MOHUTOPUHITEYre apHanfaH uudpnblk 6Hackapy

94

DOI: 10.54859/kjogi109002

aknapatTblK-Tangamarnbslk  MexaHu3Maepi  avikbiH-
nangbl.

ATanmbilw eHBEKTIH FbINbIMU XXaHanbIfbl MblHa-
nan 6arbITTapMeH cunatTanagbl:
* 9HepreTMka canacbiHblH >KyMbINAbIPY OaWiblH-
OblfblH GaFanayfa apHarnfFaH KepceTkiluTep Xywneci
HerisiHAe uHTerpaumanaHfFad LM pnbik MOHUTOPUHT
Mogeni yCbIHbINAbI;
* MEMIEKETTIK oOpraHgap MeEH JHepreTukarblk
KacinopbiHAapAbIH aknapaTTblK pecypcrapblH Bipik-
Tipyre MymKiHAIK 6epeTiH undpnblk e3apa ic-kuMbin
apxuTekTypacsl a3iprneHai;
* HaKTbl yaKbIT PEXUMIHOE MOHWUTOPUHI XYPridy
MeH Tayekenaepgi 6omxkayabl kamTamacbl3 eTeTiH
PyHKLMOHANABIK KYPbINbIM KanbinTacTbipbingb.

FbinbiMy i3aeHICTIH Herisri rmnoTesachl peTiH-
[e 3HepreTvMka canacbliHblH XYMbINAblpy AalbiH-
ObIFbIH - MOHUTOPUHITEYAIH OipblHFan  uMdpnbIK
XYMECiH eHrizy Gackapylbinblk —LiewiMaepain
XepgengiriH enayip apTTbipbin, OaFgapbICTbIK XaF-
Javnapga aHepreTukanblk UWHpaKypbbIMHbIH
TYPaKTbIMbIFbIH KaMTaMacbl3 €Ty TuiMAiniriH xo-
fapblnatagbl AereH TYXKbIpblM Herisre anbiHabl.
KovbinFaH miHgeTTepai ey 6GapbiCbiHAa Kyi-
enik Tangay, canbiCTblpmanbsl Tangay, WHCTUTY-
uMoHanablk Tangay, capantamanslk 6aranay
XOHe KOHTeHT-Tanpay CblHAbl fbibIMW  BaicTep
KONgaHbINgbl.

HaTtuxenep xaHe Tankbinay

JOHepreTuka canacbiHAarbl XYMbINAbIpy
OavbIHAbIFbIH LM pNaHabIpyablH, TeopusinbIK
)K9He UHCTUTYLMOHANAbIK anfbillapTTapbl

OHepreTvka canacbl yNTTblK 3KOHOMMUKanap-
OblH OpHbIKTbI AaMyblH KaMTamacbl3 eTeTiH cTpa-
TernanblK cektopnapgbiH, 6ipi 6onbin Tabbinagpl.
OHbIH TypakTbl KbI3METI 3KOHOMMUKanbIK ecimre,
©HEepPKaCINTIK eHAIPICTIH, Y3aiKci3airiHe oHe Memre-
KETTiH, YNTTbIK Kayinci3aik geHreniHe Tikenemn biknan
eTeqi. KapXbinbik XeHe 3KOHOMUWKanblK Aarfgapbl-
CcTap oHepreTukanblk kayincisaikke Tikenen ocep
eTeTiH Herisri Toyekenaep peTiHOe kapacTblpbina-
Obl. OHeprust pecypcTtapbl 9KOHOMMKAaHbIH «KaH
Tamblpbl» peTiHAe cunaTtTanbin, onapablH Y34iKCi3
XKeTKi3inyi Gapnblk cananapgblH TYpakTbl >KyMbIC
icteyiHiH Heri3iH kypangpl. Ocbl cebenti KP-Hoa
3HepreTMka canacblHblH CTpaTernsanblk MaHbl3bl
MeMmnekeTTiH Gargapnamanblk KykaTTapaa aunkbiH
OekiTinreH.

«KasakctaH-2050» CrtpaTterusicblHga 3SHepre-
TUKanbIK Kayinci3AikTi KaMTamachi3 eTy MakcaTbliHAa
y3aK Meps3iMai nepcrnekTuBaga KemipcyTeri pecyp-
CTapblHbIH CTpaTervsanblk pPe3epBiH KamnbinTacTbl-
py kaxetTiniri kepcetinreH [1]. byn peseps engiH
SHepreTyKanblk TYPaKTbISbIFbIH @pTTbIPbIN, bIKTUMar
OarfgapbicTap XafgavibiHAaa Kayincisaik TeTiri peTiHae
KbI3MET eTefi.

OHepreTvkanblk kayincisaik ynTTblK Kayincisgik
XKYWeCiHiH MaHbI3abl Kypamaac Geniri 6onbin Tabbl-
nagbl. «KasakctaH PecnybnukacbiHblH yNTThIK Ka-
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yinciagik Typanbel» 3aHoa bIKTUMan Kayin-katep-
nepai yakelTbifbl aHblkTay, Gormkay, Tangay xeHe
anablH any MiHaetTepi Gekitinren. Kasipri keseHae
Byn MiHAeTTepai TMimMai icke acklpyablH Heri3ri Kypa-
nbl peTiHae undpnblK TEXHONornsnap KapacTtblpbl-
nagel. OcbifaH 6GarnaHbICTbl 3HepreTukanblk pe-
cypcTapAblH Kal-KyWiH, cTpaTerusnblk KoprapabliH
KeneMmiH xoHe NHMpPaKypbINbiM 06beKTINepiHiH Aan-
bIHAbIK AEHreiH HaKTbl yakblT pexumiHge bakbina-
yFa MyMKiHAiK 6epeTiH LumMdpnblK MOHUTOPUHT Xylie-
nepiH eHridy e3eKkTi MiHOETKe anHanyaa.

MewmnekeT Gacuwbicbl K. TokaeBTbiH 2025 .
KW payipiHaeri KasakctaH angbiHaa TypFaH MiHOET-
Tepre apHaraH XXongaybiHaa KasakctaHabl yil Xbin
iwiHae TonblK UMGPNbIK MEeMIeKeTke anHangbipy
MiHAeTi kobinFaH®. Ocbl GafbiTTa aHepreTuka cana-
CblH UMdpraHabIpy XaHe AepekTepre HerisgenreH
Hackapy >xyenepiH eHridy crpaternanbik 6aceiMablk
peTiHae ankblHOanfFaH.

KP-HbIH MyHalt eHaey canacblH AaMbITy TYKbl-
poiMgamacbiHaa (2025-2040 x.0k.) akTuBTEpai
HackapablH LMdpPnbIK )KynernepiH eHrisy, xxababikrap-
OblH XXan-KyniH OHNanH MOHUTOPUHITEY XaHe Taye-
Kenre HerizaenreH 6ackapy TacingepiH 4ambITy ke3-
AenreH. byn eHepkacinTik KayincisgikTi apTTbipyFa
XoHe UundprblK MHMPaKYPbIMbIMHBLIH - CeHIMAINIrH
KaMmTamachbl3 eTyre GarbiTTanfaH. Ananga Kkepcerin-
reH wapanap HerisiHeH eHAipicTik akTueTepai 6acka-
pyFa GafbiTTanfaH XeHe >XyMbINAablpy OavblHAbIFbI
KepCeTKiLUTEPIH MOHUTOPUHITEY MacenenepiH TonbIK
KaMTbiMangpl.

Xanbikapanblk  Toxipubege cTpaTernanbik
pesepBTepai KanbiNTacTblpy XaHe onapabl MOHU-
TOPWHITEY HaKTbl pernameHTTenreH. Mbicansl, ¥nbl-
G6putaHnsHbeiH DECCS kyxxaTbl TeTeHLe xafaannap-
[a nanganaHy ywiH 22 KyHAIK MyHan MeH MyHawn
OHIMAEPIHIH CTpaTernsinblK KOpbIH KanbInTacTbipy-
Obl kapacTbipagpl [7], Eyponanbik OgakTbiH Herisri
ovpektnBacbiHga EO Mylwe memnekeTTepiHe op-
Tawa TaynikTik Taza MMnoptTbiH 90 KyHiHE Heme-
ce iWKi TyTbiHyAbIH 61 KyHiHe Ganamanbl geHren-
e eH a3 MyHaw KOpblH cakTayabl MiHaeTTengi [8].
An Xanbikapanblk OHepretukanblk AreHTTik (IEA
(arbin. The International Energy Agency) / AKLLU
ctaHgapTTapbl) 6ombiHwa AKLW neH IEA 6acka
[a Mylle enepi yWwiH MyHaWn XeTkidyaeri gargapbl-
cTapfa Kapcbl Typy MakcaTtbiHga kemiHge 90 KyHAaik
Tasa MyHan MMMNOpPTbl KenemiHae TeTeHLe pe3epB
KOpbIH ycTaybl Tuic [9]. Byn xanbikapanblk Taxipu-
6e meH kepceTkiwTep KasakctaH Pecnybnukachl
YWiH Oe aHepreTukanblk Kayincisgikti kamTamachi3
eTy MakcaTblHAa cTpaTernsanbik kopnapgbel 6ackapy
MeH Undpnblk 6akblnay xXyneciH XeTingipy KaxeTTi-
riH kepceteqi].

COHbIMEH KaTap cTpaTernsnblK kopnap »eHiH-
geri aknapaTTbiH epgayip Geniri ani ge pgactypni
ecernke any >XeHe ecenTinik TeTiKkTepi apKbinbl Ka-
nNbIiNTacTbIpbInbIn, eHaeneni, byn aepektepnin xe-
Aenpiri MeH e3ekTiniriH TeMeHAeTyi MyMKiH.

Oewmek, xanbikapanblk Texipube ctpaterysanblik
KopnapgblH KenemiH cakray faHa eMec, onapabl
LMppnblK TEXHOMNOrMANap apkbinbl Y3AiKCi3 Gakbl-
nay meH 6orxay xynenepiH kanbinTacTbipyablH Aa
MaHbI3AbIbIFbIH KepceTea;.

3epTTey TakblpblObIHbIH MaHbI3abinbiFbl  KP-
HblH 1997 x. «Kymbingpipy AanbiHAbIFbI MEH
XKYMbINAbIPY Typanbl» 3aHbIMeH  avikblHOamnfaH.
3aHHamMa GoVibiHWA XXYMbINOBIPY >KYMECIHIH, Heriari
npUHUMNTEpPIHE:

*  XKYMbINAbIPY AaWbIHAbIFbIHBIH MIHAETTIAIr;
* opTanbiKTaHablpbinFaH 6ackapy;

* angplH ana xocnapnay;

* ayMakTblK XX8aHe cananblK ynecimainix;

*  TypakTbl Bakbinay xartagbl xxatagpl’.

ATanfaH kafMpgaTTapAbl iCKe acbipy YLUiH Xy-
MbINAbIPY pecypCTapbliHbIH, Xaw-Kyri Typanbl akna-
paTTblH, ©3EKTifiri, TONbIKTbIFbl XoHEe KOrmKeTiMAiniri
KamTamachbl3 etinyi Tmic. Byn MiHgeTTepai opbiHAay
Kasipri xxarganga uHTerpauusinadFad UMdpnblK Mo-
HUTOPVIHT XXYWenepiH nanganaHyabl Tanan eTeqi.

KP-Hoa Xymbingplpy OablHAbIFbIH YANECTipy
yoKineTTi opraH apkbinbl Xy3ere acblpbinagpl (KP
¥NTTbIK 9KOHOMUKA MUHWUCTPNIriHIH ApHaiibl baraap-
namanap komuterti). COHfbl XblngapAaarbl HopMa-
TUBTIK-KYKbIKTbIK 6a3aHbliH, XaHapTbinybl, COHAan-aK
«KyMbIngpipy Typanbi» XaHa 3aH xxo06acbIHbIH 83ip-
neHyi ocbl canaga reocasicu XaHe TEeXHONOrMAnblK
TananTtapfa GeniimaenreH xaHa 6ackapy TeTikTepiH
€Hri3y KaXeTTiriH kepceTeai.

Ocbinavila, Xypri3inreH WHCTUTYLMOHaNAbIK
Tangay KP-Hoa sHepreTvka canacbliHbIH, KYMbIIl-
Oblpy AavbIHAbIFBIH HOPMATMBTIK-KYKBIKTBIK KamTa-
MacbI3 €Ty >XYMeCiHiH KanbinTackaHblH KepceTtesi.
CoHbIMeH Gipre >Xymblnablpy pPecypcTapbiH HakTbl
yakbIT pEXMMIHAE ecenke any, MOHUTOPUHITEY XaHe
bormkay yHKUMSINApbIH  OpbIHAANTLIH  GipbIHFan
umndpnblk nnatdopmMaHbiH, 6onmaybl ocbl canagarbl
HEri3ri MHCTUTYUMOHanNAblK >X8He TEeXHONMOrMsIbIK
wekTey 6onbin Tabbinagel. byn aHepreTvka canachl-
HbIH KYMbINABIPY AaNblHAbIFBIH MOHUTOPUHITEYAIH
MHTErpauusinanFad LMgprbIK XXYNECIH KanbinTacTbl-
Py KaXeTTiriH Herizgenai.

3HepreTuka canacbiH LudpnaHabIpy XaHe
pecypcTapabl XyMbINAbIpyAblH TEOPUANBbIK He-
rizaepi MeH xanbikapanbik Taxipubeci

OHepreTvka canacblH  UudpraHabipyabiH
TMiMAainiri eki geHrenni cunatka wue: OGipiHWigeH,

4 KasakctaH Pecny6nukacbiHblH ¥NTThIK Kayincisgiri Typanbl Kasakctan PecnyGnukacbiHbiH 2012 xbinfbl 6 kaHTapaarbl

Ne 527-1.

5 «XKacaHgbl vHTennekT gayipiHaeri KasakctaH: e3ekTi Macenenep xaHe oHbl Tyberenni umudpnblk earepictep apkbinbl
wewyy». MemnekeT 6acwbickl KacbiM-XXomapTt TokaeBTbiH 2025 xbinfbl 8 KbipkyiekTeri KasakcTtaH xankeiHa XKongaybl. 2012.
KasakctaH Pecnybnukacel ©aineT MuHucTpniriHii «KasakctaH PecnybnukacbiHblH 3aHHaMa XaHe KyKbIKTbIK aknapaT UHCTU-

TyTbi» LDXKK PMK.

5 ¥nbi6puTaHuaHeiH DECC kyxatbl: UK Emergency Oil Stocking Guidance.
7 «Kymbinablpy AanblHABIFEI MEH XXyMbInabipy Typanbi» KasakctaH Pecny6nukacbiHbiH, 1997 Xbinfbl 16 MaycbiMaarbl

N 127 3aHbl.
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on aHepreTukanblk 6ackapy (energy governance)
TETIKTEpIH XeTingipeai, ekiHWiaeH, XXyMbINAbIpy KOH-
TEKCTiHAe 3Heprus pecypcrapbiHblH, KOPbIH Y3AiKCI3
Gakblnayra >xoHe AanblHObIK OeHreriH OObeKTUBTI
baranayra MymkiHaik 6epepni. CoHpaii-ak LMdpnbIK
Kypangap [Oafdapbic kafgavbliHOa kegen apekeT
ety kabinetiH awviTapnbiktan aptTbipagbl. OcbifaH
GavinaHbICTbl 3HepreTuka canacbiHgarbl LUdprbIK
TpaHCcOpPMaLUUsaHbl  XYMbINAbIPY  AavbIHAbIFbIH
KamTamacbi3 eTyfiH WHCTUTyuMoHanablk Kypanbi
peTiHae kapacTbipyFa bonagebl.

fbinbiMu  TypFbliAaH  «pecypcTapabl  KYMbir-
ObIpy» YFbIMbl anfall peT aMepuKaHablK 3epTTeyLui
A. Obepwann TapanbiHaH eHrisinreH. OHbIH, TyXbl-
pbiMAamacblHa CoMKeC, XYMbINAbIPY — KaXeTTi pe-
cypcTapapbl yakTbinbl, YHEMA| XaHe MakcaTka caw
any >eHe onapabl OHTaWnbl navpanaHy npoLeci.
Kasipri reocasicu Typakchi3gblk xaFganbiHoa 6yn
Teopusi UMPrblK  TEXHOMOTUSINapMeH  TOMbIKTbI-
pbinbIN, Aaf0apbICThIK XaFaannapaa xegern apeket
€Ty MeXaHW3MiHiH MaHbI34bl ArieMeHTiHe anHanpl.

MHpoHesusa 3epTTeyLwinepi KpitangbiH pecyp-
cTapabl XyMbInablpy TexipubeciH Tangan oTbipbim,
XahaHabIK e3repicTep TeK 3KOHOMMUKarnblK HeMece
acKepu KyaTrneH eMec, pecypctapabl YMbIMAACTbIpy
kabineTimeH Oe aHblkTanaTbiHbIH atan etedi. CoH-
Javi-aK 3epTTeyllinep wamagaH TbiC opTanblKTaH-
ObIpY X8He eCcenTinikTiH onci3Airi cusKTbl Toyekern-
nepniH 6ap ekeHiH oe atan kepcetegqi [6].

Ocbinaniwa, pecypctapgbl KyMbingblpy Te-
OpUSICbI 3HepreTvka canacblHAarbl CTpaTerusnbIK
Kopnapgbl, pe3epBTiK KyaTTapAbl XeHe ajamu pe-
cypctapapbl 6ackapyablH fbibIMU HETi3iH KanbinTa-
cTbipagbl. LndpnaHabipy aTtanfaH pecypcrapabl
OackapydblH  TUMIMZINIriH - apTTblpaTblH  MaHbI3abl
Kypan peTiHae KkapacTblpbinagbi.

OHepreTvKanblK Kayinci3gikTi kamTamachi3 eTy-
ne Xanbikapanelk yvbimaapgbiH, acipece UNECE

xoHe |EA Taxipmubeci mMaHbI3gbl ponb aTkapagbl.
UNECE pepekTepiHe cankec, umdpriblk TpaHcdhop-
MaUUsiHbIH, Heri3ri GaFblTTapbl Keneci anemeHTTepai
KamMTuabl:

* CMapT-TexHomnorusinap: anekTp xeninepiH 6acka-
py XeHe cMmapT ecenTeriliTepai eHriay;

*  XW: TyTbiHYAbI BoMmKay XeHe >XyMeHi oHTannaH-
abipy;

*  kubepkayincisaik: MHgpaKkypbIbIMHbIH, LUdPIbIK
TYPaKTbIMbIFbIH KAMTaMachI3 eTy.

An |IEA myHal, ra3 xaHe 3MneKkTp aHepreTukacsl
ceKTopnapblHAa AaFAapbicka Kapebl KelleHai 6acka-
py MexaHu3MZepiH KanbinTacTbipFaH. MyHan ka-
yinciaairiH kamTamacoi3 ety 6arbiTeiHAa |IEA cTpate-
TMANbIK MyHal KopnapblH 6ackapy >KYWeCiH eHrisreH.
Byn xxyne mywe memnekertepaeH kemiHae 90 kyH-
AiK MyHa UMMNOPTbIHA TEeH Pe3epBTiK KOp cakTayAbl
Tanan eteai. CoHbIMEH KaTap, MyHal HapbIfbiHbIH
TYPaKTbIMbIFbIH KaMmTamacbl3 €Ty YLiH CypaHbICTbI
KblckapTy 6argapnamanapsbl XeHe YKbiMAbIK SpekeT
eTy TeTikTepi konaaHbinagsl.

IEA Toxipnbeci aHepreTukanblk KayinciaaikTi
KamTamacsol3 eTyae undpnblk MOHUTOPUHITIH, Aepek-
Tepre HeriagenreH 6ackapyablH XaHe NHTennekTyan-
Obl 3HepreTyKanblK Xynenepaid MaHbI3bl apTbIn Kene
XaTkaHblH kepceTefi. byn TexHonoruanap aHepre-
TUKanbIK >KyrWenepaid TypakTbifbifbiH - apTThIpbIn,
OaFfapbICThIK Xafgannapga xegen wewiMm kabbin-
nayra MymkiHgik 6epegi [3, 10]. UNECE wmeH IEA
ToXipnbeciH canbICTbipManbl Tangay xanblkapanbik
yVibIMAapAblH  3HepreTukanblK Kayincisgikti kamTta-
Macbl3 eTyde umdpnblk MOHUTOPWHI, AepekTepre
HerizgenreH 6ackapy >xoHe Tayekenaepai anabiH ana
Haranay xynenepiHe 6acbiMablk 6epeTiHiH kepceTesi.

TemeHperi cypetteH UNECE «kelic-ctagunepi
HerisiHge aBTopnapMeH a3ipreHreH 3HeprusiHb
umdpnaHabipyabiH, 3aMaHaym ypaicTepiH kepyre 60-
napgsb! [3].

CypeT 1. QHeprusiHbl undpnaHabipyaarbl Kasipri ypaicrtep
Figure 1. Current Trends in the Digitalization of Energy
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2022 xbingaH KewiHri YkpavHagarbl 3Hep-
reTMkanblk ~ Aafgapbic  Kasipri - 9HepreTukanblk
XyWeHiH ocanabifblH  kepceTTi. ACAPS ecebiHe
CoWiKkec, MHPaKypbiNbiIMFa XXacarnfFaH Xyneni La-
6ybinaap 2024 x. opTackiHa kapar reHepauusi KyaTblH
50%-Fa geniH KpickapTTbl, Byn rymaHuTapnblk garaa-
pbicka akengi. CoHblH cangapblHaH MUNNUoHAaraH
XanblK yakblTla 3NeKTp 3SHEPrusiCbiHCbI3 Kangpl,
an Ken eHipriepae »kocnapnbl ewipynep TayniriHe
8-20 caratka gewiH cosbingbl. byn xafgan keneci
cTpaTerusanblk cabakrapapl kepcerteai:

*  TesiMAinik: XyMeHi Xbingam KannbiHa Keny ka-
Gineri.

*  pe3epBTiKk KyaTTap: MobunbAai reHepauusiHbiH,
MaHbI3bl.

*  UMpnbIK MOHWUTOPWHT: xepen Oaranay xo-
He 3Heprus afbliHAapbIH KavTa Geny [4].

OHepreTvKanblK MHGpPaKypbirbiMFa XacarnfaH
wabybingap TeK aHepreTuka carnacbiHa FaHa emec,
Cy, Kby, MeauuuHa, TENneKOMMYHUKaUUS Xa-
He Kenik XXynenepiHiH TypakTbinbifblHA fa acep eTe-
ni. OneKkTp 3HeprusicbiHblH, y3aK y3inyi aneymerTik
ocan TonTapfa eneyni kayin TeHAipin, 3KOHOMWKa-
nblK 6enceHainikTiH TeMeHaeyiHe akenegi. YkpauHa
Toxipnbeci aHepreTukanblk >XYNEHIH OPHbIKTbIMbIFbI
XYMbINObIpy AavblHAbIFBIMEH, PEe3epBTiK KyaTTap-
MEH >XoHe [faFaapbicTblk Gackapy TuiMainiriMeH
TbIFbI3 GalinaHbICTbl EKEHIH kepceTesi.

ACAPS pepekTepiHe calikec, Oyn wabybingap
3HepreTyKarnblK XyWeHiH Tek usmkanblk eMec, co-
HbIMeH KaTap Oackapy keHe pes3epBTiK KyaTTapabl
icke kocy kabineTiHe ge KbicbiM Tycipai. Kannbl-
Ha Keny yaKbITbl y3apAbl XoHe aBapuUSAnbIK PexXum
xuiniri aptTel [4]. Byn xargan aHepreTukanbik Xyn-
€HiH TypaKTbINbIfbl TEK reHepauusifa faHa emec,
OHbIH TesimainiriHe (resilience), pe3epBTik KyaTTapra
XoHe Lmndpnblk 6ackapy xynenepiHe Tayenai ekeHiH
nenengenai.

Ocbinaviwa YkpavHa Texipubeci angbliH ana
MOHUTOPWHN, Tayekengepai uudpnblk Garanay
XKOHe Xeden opekeT eTy >XYyMemnepiHiH cTparteru-
ANbIK MaHbI3bIH kepceTTi. XKyprisinreH xaneikapa-
nblK ToxipnbeHi Tanpgay HaTwkenepi 3HepreTuka
canacblHAafFbl XYMbINAbIPY AalbHAbIFbIH MOHUTO-
PUHITEYAIH WHTerpaunanaHfaH uUMdpnblK XyWeciH
KanbINTaCTbIPY KaXeTTiriH kepceTeai. MyHaan xyne
3HepreTukanblk  MHMPaKYPbINbIMHBLIH  >XKal-KyriH
HaKTbl YaKbIT pexumiHae Oakbinayra, Tayekenaepai
aBTOMaTTbl Oaranayfa kaHe OafFgapbICTblK CLEHa-
puinepai mogenbaeyre MymkiHaik 6epeai.

Xanblkapanblk ToxipubeneH anblHFaH ca-
H6akTapabl KasakcTtaH xafganbiHa Geriimaey kesiHae
YNTTbIK 3HepreTukanblk >XyYMeHiH epeklienikTepiH
eckepy kaxeT. KazakcTaHHbIH aHepreTukarnbIK XXyNeci
KEH ayMaKka TapanfaH opTanblKTaHAbIpbIFaH WH-
dpakypbinbIMFa, MarMcTpanbAblK 3NeKTp Xeninepi-
He XX8He MyHan-ras KelleHiHe Tayengi. QHepreTuka-
NbIK MHPaKYPbIbIMHBIH, OPHBIKTBINbIFEIH Baranay

KesiHOe aneyMeTTiK XaHe rymaHuTapnblk akTop-
nap fa eckepinyi kaxeT: Xanblk CaHbl, MeauLMHa-
IbIK MEKEMENEP XoHe CcTpaTernsnblk obbekTinepre
acepi. CoHbIMEH KaTap, KbICKbl XXykTeme, peak-load
Mofenbaey, reHepauusi MEH WMMOPT  TeHrepimi
)KOHe pe3epBTiK KyaTTap epeKLle MaHbI3fa ue.

Ocbinaviia, sHepreTuka canacbiHAaFbl Xy-
MbINABIPY AavibIHABIFBIH MOHUTOPUHITEYAIH UMdp-
NbIK KYMECIH KomnpaHbICTarbl LMdpnblk nnatdop-
ManapMeH MHTerpaumsnay apKkbifbl KanbintacTbipy
KasakcTaHHbIH, aHepreTukanblK Kayinci3airiH Kylen-
Tyre MymkiHaik 6epegqi.

YkpanHanbik fansimgap K. AdaHacbkes, M. Bo-
xopka, M. bBe3napTouHbINgpiH —3epTTeynepiHae
oCKepu Xafganparbl aHepreTukanblk  KayincCisgikTi
pecypcTbIK, MOTUCTUKanNbIK XaHe aknapaTTblK TyYpFbl-
OaH kapacTbipbin, kubepkayinTepaiH apTtbin kene
XaTKaHbIH kepceTeai. ABTopnap cyieHreH Ponemon
Institute® pepexTepi knbepkayintepgiH 75%-bl, Soha
Systems® pepektepi 63%-bl YLWiHLWi TapanTapmeH
GalinaHbICTbl eKeHiH aHblkTaraH. Byn sHepreTuka
canacblHAarbl Lmdpnblk nnatopmManapasl asipney
KesiHoe kvbepkayincisgik TanantapbliH JXyMeHiH He-
ri3ri apxuTekTyparnblK 3NeMeHTTepiHiH Oipi peTiHoe
KapacTbIpy KaXeTTiriH kepcetegi [5].

onemaik aHepreTuKagarbl UMdpraHabIpyabiH
AaMyblHbIH 3aMaHayy TeHAeHUMsnapbiH 3epTTerex
WN.A. Makcumues, K.B. KoctuH, O.A. OHycpreBa cu-
AKTbI pecevnik 3epTTeyLuinep xanbikapanblK ToxXipu-
Gere cymeHe OTbIpbIN, UUpbIK TpaHcdhopmaums
e3apa bGavnaHbiCTbl 6ec GafbiTTarbl YANECTipinreH
XYMbICKA Herizaenyi TWIiC AereH TYXbIPbIM XacarfaH.
Onap:

1) CanaHbl umndpnblK TpaHchopmauusinayra
apHarnfaH xargannap;

2) KomnaHusinapgbl uudpnblk TpaHcdhopma-
uusnay;

3) ArbiMaarbl KbI3METKe LUMdprbiK WeLlimaepai
€Hriy;

4) Canapgarbl undpnblK TpaHcopMaumsiFa UH-
CTUTYLMOHanNAbIK konaay Kepcerty;

5) >KaHa kacinopbiHgapab! AaMbITy YLUiH uudp-
NbIK WeLimaepai eHrisy.

ABTOpnapablH, MiKipiHLEe, 3HepreTukanblK Ko-
CiNOPbIHHBIH, XYMbICbI XYy3ere acbipblnatbiH GipbiH-
Fan UMdPrbIK SKOXKYNEHI Kypy OpbIHAbI.

Lindpnbik TpaHchopmaumanay Tek TEXHONoru-
ANbIK WeLliMAepaeH faHa eMec, UHCTUTYLMOHanabIK
Kongayfa HerizgenreH yveni wewiMaepai KaxeT
eTeTiHiH kepceTeai. byn xafganinap 6i3giH keTepin
OTbIpFaH canaHblH Aaraapbicka TesimAiniriH apTTbl-
paTblH GipblHFal LUMPMbIK 3KOXYNEHI KanbinTacTbl-
py KaxeTTiriH fganengen tyceni [10].

Xanblkapanblk Taxipnbe kepceTkeHaen, KP
YWiH 9HepreTMka canacbiHAa >XyMblNablpy Aau-
bIHABIFBIH LMAPIbIK MOHUTOPUHITEY TEK TEXHOMO-
rMAnbIK eMec, cTpaTernanblk kayincisgik maceneci
6onbin Tabbinagbl. 3epTTey HaTUXenepi aHepreTu-

8 Ponemon Institute — aknapaTtTblk Kayinciaaik xxeHe Aepbec AepeKTepai Kopray canacbiHaarbl Tayerncia 3epTTeynep xypri-

3€TiH aMepuKanblK fbiNibIMU-3EPTTEY OpTarnblifbl.

9 Soha Systems — kacinopblHOapFa apHanfaH Kkayincid KallblKTaH KOrKeTiMAiIMiKTi kbiameT peTiHge (Secure Access

as a Service) yCbIHYLLbl amepuKarblk KOMAaHKs.
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Ka y/biMaapbiHOa KubepkayincisgikTi kaMmTamachli3
eTyre XywenepiHiH, Xyweni orfa KoublIiFaHblH Kep-
ceTTi. [lereHmeH, 6i3 YCbIHbIN OTbIPFaH >XXyMbINabIpy
KOHTeKciHaeri undpnblk nnatgopma xabblk KOH-
TypfFa apHanfaH, confan-aK canaHblH Kayincisairi-
He acep eTeTiH cesiMTan aknapaTtTapabl KypanTbiH
bonfFaHAbIKTaH 3amaHayu KopfaHbIC KypanaapbiH
eHrisyni Tanman etegi. lleten TtexipubenepiHaeri
SISHANKAMRATA™ cekinai KopfaHbIC OOKTpUHa-
napsl undpraHabipy apKbinbl antapnbiKkTan XeTin-
nipinyi MyMmKkiH. ATanfaH xyine epTte eckepty (early
detection) MyMKiHAIKTEPIH KyLLENATYre eHe yNTThbIK
pecypcTapabl  GipblHFanm uudpnblk nnatgopmara
BipikTipyre XeHe TeTeHLUe aFgawnap kesiHoe yw-
necTipy TMiMAINiriH apTTbipyFa Xafgaw xacangbl [5].

Ocbinania, >XyprisinreH TeopusinblK XaHe
Xanblkapanblk TaxipnbeHi Tangay aHepreTukarnbik
Kayincisgikti kamTamacbl3 eTydiH 3amaHayu Mo-
nenbaepi uMdprblKk MOHUTOPUHIKE, Tayekenaepai
bomxkayra, crpartervanbik pesepBTepgi Gackapyra
XaHe xefen wewim kabbinaay xyhenepiHe Herisae-
neTiHiH kepceTTi. byn KP-HbIH aHepreTuka canacblH-
0a KyMbINAablpy AalblHObIFBIH MOHUTOPUHITEYAIH
WHTEerpaumsnaHfraHd LUmdpnblk XXyNeciH KaneintacTbl-
PYAbIH FBINbIMW HETi3AINIriH ganengenai.

OHepreTuka canacbliHbIH

undpnaHabipbinybIHbIH Kasipri

XKamn-KyHi XKoHe XXYMbINAbIPY MOHUTOPUHTI

macenenepi

XKyprisinren Tangay KP-HblH aHepreTuka ca-
nacblHAa COHfbl Xblngapbl aykbiMabl LUPIbIK
TpaHcdopMauusi yaepicTepPiHiH Xy3ere acbipbinbin
XaTkaHbIH kepceTTi. Lindpnbik TpaHcopmaumsHbIH
Heri3ri 6afbITbl cananblK aknapaTtTbIK Xynenepai nH-
Terpauusinay apkbibl GipbiHFan LnMdpnblk gepekTep
9KOXKYMECIH KanbinTacTblpy 60nbIin Tabbinagb.

Kasipri yakbITTa aHepreTuka canacbiHaa Gipka-
Tap MaMaHAaHAbIpbifFaH aknapaTTblK Kynenep
XyMmbic ictenai. OnapabiH katapbiHaa KP-HbeiH XKep
KOMHaybIH navpganaHygpbiH 6ipbiHFan nnatdopmMacsl
(6ymaH api — XKKIM)™, MyHai MeH ra3 KoHaeHcaTbIH
ecernke any aknaparTblk XyWeci, MyHan eHiMaepiHiH
Ko3fanbICblH Oakbinay >Xynenepi >xaHe cananbik
WHTErpaumsnelk nnargopmanap 6Gap. ArtanfaH
Xyvienep >xep KoWHayblH nanganaHy, KemipcyTek
pecypcTapbIH 6HAIPY, TacbiManaay XaHe eTkidy npo-
LecTepiH undpnblk popmaTtTta H6akbinayra MyMKiHAIK
Gepegni.

CoHbiMeH kaTap, ©Oyn xyihenep eHAipicTik
XeHe TexHonorusanbelk npouecTtepai GackapyabiH
XKOFapbl [EHreniH KamTamacbl3 eTKEeHIMeH, onap-
OblH PyHKUMOHaNAblK apXMTeKTypacbliHAa XYMbIr-
Oblpy OanbiHAbIFbIH BaFanay KeHe MOHWUTOPUHITEY
KepceTkiluTepi Tonblk kamTbinmaraH. Cananbik

aknapatTblk XKyrhenep MeMIekeTTiK aknapaTtTblK
pecypcTapMeH »a&He BedoMCTBOapanblk Mnar-
dopmanapMeH KeH kenemae WHTerpauusinaHfaH.
OnapablH KaTapblHa 3aHabl XoHe Xeke TynFanap-
OblH MeMnekeTTik Aepekkopnapsbl, E-CtatucTuka'?
xoHe E-nuueHsusanay™ xyienepi, «AuwblK Oe-
pekTep» YNTTbIK MNopTanbl'™, 3nekTpoHAblK cayda
anaHaapbl, SmartDataUkimet nnatcopmach!’®, xa-
NbIKKa KbI3MET KepceTy opTarblKTapblHbIH, aknapar-
TbIK Xyvienepi eHe MuHepangblk pecypcTapAblH
YNTTbIK AepekTtep 6aHki xatagbl. MyHaanh uHTerpa-
uusinap MemnekeTTik opraHaap apacblHAarbl Aepek-
Tep anMacyfbl aBTOMaTTaHAbIpyFa XoHe cananblk
BackapyablH TWIMAINIFIH apTTbipyFa MyMKiHAK Ge-
peai.

OHepreTvka CceKTopblHAarbl UMdpnblk 6akbl-
nayablH MaHbI3abl ANeMEHTTEPIHIH Bipi MyHaln eHim-
OepiHiH aHanbIMblH MOHUTOPUHITEY Xylenepi 60-
nein Tabbinagel. Ocbl GafbITTa MyHaw eHIMOEpPIHIH
KO3FanbICbiH Kagaranayra apHanfaH OilTrack nnat-
dopmachl’® MeH Bakbinay-ecenke any acnantapbl
apKbInbl HAKTbI YakbIT PeXUMiHAEe AepeKTep XuHay
Xynenepi eHrisinreH. byn TexHonornsnap myHawm eH-
ey 3aybITTapbl, MyHan 6asanapbl xaHe xaHapman
KyI0 CTaHumMsnapbl AeHreniHae oTbiH KO3fFasbICbiHbIH
albIKTbIFLIH KaMTamachkl3 etedi. CoHbIMeH kaTap,
3HepreTMKa canacblH KelleHgi umdpnaHabipy mMak-
caTblHOa OTblH-3HepreTnka KelueHiHiH, 6apnblk cer-
MeHTTepiH OipikTipyre GarbiTTanFaH «EnergyTech»
GipblHFar uMdpnbIK nnatgopmMackiH'’ KanbInTacTbl-
py XyMbICTapbl Xyprisinyge. Nnatcdopma cananbik
OepeKTepAi opTanbIKTaHAbIPYAbl, OHAIPICTIK KepceT-
KilUTepai HaKTbl yakblT PeXUMIHAE MOHUTOPUHITEYAI
XaHe WHTennekTyanapl H6ackapy LelimaepiH Kon-
nayabl kespenai [11]. Ananga kormxeTtimai aknapar-
Tapabl Tangay oHbIH PyHKUMOHanNablk MyMKiHOIKTEDI
HerisiHeH eHAIpICTIK XaHe TexHonorusnblK 6ackapy
MiHOETTepiHe BafbiTTanfaHbiH KepceTeq, .

Tangay HeTwxenepi aHepreTuka canachbl-
HbIH Heriri cybbekTinepi — «KasMyHanlas» ¥K AK,
«QazaqGaz» ¥K AK, «KKEGOC» AK xaHe «Samruk
Energy» AK yibiMaapbiHOa eHAipicTiK xeHe Gacka-
pyWwbInbIK npouecTepai undpnaHabipy bafbiTbiHAa
XKYWMEni XyMbICTap >Kyprisin oTbIpfaHblH KepceTTi. Yi-
bIMOAp4a KOPMopaTuBTIK aknapatTblK Xynenep, eH-
LipiCTIK MOHWUTOPWHI NnaTtdopmanapbl aHe Aepek-
Tepai Tangay Kypangaapbl KeHiHeH eHrisinreH. byn e3
Ke3eriHae eHAipiCTik npouecTepdiH TWiMainiriH apT-
ThIpyFa xaHe Tayekenaepai 6ackapyra MymkiHAiK be-
peai. CoHbiMeH Oipre xyprisinreH Tangay KongaHbl-
cTarbl LMdpIbIK XyrenepaiH 6ackiv Geniri eHaipicTik,
3KOHOMMKASbIK XoHe oKiMLLUINIK MiHaeTTepai weLuyre
GafblTTanFaHblH KepceTTi. Kasipri aknapatTblk »KyW-
enep aHepreTvka canacblHblH, XyMbINAabIpy AalblH-
OblFbIH KelwleHai Garanay, ctpaTternsnblk pecypcrap-

0 SISHANKAMRATA — VHO0OHE3UsHbIH, YNTTbIK KOPFaHbIC AOKTPUHACHI.

" YKep KoiHayblH naganaHyablH 6ipbiHFan nnatgopmacsl.
2. E-CtatucTuka xyneci — stat.gov.kz

3 E-nuueHsusinay xyneci
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5 Smart Data Ukimet
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KazaxcTaHHBIH MyHali-ra3 caachblHbIH Xa0apIibIChl

OblH KETKINiKTiniriH 6akbinay, TeTeHLWe xargaunap
Ke3iHAeri OpPHbIKTBINbIKTLI Bormkay XeHe XyMbInabl-
py ocnaprapblHblH, OpbiHAANYyblH MOHUTOPUHITEY
PYHKUMANAPbIH TONbIK kKernemae kamTbiManapl .
Ocbinaviwa, KasakctaH sHepreTuka canachbl-
HbIH, LMAPIbIK XXETiNy AeHrewi xxoFapbl 6onFaHbIMeH,
XKYMbINAbIPY AalblHObIFBIH - MOHUTOPUHITEYrEe ap-
HarnfaH uHTerpaumsnaHraH UMdpnbik Kypangap Xer-
KiNikTi geHrenge kaneinTacnaraH. KonmgaHbicTarbl
nnardgopmanapaa XyMmblnabipy KOpCeTKILUTEPIH Xu-
Hay MeH TangayablH GipblHFai agicHaMach! ok, an
apTYpni aknapaTTbIK Xy/henep apacbliHAarbl Oepek-
Tep MHTErpauusachl WEKTeYni cunartTa Kanbin oTbIp.

KP oTbIH-3HepreTuka keweHiHiH ATO AK

KbI3MeTiH Tangay

XKypriginreH Tangay HaTwxenepi KP-HbiH
3HepreTMka canacbliHgafbl Ludpnblk TpaHcdop-
Mauusi yaepictepiHiH GipHelwle MHCTUTYUMOHanablK
KeseHaepaeH oTkeHiH kepcetTi. Ocbkl npouecTeri
Heriari yrnecTipywi KypbinbimaapabiH 6ipi KP OM-
HiH OTbIH-3HepreTuka KelleHiHiH (byaaH api — O3K)
ATO AK 6onbin Tabbinagbl. Optaneik 1992 x. KP
OM-HiH GyMpbIFbIMEH KypbInbirn, OyriHri KyHre AeniH
canaHblH TYPakTbl )XYMbICbIH MOHWUTOPWHITEY, Tan-
nay xaHe b6ackapyLbinbIK LWelliMaepai aknapaTTbik
Konpay yHKUMANapbiH Xy3ere acbipbin keneai [1].

3epTTey bapbiCbiHAa HOPMATUBTIK KyXKaTTapFa,
pecMun aknapaTTblK pecypcTapfa XeHe capantama-
nblk cyxbaT maTtepuangapblHa XypridinreH Tangay
ATO AK-HbIH, 3HepreTukanblk Kayincisgikti kKamtama-
CbI3 €Ty >XymeciHaeri MaHpbI3abl UHCTUTYLMOHANAbIK
3MNeMeHT ekeHiH kepceTTi. COHbIMEH KaTap >Xypri3in-
reH capantamanblk Tanjay AafaapbiCTbK XXafFgan-
napga opekeT €Ty anroputMAEpiHiH kekenereH
LUMppnbIK Xyenepae iwiHapa eHrisinreHiH kepcer-
Ti. ©cipece XyMbInablpy OavibiHAbIFbI TYPFbICbIHAH
anfaHda gepektepdi XKuHakray, cakray, eHaey, pe-
3epBTiK GannaHbiC apHanapblHbIH TYPaKTbINbIFbIH
KamMTamacbl3 eTy >XoHe BefoMCTBOapanblk ©3apa
ic-kMMbInabl  UMdpnblK  dopMatTa  yrMbIMAACTbIpy
Macenenepi XeTKinikTi AeHrenae weLlinmereH.

ATO AK-HbIH Kasipri TaHgafbl KbI3METi MEH MyM-
KiHAIKTEPIH, COHbIH, iWiHAE XYMbINAbIPY AaWbIHAbIFbI
OoMblHIIA KbI3BMETIH MblHA canbiCTbiManbl Tangay
HaTUXenepiHeH kepyre 6onapbl.

3epTTey MaceneciHiH npakTukanblk MaHbl-
3bl aBTOpMeH aHe ATO AK kbiameTwinepimeH
2026 x. eKi peT AargapbICTbIK OKY-XaTTbIFy >XUbIH-
OapblHa KaTbiCy apkbinbl anpobauusgaH eTkisingi.
OKy-XaTTbIfy HOTUXeNepi XYMbINAbIPY AalbiHAbIFbI
OoVblHIIA aknapaTTapAbl XuHay, eHAdey XoHe Mo-
HUTUMOPUHITEYAIH UMpPnbIK XKyYWECiH XeTinaipyaid
©3€eKTiniriH ankblHAaabl.

ABTOpnap XyprisreH capantamanbik cyxbar-
TapOblH HOTWXenepi SHepreTuka canacbliHaa Xy-
MbINAbIPY AaWbIHABIFBIH KAMTaMachkl3 eTyre GafbiT-
TanfaH undpnblk wWewimaepai kongaHy AeHrewi ani
e XeTKiMiKCi3 ekeHiH kepceTTi. Ocipece aBapusAnblk
Kopnap, kagpnblk pesepBTep, MaTepuangblk-Tex-
HVKanbIK pecypctap, KapXbinblk kaMTamachi3 ety

Kypangapbl XaHe KynakTaHAblpy >Xymernepi >XeHiH-
Aeri aknapaTtTapapbl HaKTbl YakblT peXuMiHae XuHay
MEH MOHUTOPUHITEY TOMbIK aBTOMaTTaHALIPbIN-
MaraH. Tangay HaTwxenepi kepceTkeHaen, Kasipri
Xafpganga OM MeH OTblH-3HepreTvka KelueHi yu-
bIMAapbl apacbiHAaFbl AepekTep anMacy kebiHece
BEeJOMCTBONbIK aknapaTTblK Xyihenep LueHbepiHae
Xy3ere acbipbinagbl. byn aknapaTTbiH e3ekTiniriHe,
XepengiriHe >xoHe GackapylbinblK LIeLiMAepai,
KabbingaHy xbingaMmabliFblHa acep eTyi MYMKiH.
OcblfaH 6annaHbICTbl 3HepreTuka canacbiHAarbl
XYMbINAbIPY AalblHAbIFEIH Gafanay kepceTKiTepiH
KongaHbICTafFbl aknapaTtTblK XXynenepmeH uHTerpa-
uusanay KaxeTTiniri TyblHAanabl. AngbiHebl 6ernim-
e KapacTbipblniFaH xanblkapanblk Taxipube (IEA,
UNECE xaHe 6acka ga xanblkapanblk yibiMaap)
3HepreTMKanblK Kayincisgikti kamTamacbi3 eTyae
LMdpnblK MOHUTOPWHT NEH AepeKTepre HerisgenreH
BackapyablH MaHbI3Abl pen aTkapaTtbiHbIH KepCeTTi.
Ochbl TyprbigaH anFaHga ATO AK-HbIH KbI3METi aHep-
reTMka canacblHaarbl Aafdapbicka kapcel Gackapy
XyMeciHiH Gasanblk 3anemeHTi peTiHae kapacTbl-
pbINybl MYMKIH.

FoinbiMu TypfFblAaH anfaHga, dHepreTuka ca-
NacbiHblH,  XXyMbINAbIPY  AalblHAbIFbIH - LUMAPIbIK
backapyra Kellipy aHepreTukanblk KayincisgikTi
KamMTamacbl3 eTyfiH MaHbli3gbl GafFbiTTapbiHbIH Gipi
6onbin Tabbinagbl. 3amaHayn uudpnblk nnatgop-
Manap SHepreTukanblk >XYWMEHIH Xan-KyniH HakTbl
yakbIT pexumiHae bakpinayra, ToyekenaepAi angbiH
ana baranayfa, bIKTMMan cueHapuinepgi mMogenb-
Jeyre XsHe TeTeHLUe xafgaunap kesiHgeri 6acka-
PYLWbINbIK WeLiMAepaiH TMIMAINIriH apTTeipyFa MyM-
KiHAiK Gepeni.

Ocbinaviwa, xypridinreH Tangay ATO AK-HbIH
3HepreTvka canacbliH eHZIpiCTIK KepceTkKiluTep MeH
afbiMaarbl  AepekTep HerisiHge MOHUTOPUHITEeY
XoeHe yunectipy OarbiTbiHAafbl YHKUMOHANAbIK
MYMKIHZIKTEpi XETKIiMIKTi KanbinTackaHblH KOPCETTi.
CoHbIMeH Gipre >xymbingblpy AanblHAbIFbIH - Oara-
nay, ctpatervsinbik pecypctapabl 6akbinay, kagprbik
pe3epBTepAi 6ackapy oHe AaFAapbICThIK CLeHa-
puinepdi mopenbaey YHKUMANAPbIH KaMTUTbIH
BipblHFal UMAdPnbIK MOHUTOPUHE XXYWEeCiHiH 6onma-
ybl OCbl canafafbl Heri3ri MHCTUTYLMOHANABIK XoHe
TEXHOMOrMAnbIK LWekTeynepaiH 6ipi ekeHiH ankbiHaa-
Obl. Byn aHepreTuka canacblHbIH XYMbINAbIPY Aavi-
bIHOBIFBIH  MOHUTOPUHITEYAIH WMHTerpaumsnaHraH
LU pnblk nnatdopMachIiH KanbinTacTblpy KaXeTTini-
TiH FBINBbIMU TYPFbIAaH Herisaengi.

3epTTey ascbiHAa SHepreTuka canacblHaarbl
XKYMbINAbIPY AaWbIHOBIFEI MEH UMpnaHabipy AeH-
reniH Garanay makcaTblHAa capantamanblk cayan-
Hama xypridingi. CayanHamara MEMIEKeTTiK opraH-
0ap MeH OTblH-3HepreTvka KelleHi yribIMAApbIHbIH,
cana mMamaHgapbl MeH >XyMblngblpy OpraHbl ma-
MaHAapbl KaTbiCTbl. Xannbl pecrnoHAeHTTep CcaHbl
85 apamapl kypaabl. CayanHama 2025-2026 ..
apanblifblHAa >Xy3ere acblpbifbin, 3HepreTukanbik
Kayinciaaik NeH XXymbinablpy AanbiHOBIFbIHBIH, Ka3ipri
Xaun-kyniH 6aranayra 6arbiTTangbl.
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Kecte 1. «KKP oTbIH-3HepreTuka KeweHiHiH Axyanabik-Tangay optanbifbi» AK-HbIH Ka3ipri KbIaMeTi MeH
XYMbINAbIPY AalbIHAbLIFbI MYMKIHAIKTEPi Typanbl canbiCTbipmanbl kecTte
Table 1. Comparative Table of the Current Activities and Mobilization Readiness Capabilities of
Situational and Analytical Center of the Fuel and Energy Complex of the Republic of Kazakhstan JSC

KyHaenikTi KbiamerTe
In Day-to-Day Activities

XKyMbinabipy AaWbIHAbIFbI KOHTEKCIHAE
In the Context of Mobilization Preparation

1.

XubIHTbIK aknapaTTbl kanbintacTeipy / Compilation of Consolidated Information

PKKIM apkbinbl kenin TyceTiH AepekTep, COHAaR-ak KonaaHbICTarbl TOPTINTe ke3nenreH
hkaFaaiinapaa anekTpoHAbIK MOoLITa apKbiNbl YCbIHbINATLIH ManiMeTTep HerisiHage ka-
nbinTacTbipbinagbl.

Data received through publicly accessible platforms (XKI1) are compiled based on
information, as well as information submitted by email in cases provided for by the,
applicable procedure.

[larnapbICThiK XarFaainga aknapattapapl xuHaktay KP Te-
TeHLUe xaraan MUHUCTPAIriHiH (ByaaH api — TXKM) xocnap-
nay »oHe >epen 6Gackapy opTanbifbiMeH OGipikTipinreH
aKnapartTbIK Xyleae icke acblpbinagbl.

An, XXyMbINAbIPY AaibIHAbIFbI aKNapaTTapbiH KanbinTacTbl-
PY XOrFa KoiblriMaraH.

The collection and consolidation of information in a crisis
situation are carried out in an information system integrated
with the Center for Planning and Operational Management
of the Ministry of Emergency Situations of the Republic
of Kazakhstan (hereinafter referred to as the MES).

At the same time, the collection of information on mo-
bilization preparation has not been established.

PKUbIHTBIK aKnapaTTbl KanbIiNTacTbipy anropuTMi MbiHaaan KeseHAEpAi KaMTUabI:
The algorithm for compiling consolidated information includes the following stages:

Bacrankbl aknapatTbl XuHay;

ManiMETTEPAIH TONbIKTLIFbIH, YaKTbIbIFbIH XOHE AYPbICTbIFbIH TEKCEPY;
anblHFaH AepeKTepai e3apa canbICTbIpy XoHe CalkeccisaikTepai aHblKTay;
KaXeTTiniriHe kapaw aknapaTTbl HaKTbinay;

Tipy;

— Kefen TOYMIKTIK XaHe ainblk ecenteppi, aHblkTamanapabl, TangaMansik xasba-
napgbl, Npe3eHTaumusnbK MaTepuanaapabl, coHaaii-ak KP M. xaHe 6acka aa mem-
nekeTTik opraHaapra apHanfaH ecentepai davibiHAAy.

collection of initial information;

verification of the completeness, timeliness, and reliability of the information;
comparison of the data received and identification of discrepancies;

clarification of information as necessary;

consolidation of data into unified summary tables and analytical materials;
preparation of operational daily and monthly reports, statements, analytical notes,
presentation materials, as well as reports for the Ministry of Energy of the Republic
of Kazakhstan and other government bodies

nepekTepai GipbIHFai XUbIHTLIK KecTenep MeH Tanaamarblk Matepuanaapra Gipik-|

—  OyriHri Tanga Xymbinaelpy AabiHAbIFGI GOMbIHLWA akna-
paTTap XWHaKTanvanabl;

3epTTey YCbIHbICTapbl aBTopMeH OM-HiH Lindpnanabi-
py AenaptameHTiMeH Gipnece Xymbingplpy AaviblHAbIFbIH]
UnpnaHabIpyablH - TeXHUKanbIK  TancblpManapbiH — Mbl-
cakTay caTbICblHAA.

— as of today, information on mobilization preparation
is neither collected nor consolidated;

— the proposals based on the findings of the study are cur-
rently at the stage of developing technical specifications
for the digitalization of mobilization preparation
by the author in cooperation with the Department|
of Digitalization of the Ministry of Energy of the Republic
of Kazakhstan.

2.  AknapartTbiH Kenin Tycy ke3gepi / Sources of Information

MblHapaii cyGbekTinepaeH aknapar anagbl:

Xep KoHayblH NaaananyLbinapaax;

MyHali eHgey 3aybITTapblHaH;

ras eHjey 3ayblTTapblHaH;

LaFblH MyHaln eHaey 3ayblTTapblHaH;

MyHali 6a3anapbiHaH;

XeprinikTi aTkapyLbl opraHaapaaH;

MyHaWi MeH MyHali eHimaepiH TackiMangay onepartopnapbliHaH;
OO3K e3re Ae yiibimaapbIiHaH.

Information is received from the following entities:

from subsoil users;

from oil refineries;

from gas processing plants;

from small oil refineries;

from oil depots;

from local executive bodies;

from operators responsible for the transportation of oil and petroleum products;
from other organizations of the fuel and energy complex.

— KyMbINAbIPY AaiblHAbBIFEI GOMbIHILA aknapaTTapFa mMo-
HUTOPWHI XYprisinmengi.

— monitoring of information on mobilization preparation is
not conducted.

ToyniKTik )aHe ainblk aknapar aknapatTbik Xyiie — XKl apkbinbl, coHaait-ak ATO AK.
3NEKTPOHABIK NOLITACk! apKbirbl KeNin Tyceai:

— MyHai MeH ra3bl iLLKi HapbIKKa aHe SKCnopTka TackiManaay Typansi;

— KeprinikTi aTkapyLbl opraHaapaaH — MyHai eHiMAepi MeH CYMbITbINFaH MyHaii ra-
3bIHbIH Genlek cayaanarbl 6aranapbl Typans;

— MyHail Gasanapbl XeHe OHbl XXarFa anylwbinapaaH — caktay opbiHAApbIHAaFb!
MyHaii eHiMAEPIHIH kanabIkTapbl Typasbl.

Daily and monthly information is received through the information system — K[,
as well as by email by SAC JSC:

— on the transportation of oil and gas to the domestic market and for export;

— from local executive bodies — on retail prices for petroleum products and liquefied
petroleum gas;

— from oil depots and their tenants — on petroleum product stocks at storage facilities.

— aknapar XuHakTay XosiFa KonblnmaraH;
— 3epTTey HaTKenepi apKbirbl TEXHUKArbIK MyMKIHAIKTED
nbicbIKTanyaa.

— the collection and consolidation of information have
not been established;

— technical capabilities are being explored based
on the findings of the study.
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3.  [arpapbIcTbIK XaFaanunap kesiHgeri xymbic / Work in Crisis Situations

AknapaTt MblHafan kesaepaeH kenin Tyceai:

- KP TXKM;

— Xep KOMHayblH NavaananyLbinapaax;

— MyHall eHaey 3ayblTTapblHaH;

— MyHaWi-ra3 KeleHiHiH 6acka fa yiibiMaapbiHaH.

TeTeHLUe aFgan Typanbl aknapar kenin TyckeHHeH kevii ATO AK mamaHpapsi:

— aknapaTThbl MpoLiecke KaTbiCyLUblNapAaH xeaen Typae pacraiigbl;

— HakTbinayLwbl ManiMeTTepAi X1Hanabl;

— aknapatTbl ATO AK meH OM GacLubinbifbiHa AepeY KeTKi3emi.

PKarpaih Tonblk TypakTanFaHFa AeWiiH TypakTbl MOHMTOPWHE >Kyprisinedi. Aknapat
TYpaKTbl TypAe XaHapTbinaabl, Heriari kKepceTKiluTepAiH e3repyi TangaHagbl, Toyeken-

nep GaranaHafpl XoHe KaxeTTiniriHe kapaii 6aclubinbikka xxenen 6asHaanagbl. — uMdpnbIK aknapar XuHay Ke3aepi XornFa KoblnmaraH.
Information is received from the following sources: — sources for collecting digital information have not been
— Ministry of Emergency Situations of the Republic of Kazakhstan (MES RK); established

— from subsoil users;

— from oil refineries;

— from other organizations of the oil and gas sector.

Upon receiving information about an emergency situation, specialists of SAC JSC:

— promptly verify the information with the parties involved in the process;

— collect additional data;

— immediately report the information to the management of SAC JSC and the Ministry
of Energy of the Republic of Kazakhstan.

Continuous monitoring is carried out until the situation is fully stabilized. Information
is regularly updated, the dynamics of key indicators are analyzed, risks are assessed,
and, if necessary, the management is promptly informed.

CyperT 2. «kKP oTbIH-3HepreTuKanbIk KeweHi Axyanablk-tangamanbik optanbifbi» AK Tapuxbl
Figure 2. History of Situational and Analytical Center of the Fuel and Energy Complex of the Republic
of Kazakhstan JSC
Ecxkepmy. ATO AK Oepekmepi Hezi3iHOe asmopriapMeH 93iprieHaeH

Lindpnanabipy AeHreniHe kaTbICTbl cayanHama
HaTuxenepi pecnoHaeHTTepaiH 51,8 %-bl OHbI «OpTa-
wa» geHrenge, 32,9%-bl «TOMEH» AeHrenae, an Tek
15,3%-bl «KOFapbl» AeHrenge Aen OaranaraHbiH
KepceTTi. Byn aepekTep 3HepreTuka canacbiHAa
LMppnblK TEXHONOrMANapablH,  EHri3iny KapKbliHb
XKETKIMIKCI3 eKEeHiH XXaHe MHTerpauusinadFaH undp-
NblK Gackapy >XynenepiH A4ambITy KaXKETTIrH aikblH-

nanabl.
Cyper 3. Xymbinablpy canacbiHAafbl KopbITbiHAbI
undpnaHabIpy AeHremi XKypriginreH 3eptrey HaTmxenepi KP-HbiH

Figure 3. Digitalization in the Field of Mobilization 3HepreTMka canacbiHOarbl JXYMbINABIPY —OaiibiH-

- DOI: 10.54859/kjogi109002
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ObIfFbIH MOHWUTOPWHITEY XaHe Oafanay XyuheciHge
WHCTUTYUMOHaNAbIK XaHe undprbik gamy peseps-
TepiHiH 6ap ekeHiH kepceTTi. 3epTTey 6apbICbIH-
0a aknapaTTbl XuHay, eHaey, Bepudwukauusnay
XKeHe Tangay npOLEeCTepiHiH TOnblK aBTOMaTTaH-
OblpblNMaraHbl, aknapaTTblk XyWenep apacbiHOarbl
OepeKkTep anmacyfblH, XEeTKINIKTI AeHrenae uHTer-
paumsnaHbaybl >XeHe >XyMbINAblpy OablHAbIFbIH
MOHUTOPUHITEYre apHanFaH OGipbiHFak UUdPIbIK
nnatgopmaHblH 6onmaybl aHblkTangpl. byn dak-
TOprap aknapatTblH Xedengiri MEH canacblHa, COH-
haii-aK faFaapbICTbIK xaFdannapga 6ackapyLubinbik
Wwewimaepain TMiMainiriHe acep eTyi MyMKiH.

CayanHama HaTwXernepiHOe «KaHaraTTaHap-
nblk» OeHrevaiH 6acbim Gonybl sHepreTuka cana-
CblHOAFbl XyMbINAblpy AanblHAbIFbIH 6ackapyabliH
Heri3ri MHCTUTYUMOHanAblK TeTiKTepi KanbinTacka-
HbIMEH, onapAblH LMdprbIK TpaHCHOPMaLUsChbl TO-
nblK asikTanvaraHblH kepceTeqi. OcbifaH GalinaHbl-
CTbl AepekTepre HerisgenreH 6ackapy (data-driven
governance) karmgaTtTapblH eHri3dy, aknapaTTbIK Npo-
uecTepdi aBTOoMaTTaHAbIpy, BeAoOMCTBOapanblk ae-
peKTep MHTErpaLusiCbiH KYLUEWTY XaHe Gomkamablk
Tangay KypangapbiH nanganaHy es3ekTi GarbiTTap
peTiHae alkbiHAanaabl.

3epTTeyAiH Herisri FbinbIMU-TaXipMbenik He-
Tmxeci peTiHge KP-HbiH 3HepreTuka canacbiHAa
XYMbINABIPY AalblHABIFBIH MOHUTOPWHITEYAIH, YL
aeHrenni undpnblk xxyrhe mogeni ycbiHbinagsl. Mo-
OenbaiH Herisri MakcaTbl — 3HepreTukanblk 00bek-
TinepgeH anbiHaTbiH GacTankel aknapaTTbl OpTa-
NbIKTaHAbIPbIFaH TYPAE XUHay, eHOeY XoHe Tanjay
apkbinbl TayekenaepAi epTe aHblKTay, biKTMMan
hargapbiCTblk cueHapuinepai 6aranay xoHe 6acka-
PYLWbINbIK WeLliMaepdi aknapatTblk Koraay.

¥CbIHbINbIN OTbIpfaH MOAENb Onepauusanbik,
TaKTUKanbIK >XeHe CcTpaTervsnblk yw AeHrenaeH
Typagbl. [eHrennep e3apa OipbiHFak UUPbIK
aknapaTTblK XabblK KOHTYp apkbinbl GannaHbIchimn,
aknapaTTblH TOMEHHEH XOofapbl kapan KanbintacyblH
XeHe OGackapylbinblK LWewWwiMaepaiH KorfapblaaH
TOMEH KapaW XeTki3inyiH kaMTamachI3 eTefi.

Onepauusnblk OeHren — aHepreTukanblk 06b-
ekTinep.

BipiHWi geHren 3HepreTMKanblk WHMPaKy-
PbINbIMHBIH HaKTbl OBBLEKTINEPIH KaMTuabl: 3NekTp
CTaHuuMsAnapbl, Xbly 3MeKTp opTanbikTapbl, MyHan
XeHe ras eHfipy, eHaey XoHe TacbiMangay obbek-
Tinepi xeHe Gacka ga cTpartervanblk obbekTinep.
Byn pexreiine SCADA™, 10T xoHe aBTOMaTTaH-
ObIpbIfiFaH ecenke any Xywenepi apkpinbl eHAipic
Kernemi, OTbiH KOpbl, BHAIPICTIK KyaTTapAblH KOrmke-
TiMainiri, TexHonorvanbIK xabablKkTapablH, >Ka-Kyui,
[arFgapbiCc Ke3eHiHAaeri KynaktaHablpy xaHe backa
0a Xefen KepceTKiWTep Typanbl aknapar XXvHana-
Obl.

YKacaHabl MHTENNEeKTTiH, Heri3ri MiHaeTTepi:

- [pepekTepAiH canacbiH bactankbl bakpinay;

- KanbINTbl KOPCETKIWTepAeH aybITKynapabl
aHbiKTay;

- bIKTUMan TeXHUKanblK XXeHe PeCypCThbIK Tay-
ekenaepai ankbiHaay;

- KbiCka Mep3imai 6omkam xacay.

HaTumxecinae apbip aHepreTukanblk 06 beKTIHIH,
afbIMAarbl XXardanbl XXeHe aHbIKTanfaH Tayekengep
Typanbl XXefen aknapart Kansintacagpl.

TakTukanblk geHren — cananblk XoHe eHipnik
H6ackapy.

EkiHWi aeHrerige aHepreTmkanblk obbekTinep-
OeH, cananblk yMbiIMAapAaH XaHe XeprinikTi atka-
pywWbl opraHgapgaH Kenin TyceTiH aknapar Oipik-
Tipinin, eHipnik aHe cananblk AeHrenge (3nekTp
3HepreTMKacbl, MyHawW-ras, MyHawrasxumus) Tan-
naHagbl. byn geHremaiH Herisri miHgeTi — apTypni
[epek Ke3aepiHeH anblHFaH aknapartTbl canbICThIpy,
BepudukaLmsanay xsHe onapgblH e3apa bannaHbl-
CbIH aHbIKTay.

YKacaHabl MHTENNeKT:

- [JepekTepai canbicTbipagbl XaHe Bepudu-
Kaumsinangpl;

- pecypcTapablH XeTKinikTiniriH 6aranangbt;

- ToeyekenaepdiH eHipnik AeHrempaeri bIKTU-
Man aCcepiH aHbIKTanabl;

- [AargapbICThiK cueHapunnepgi Mogenbaen-
ar

- KaXeTTi pecypctap MeH bIKTUMan apekeTt
eTy LlapanapblH aikblHOayFa aknapaTtTblK kongay
Kepcetegi.

Mbicanbl, OTbIH KOPbIHbIH, TeMeHAeyi, eHAi-
pICTiK KyaTTapgblH KbICKApybl X8HE IOrMCTUKarblK
wekTeynep Oip yakbiTTa OpblH asnFaH kafganaa,
XyWe onapAblH eHipAiH 3HepreTukanbik KamTaMmachI3
eTinyiHe bIKTMMan acepiH KelweHai Typae Garanan
anagbl.

Crpatervsanbik geHren — pecnybnukanbik 6ac-
Kapy.

YwiHwi [geHrenge eHipnik >kaHe cananbik
OeHrevnepae eHAenreH aknapart pecnybnukanbik
aykbiMAa XuHaktanagbl. byn aeHrengid makcatbl —
KP-HbIH 3HepreTMka canacbliHAafbl >XyMbIablpy
OalbIHObIFbIHBIH, XKanmnbl xaw-KyhiH Garanay >sHe
cTpaTernsanblK 6ackapyLbinbIK WeLwiMaepai konaay.

YKacaHabl nHTennekT 6yn aeHrenae:

- opTa Xa8He y3ak mepsimai 6omkam xacan-
Aabl;

- XKMbIHTbIK Toyekenaepdi 6baranangpi;

- 8pTypni AaFaapbICTbIK CLeHapuinepai ca-
nbICTbIpaabl;

- 9HepreTMKanblK pecypctap MeH peseps-
TepAiH XeTKinikTiniriH 6aranangbt;

- Gackapylwbinblk Wewimaepaid  bIKTUMarn
cangapblH Mogenbaeni.

HaTunxeciHoe yokineTTi opraHgapra 3Hepre-
TMKa canacbiHbIH, XYMbINAbIpy AavibHAbIFbI Typanbl
XMbIHTBIK aHaNUTUKanbIK aknapat yCbiHbinagbl. byn
pecypcTapapl kavita 6eny, pe3epBTepai TONbIKTbIPY,

8 SCADA (Supervisory Control and Data Acquisition — Aucnetyepnik 6ackapy eHe AepekTepgi )XuHay) — eHAipicTik npoue-
cTepai HakTbl yakblTTa KallblkTaH 6akbinay xaHe b6ackapy >yWneci.
® 10T (Internet of Things — 3aTTap UHTepHeTi) — br3nKanbIK KypbinFbinapablH MHTEPHET apkbinbl Aepek anvachbin, esapa

opeKeTTecy XyWeci.

102




FbIJIBIMU IIOJIYJIAP

Tom 8, Ne 3 (2026)

KazaxcTaHHBIH MyHali-ra3 caachblHbIH Xa0apIibIChl

KocbIMLIa KyaTTapbl nanganadHy Hemece anabiH
any wapanapblH kabbingay kaxetTiniriH 6aranayra
MYMKiHAiK Gepeg,i.

¥CbIHbINbIN OTbIpFaH MOAEnbAiH Herisri epek-
weniri — yw AeHrengin aepbec emec, GipbiHFan umd-
PrbIK XXyne peTiHAe XYMbIC icTeyi.

KecTe 2. Yw peHrenni undpnbIk Xyie MoaeniHiK Herisri MakcaTTapbl MeH MiHAeTTep
Table 2. Core Goals and Objectives of the Three-Tier Digital System Model

OeHren [epek ke3i KW dyHKumschI Heriari HaTuxe
Level Source Al Function Main Outcome
Onepauvsnbik SHepreTVkanuik o6uekTinep AybITKynapabl  aHblkTay, 6acTankpl OGbeKTl_Hm arblMaarbl Xaffaiibl keHe
- s Gorkam Toyekeni
Operational Energy facilities

Detection of deviations, initial forecasting|Current status and risks of the facility

TakTukanblk Cananblk XaHe eHipnik Aepektep

Bepudukauus, Toyekenpepai 6Garanay,
cueHapuinik Tanaay

OHipnik )aHe cananelk Tayekenaep

assessment, decision-making support

Tactical Industry and regional data Verification, risk assessment, scenario|Regional and industry-specific risks
analysis
Bomkamaay, KelleHai Garanay,
X . OHepreTuka canacblHblH Xannbl
CTpatermsnbik PKUbIHTBIK pecry6nukanblk aepektep LWewimaepai konpay TYDAKTBIMbFbI
Strategic Consolidated national data Forecasting, comprehensive ypaKTi

Overall resilience of the energy sector

AKnapaTTblk afblH «0ObeKkT — eHip/cana —
pecnybnvka» OafblTbl GoMbIHIWA  KanbinTacagbl.
An 6ackapyLUbInbIK WeLliMaep MeH TUICTi Tancbipma-
nap «pecnybnuka — eHip/cana — obbekT» GarbITbl
GovibiHLWAa xeTkisineai. Ocbinanwa, moaens kepi 6ain-
naHbICka HerisfgenreH y3aikcia 6ackapy LMKMiH kanbin-
TacTbipagbl. YL AeHrenni LmdpnbIK XYWEHIH, KypamMbl-
Ha MblHaZan Herisri Mmogynbaepai eHridy yCbiHbINaabl:

- 3HepreTuKanblk GanaHC xaHe pecypcTap
MOHWTOPWHTI;

- XKYMbINAbIpy KOpnapbiH ecenke any;

- KagprblK xXaHe MaTepuangblk pesepsTepai
MOHUTOPUHITEY;

- Tayekengepgi epTe aHblkTay;

- cueHapunnik xaHe 6omkamaplk Tangay;

- [arfapbICTblK XaFgaunapabl  Busyanusa-
uunanay;

- BackapyLbinblk WeLlimaepai konaay;

- KynakraHasipy;

- aBTOMAaTTaHAbIpbINFaH ecenTinik.

>KacaHngbl vHTennekT 6yn mogynbaepae Ae-
peKkTepai aBToMaTThl eHAeY, ayblTKynapAbl aHbiKTay,
Toyekenaepai 6aranay xeHe 6omkam xacay Kypanbl
peTiHae konaaHbinagbl. byn peTTte coHfbl Gacka-
PyLbINbIK LWeLWiM yaKineTTi TynFaga cakranagpl, an
KW wewim kabbingay npoLeciH aknapaTtTbik-Tania-
ManblK TYpFblgaH konganabi.

¥CbIHbIFaH MOAenNbAj iCke acbIpy YLUiH:

- 3HepreTMKa canacbliHblH XYMbINAbIPY Aan-
bIHOBIFBIH  MOHUTOPUHITENTIH GipblHFal UMdPNbIK
XKyWe KanbinTacTbIpy;

- BeAOMCTBOaparnblK AepekTep anvacynblH
GipblHFay cTaHOapTTapbIH EHri3y;

- 3HepreTuKanblk oObekTinepaeH aepekrepai
aBTOMaTTbl TYPAE XKMHAY MYMKIHAIKTEPIH KEHENTY;

KOCBLIMLLA AKMAPAT

KapxbinaHabipy kesi. AsTopnap ocbl 3epTTeyai
Xyprizy GapbiCblHAA CbIPTKbl KapXblnaHablpy Kes-
nepi bonmaraHbliH Manimaensi.

Myanenep KakTbiFbiCbl. ABTOprap ocbl 3epTTeyai
XKYprisyre keHe MakanaHbl apwusinayra OavinaHbl-
CTbl HaKTbl HEMece bIKTMan MyAaernep KakTblfbICbl-
HbIH, >XOK eKeHiH Manimaena,.

DOI: 10.54859/kjogi109002

- KYMbINAbIpY pecypcTapbiHbiH,  GipblHFamn
LMppnblK peecTpiH KanbinTacTbipy;

- Teyekengepgi 6aranay xeHe cLeHapuinik
6ormkay ywiH XKW KypangapbiH eHrisy;

- [QarfapbICTblK  KeseHAae KynakTaHbIpyAblH
LM pIbIK XXYNECIH eHridy;

- aknapatTblk Kayincisgik neH aepektepgi
KOpFayAblH KenaeHremnni >xyneciH kamtamacshi3 eTy;

- axyangblk-TangamMarnblk OpTanblKTbl akna-
paTThbl XMHay >X8He MOHUTOPWHITEYMEH KaTap, Tan-
nay, 6omkay >eHe 6ackapylbinblK Liewimaepai
Kongay yHKUMSANapbIH Xy3ere acbipaTtbiH UdpIbIK
6ackapy opTanblifbl peTiHAe AaMbITy YCbIHbINaabI.

Ocbinaviwa, yw Aenrenni XXW mogeni aHep-
reTka carnacblHOafbl XyMbINAblpy AanbiHObIFbIH
MOHWUTOPUHITEYAIH  OObLEKTINiK,  eHipnik-cananblk
XeHe pecnybnukanblk AeHrennepiH Giptytac undp-
nblK KOHTYpFa BipikTipyre GafbiTTanfaH. Mogenbain
epekweniri — ap AeHrenge XKU-giH HakTbl Gacka-
PYLWbINbIK MIHOETKE CAMKeC KonAaHblnybliHAA: one-
pauuanbik AeHrenae — epTe aHblKTay, TaKTUKarnblK
OeHrenge — Teyekengepai 6aranay xaHe cueHapuii-
nik Tangay, cTpaterusnblk AeHreige — 6omkamaay
XoHe WweLimaepai konaay.

¥CbIHbIFAaH TaCIN aknapaTtTbl XWUHAY MEH ©H-
ey yaKbITbIH KbICKapTyFa, BeJOMCTBOaparnbIK akna-
paT anmMacyapl XakcapTyFa, XYMbINAbIPY pecypcTa-
PbIHbIH XXan-KyWiH xefgen Garanayra xaHe biKTMMan
[aFaapbICTbIK XafgannapFa angblH ana AeH Kok
MYMKiHAIrH apTTbipyFa 6arbiTTanFaH. Ocbl TyprblaaH
anfaHga, yw genrenni mopens KP-HblH aHepreTu-
Ka canacbiHAa XyMbINAbIpy OaiblHAbIFbIH MOHUTO-
PUHITEYAIH UMMPrbIK XKYWECiH KanbinTacTbipyabiH,
Herisri apxvTekTypanblk LWewWimMi peTiHge VYCbIHbI-
nagpl.
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Design of a Combined Isomerization-Catalytic Reforming Unit
for Increasing Gasoline Octane Number Using
an Al-Based Quality Prediction Model

Aruzhan Abdigali, Nuriya Ye. Aikenova, Zhansaya Zhakhanshayeva
Eurasian National University, Astana, Kazakhstan

ABSTRACT

Background: The production of high-octane gasoline meeting stringent environmental requirements
remains an important task for petroleum-refining industries, including Kazakhstan. At the same time,
artificial intelligence and digitalization are increasingly applied to support process design and fuel-quality
prediction.

Aim: To design a combined isomerization-catalytic reforming system for producing Al-92, Al-95,
and Al-98 gasoline grades using an Al-based model for gasoline-quality prediction.

Materials and Methods: Three commercial gasoline grades (Al-92, Al-95, and AI-98) were
characterized by pycnometric density measurement, capillary viscometry, and thermogravimetric
analysis with differential thermal analysis. Linear Regression, k-Nearest Neighbors, and Decision Tree
models were used to predict research octane number (RON). Kinetic models were developed for light-
naphtha isomerization and catalytic reforming, together with material and energy balance calculations,
DIP-column design, and reformate-yield estimation.

Results: The Decision Tree model provided exact RON predictions for the three tested grades
(MAE = 0.00; R? = 1.00). The isomerization unit with DIP recycle produced an isomerate with RON
87.4, while the catalytic reforming unit produced reformate with RON 98.5 at 500°C and a liquid yield
of 85.4 vol%. The calculated blended RON values were 92.1, 95.3, and 98.2 for Al-92, Al-95, and Al-98,
respectively.

Conclusions: The combined process configuration enables the production of the full range of stu-
died gasoline grades by adjusting the proportions of isomerate and reformate in the blending pool.
The Al-based quality model can be used as a supporting tool for defining target octane specifications
during process design.

Keywords: gasoline octane number; atrtificial intelligence; machine learning; isomerization; catalytic
reforming; light naphtha; kinetic model; material balance; energy balance; refinery design.

To cite this article:

Abdigali A, Aikenova NY, Zhakhanshayeva Z Design of a Combined Isomerization-Catalytic Reforming Unit
for Increasing Gasoline Octane Number Using an Al-Based Quality Prediction Model. Kazakhstan journal
for oil & gas industry. 2026;8(3):106—118. DOI: 10.54859/kjogi109015.

© 2026 Abdigali A., Aikenova N.Ye., Zhakhanshayeva Zh. License CC BY-NC-ND 4.0

106


https://doi.org/10.54859/kjogi109015
https://doi.org/10.54859/kjogi109015
https://creativecommons.org/licenses/by-nc-nd/4.0/

Becmmuux neghmeeazosoti ompacau Kazaxcmana. Tom 8, Ne3 (2026), c. 106—118

YOK 665.6/.7
MPHTU 61.51.17

DOI: 10.54859/kjogi109015

Monyuyena: 11.06.2026.
OpobpeHa: 21.09.2026
Ony6nukoBaHa: 30.09.2026.

OerMHaanoe unccnegosaHue

Pa3paboTka KOMOMHMpPOBaAHHOW YCTaHOBKU U30Mepu3auumn-
KaTanutu4yeckoro pucpopMuHra ans noBbIlWEHUA OKTAHOBOIO Yyucna
6eH3nHa ¢ ucnonb3oBaHUeM MoAenu NPOrHo3npoBaHUA KayecTBa
Ha OCHOBE UCKYCCTBEHHOIO MHTEesJIeKTa

A. Aoguranu, H.E. AlikeHoBa, X. XXaxaHwaeBa
Espasutickuli HayuoHarsnbHbIlU yHugepcumem um. J1.H. l'ymunesa, e. Acmana, KazaxcmaH

AHHOTALMUA

O6ocHoBaHue. [1poM3BOACTBO BbICOKOOKTAHOBOrO GEH3MHA, COOTBETCTBYHOLLErO COBPEMEHHBIM 3KOMO-
rmyeckum TpeboBaHMsAM, OCTAETCHA akTyanbHOW 3apayent HedTenepepabaTbiBaoLle NPOMbILLIEHHO-
cTu, B T.4. KasaxctaHa. OQHOBPEMEHHO UCKYCCTBEHHbIN MHTEMNEKT M LNMEPOBU3aLMS BCE LUMPE NpUMe-
HSIIOTCHA ANS NOAAEPXKKU NPOEKTUPOBAHMS TEXHONMOMMYECKUX NPOLECCOB U NPOrHO3MPOBAHUS KavyecTBa
Tonnmea.

Lenb. Paspabotatb KOMOWHWPOBaHHYID CUCTEMY W30OMeEpU3aLMU W KaTarnmMTUYecKoro pudopmuHra
ans nonyyveHus 6eHsnHoB Al-92, Al-95 n Al-98 ¢ ncnons3oBaHNMeEM MOAEeN Ha OCHOBE UCKYCCTBEHHOMO
WHTEeNMeKTa 4ns NporHo3npoBaHnsa kavectsa 6eH3nHa.

Matepuanbl n metoabl. Tpu ToBapHble Mapku 6eHsuHa (Al-92, Al-95 n Al-98) uccneposanu metoaa-
MU NMUKHOMETPUYECKOTO OMPeaEneHust MOTHOCTW, KanumsipHOW BUCKO3UMETPUN U TEPMOTrPaBUMETPU-
Yeckoro aHanmsa B codeTaHuu ¢ guddpepeHumanbHbiM TeEpMUYECKMM aHanmM3oMm. [nsi nporHo3uposa-
HWUS1 MCCneJoBaTeNbCKOro OKTaHOBOro yucna (aanee — POH) npyMeHsanu nuHenHyo perpeccuto, MeTos
k-6nivkanumx cocegen n Aepeso pelleHuii. Ans nsomepusaummn Né€rkon HadTbl U KaTanuTUYECKOro pu-
dopmMuHra pa3paboTaHbl KWNHETUYECKNE MOAENN C PACYETOM MaTepuanbHOro U aHepreTmyeckoro banaH-
COB, NPOEKTUPOBaHNEM KoNoHHbI W n oueHKkon Bbixoga pudopmara.

PesynbraTbl. Mogenb aepeBa pelueHun obecnedmna To4Hoe nporHosmpoBaHne POH ons Tpéx mccne-
poBaHHbIx mapok (MAE = 0,00; R2 = 1,00). YctaHoBka nsomepusauun ¢ peunpkynsaumen UM obecne-
ynna n3omepusat ¢ POH 87,4, a yctaHoBKka kaTanuTnyeckoro pudopmMuHra — pucopmar ¢ POH 98,5
npu 500°C n BbIxogoMm xugkoro npoaykta 85,4%06. PacyéTtHble 3HaveHuss POH cmeceBbix 6eH3MHOB
cocTtaBunu 92,1, 95,3 1 98,2 ansa Al-92, Al-95 n Al-98 cooTBeTCTBEHHO.

3akntoueHune. KombrHMpoBaHHasi KOHGUrypaums no3BonsieT nornyvatb BeCb paccMaTpyBaeMblii psf
TOBapHbIX OEH3NHOB 3a CYET pEerynMpoBaHUs COOTHOLLIEHNS M3oMepusata U pudopmara B CMECEBOM
nyne. Mogenb NporHo3npoBaHWs KayecTBa Ha OCHOBE WUCKYCCTBEHHOrO WHTEMMEKTa MOXET UCMosb30-
BaTbCsl Kak BCMOMOraTENbHbIN MHCTPYMEHT MpW 3aaHun LiENeBbIX XapakTepuUCTUK OKTAHOBOIO YMcna Ha
aTane NpoeKkTUPOBaHUS.

Krnroyeeble crioea: OKmMaHog8oe 4ucrio 6eH3uHa, UCKYCCMBEHHbIU UHMmeriekm, MawuHHoe
obyyeHue, usomepu3ayusi, Kamanumu4yeckuli pucopMuHe, néaskas Hacpma, KuHemudeckass MoOerib,
mMamepuanbHbil 6anaHc, aHepzemudeckul 6anaHc, rnpoekmuposaHue Hegmenepepabambigarouwiel
ycmaHo8KuU.

Kak umtupoBaTtb:

Abdueanu A., AlikeHosa H.E., KaxaHwaesa K. Pa3paboTka KOMOMHMPOBAHHOW YCTaHOBKU M30MepU3aumm-
KaTanMTMyeckoro pucopMUHra Ans MoBbILEHWUSI OKTAHOBOTO uucna GeH3nHa C UCMofib30BaHUEM MOAEenu
NPOrHO3NPOBaHNsI KayecTBa Ha OCHOBE MCKYCCTBEHHOrO WHTennekta // BecTHuK HedbTerasoBow oTtpacnu
KasaxcTtaHa. 2026. Tom 8, Ne3. C. 106—118. DOI: 10.54859/kjogi109015.
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TynHycka 3epTTey

XacaHabl MHTENnNeKT HerisiHaeri canaHbl 6ormkay moaeniH
nanpanaHa oTblpbIin, 6€H3MHHIH OKTaH CaHbIH apTTbipyfa apHanfaH
n3omMmepusauusa-KatTanuTukanbik pudopMUHrTiH GipikTipinreH
KOHAbIPFbICbIH d3ipney

A. Aopguranu, H.E. AiikeHoBa, X. XKaxaHwiaeBa
J1.H. l'ymunee ambiHOarbl Eypasus ynmmaik yHugepcumemi, AcmaHa Kanacsel, KazakcmaH

AHOATNA

Herizaey. Kasipri akonorusnblk Tanantapfa Caikec KeneTiH Xofapbl OKTaHAbl 6EH3NH eHAipy MyHaw eH-
ney eHepkacibi, CoHblIH, iWwiHae KasakcTaH ywiH ge e3ekTi MiHaeT 6onbin Tabbinagbl. CoHbIMEH KaTap
)KacaHabl MHTENNEKT NeH umdpnanapipy TEXHOMNOrUANbIK yaepictepdi xobanayabl XeHe OTblH canachiH
6ormkayabl kongay yLiH KeHiHeH KongaHbinyaa.

MakcaTtbl. BeH3WH canacblH acaHgbl MHTENMEKT HeridiHaeri Moaenb apKbirbl 6omkay MyMKiHAIMH nan-
nanaxbin, Al-92, Al-95 xeHe Al-98 mapkanapblH eHAipyre apHanFaH nsomepusauus-katanuTukanblk pu-
hOPMUHITIH BipiKTipinreH >xyeciH asipney.

Martepuangap meH agictep. Al-92, Al-95 xaHe Al-98 mapkanapblHblH YL Tayaprblk 6€H3UH YriCiHiH
ThIFbI3ObIFbI  MUKHOMETPUANBIK SAICMNEH, KMHEMAaTUKanblK TYTKbIPMAbIFbl Kanumnspnblk BUCKO3MMETPUS
apiciMeH, an TepMusAnbIK cunarTamanapbl TEPMOrpaBUMETPUAIbIK XaHe AuddepeHumanabik-TepmMu-
ANbIK Tangay apkblibl aHbikTangbl. 3epTTey oKTaH caHblH 6ommkay YLWiH CbI3bIKTbIK perpeccus, k-xakbiH
KepLuinep afici xaHe wWewimaep arawwbl KongaHbingbl. XKeHin HadTaHbl M30Mepu3aumsanay xoHe karta-
NUTUKaNbIK PUOPMUHT YLLIH KMHETUKanbIK Modenbaep a3ipneHin, Matepyangblk XoHe aHepreTukanbik
6anaHcTap ecentengi, AWIM konoHHack! xxobanaHapl xaHe pudopmarT WbiFbIMbl 6aFanaHabl.
Hatumxenepi. Lewimaep arawbl Mmogeni 3epTrenreH yw 6eH3nH mapkacsl ywiH POH maHaepiH gan 6on-
xagbl (MAE = 0,00; R = 1,00). AWM peumnpkynsaumsicel 6ap m3omepusaums koHaplprbickl POH 87,4
OonaTblH n3omepusart, an katanutukanbslk pudopMuHr koHaplpFeickl 500°C Temnepatypaga POH 98,5
XoHe CyWblK eHiM WbiFbiMbl 85,4 kenem.% 6onatbiH pudopmar 6epgi. Kocnansik POH maHaepi Al-92,
Al-95 xoHe Al-98 ywwiH TuiciHwe 92,1; 95,3 xxaHe 98,2 6onaebl.

KopbITbIHAbLI. BipikTipinreH TexHonorusinblk cynba kocna kKypamblHAaFbl n3omepusat neH pudopmar-
TbiH apakaTblHacblH peTTey apKbifbl KapacTbipbinFaH 6eH3VH MapKanapblHbIH TOMbIK KaTapblH eHaipyre
MyMKiHAIK 6epepni. XKacaHabl MHTEeNNeKT Heridingeri canaHbl 6ormkay Mogeni TEXHONorusnbIK xobanay ke-
3eHiHAe MaKcaTTbl OKTaH CaHblH aHblKTayFa apHasfaH KocbiMLa Kypan peTiHae nanganaHbinybl MyMKiH.
Hezizzi ce3dep: 6eH3UHHIH OKMaH caHbl; acaHObl UHMeeKm, MaluHarblK OKbImy; U3oMepu3ayus;
KamanumukarnbiK pughopMUHe; XeHin Hacghma; KuHemukasnblKk MoOerns, Mamepuanoblk 6anaHc; aHep-
eemukarnbik 6anaHc;, MyHall eHOey KOHObIPFbICkbIH xobaray.
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Introduction

The production of high-octane gasoline meeting
stringent environmental standards such as Euro-5
represents a major challenge for petroleum-refining
industries worldwide, and particularly in Kazakh-
stan, where refinery modernization programs aim
to phase out legacy low-octane grades (e.g., A-80)
and produce fuels complying with Euro-4 / Euro-5
requirements [1]. At the same time, the rapid devel-
opment of artificial intelligence (Al) and digitaliza-
tion has been declared a strategic national priori-
ty [2].

Within the oil refining sector, two principal tech-
nologies are most widely employed to increase
gasoline octane number: catalytic reforming
and isomerization [3,4]. Catalytic reforming con-
verts naphtha (C,—C,, fraction) into high-oc-
tane reformate by promoting dehydrogena-
tion of naphthenes to aromatics, isomerization,
and dehydrocyclization. The reformate possesses
a high RON of 95-102, making it the primary blend-
ing component for high-octane gasoline grades
Al-95 and Al-98 [4]. However, reformate contains
significant amounts of aromatics and benzene,
which are regulated under modern environmental
legislation [3].

Light naphtha isomerization, in contrast, rearranges
straight-chain Cs/C¢ paraffins into their branched
isomers, producing a sulfur-free, benzene-free,
olefin-free isomerate with RON up to 92 depending
on the process configuration [3, 5, 6]. This makes
isomerate an ideal blending component for the Al-92
grade and a valuable addition to the gasoline pool
for reducing overall aromatics content.

The combination of isomerization and catalytic re-
forming in a single refinery scheme is widely rec-
ognized as the most effective strategy for meeting
the full spectrum of gasoline quality requirements:
isomerization handles the light naphtha fraction
to produce clean Al-92 base stock, while catalytic
reforming upgrades the heavier naphtha fraction to
provide the high-octane reformate needed for Al-95
and Al-98 [3, 5, 6]. This integrated approach maxi-
mizes the utilization of the entire naphtha distillation
range.

Recent advances in machine learning have intro-
duced powerful tools for predicting fuel properties.
Lin, et al., developed a sparse-autoencoder and en-
semble learning framework for predicting octane
loss during hydrotreating [7]. Bounaceur, et al.,
proposed a deep learning model based on quanti-
tative structure—property relationship (QSPR) mod-
eling for RON, MON, and cetane number estimation
[8]. These studies demonstrate that Al can serve
as a reliable surrogate model within the refinery de-
sign loop [7-9].

The objective of this work is to design a combined
isomerization—catalytic reforming system using

an Al-based model to predict gasoline quality.
The specific tasks include: (1) experimental charac-
terization of three commercial gasoline grades; (2)
development and comparison of machine learning
(ML) models for RON prediction; (3) design of a light
naphtha isomerization unit with DIP recycle for Al-92
production; (4) design of a catalytic reforming unit
for Al-95 and Al-98 production; (5) comprehensive
mathematical modeling of both units.

Materials and methods

Three grades of commercial automotive gaso-
line-Al-92, Al-95, and AI-98 were used in this study.
The samples were obtained from petroleum refiner-
ies in Kazakhstan. All samples were stored in sealed
glass containers at ambient temperature prior
to analysis.

The density of each gasoline sample was deter-
mined at 15°C using the pycnometric method in ac-
cordance with ASTM D1298". Kinematic viscosity
was measured at 20°C using a capillary viscometer
following ASTM D4452. All measurements were per-
formed in triplicate.

Thermogravimetric analysis was performed using
a NETZSCH STA 449F3 Jupiter simultaneous ther-
mal analyzer®. Approximately 195 mg of each gas-
oline sample was placed in an open Al,O; crucible
and heated from 30 to 600°C at 10°C-min~" under
an inert atmosphere (N). Thermogravimetric anal-
ysis (TGA) and differential thermal analysis (DTA)
signals were recorded simultaneously. Mass loss
was calculated as:

(1
where m, is the initial sample mass, and m;,
is the mass at the given temperature.

Am =my - my

Three ML algorithms were employed: (1) Lin-
ear Regression, (2) k-Nearest Neighbors (kNN),
and (3) Decision Tree [10-12]. The input features
comprised density (p, g-cm™), kinematic viscosity
(v, mm#:s7"), mass loss (4dm, %), and temperature
(T, °C). The same symbols are used in the regres-
sion equation, so that each feature is identified un-
ambiguously:

0Nza+b1-p+b2-v+b3-Am+b4-T (2)

where ON is the research octane number (-) —
the dependent variable; p is the density of the sam-
ple at 15°C (g-cm™); v is the kinematic viscosity
at 20°C (mm?-s™); Am is the mass loss determined
by TGA at the given temperature (%), Eq. (1);
T is the temperature of the TGA measurement (°C);
a is the intercept and b,—b, are the regression coef-
ficients of the corresponding features, obtained by
ordinary least squares.

" ASTM D1298-12b(2017)e1 Standard Test Method for Density, Relative Density, or API Gravity of Crude Petroleum

and Liquid Petroleum Products by Hydrometer Method

2 ASTM D445-24 Standard Test Method for Kinematic Viscosity of Transparent and Opaque Liquids (and Calculation

of Dynamic Viscosity)

3 Simultaneous Thermogravimetry STA 449 F3 Jupiterto ® Fascinating Flexibility in Thermal Analysis
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Models were implemented in Python using scikit-
learn.

For producing Al-92 gasoline, a light naphtha
isomerization unit with DIP recycle was designed.
The isomerization process converts Cs/C¢ paraffins
intobranchedisomersonPt/Al,O;chlorinatedcatalyst.
The DIP column separates isopentane (RON = 92.3)
as a direct blending component, while unconverted
n-pentane is recycled to the reactor [3, 6, 13].

For producing Al-95 and AI-98 grades, a catalytic
reforming unit was designed. Catalytic reforming
converts the heavier naphtha fraction (C,—C,, boil-
ing range 85-180°C) into high-octane reformate
(RON 95-102) through dehydrogenation, isomer-
ization, and dehydrocyclization reactions on a Pt—
Re/Al, O3 bimetallic catalyst [4, 14]. The reformate
serves as the primary blending component for Al-95
and Al-98 grades.

Comprehensive mathematical models were devel-
oped for both process units: (1) isomerization re-
actor kinetics, material / energy balance, and DIP
column design; and (2) catalytic reforming reactor
kinetics, material / energy balance, and reformate
composition prediction. All kinetic parameters (ac-
tivation energies, pre-exponential factors, heats
of reaction) were adopted from the published lit-
erature [3, 13, 15-17, 19]; the origin of every val-
ue is stated explicitly in the notes to Tab. 5 and 8.
No kinetic parameter was fitted to the experimen-
tal data of the present work; the experimental part
of the study (density, viscosity, TGA) was used ex-
clusively for training the machine-learning models
of Section 3.3.

Quantities referring to a reaction (rate r, rate con-
stant k, equilibrium constant Keq,i‘ activation energy
E,, heat of reaction AH ) carry the reaction index i
as a subscript; the indices i = 1-3 to the isomerization
reactions (pentane isomerization, hexane isomeriza-
tion and hydrocracking) and i = 4—7 to the reform-
ing reactions (dehydrogenation, dehydrocyclization,
paraffin isomerization and hydrocracking). Ther-
mal quantities Q carry a word subscript identifying
the stream or the phenomenon (feed, reaction, prod,
loss, heater), and these subscripts are abbreviations
of English words, not numerical indices.

Results and Discussion

The measured properties are presented in Tab. 1.
Density increases from Al-92 (0.7165 g/cm?3)
to Al-98 (0.7265 g/cm?), reflecting higher proportions
of branched and aromatic hydrocarbons. Viscosity
exhibits an inverse trend (1.030 to 0.993 mm?'s).

Table 1. Physicochemical properties
of the gasoline samples

Gasoline Grade | Density, g/lcm® | Viscosity, mm?/s RON
Al-92 0.7165 1.030 92
Al-95 0.7227 1.016 95
Al-98 0.7265 0.993 98

: 10.54859/kjogi109015

Correlation analysis revealed |r] = 0.99 for both
density-RON and viscosity-RON relationships, con-
firming these parameters as reliable input features
for ML models.

Table 2. Temperature-dependent mass loss (%)
for the three gasoline grades

T, °C |Al-92, Am, %|Al-95, Am, % [Al-98, Am, %| Dominant Process
30 0.0000 0.0000 0.0000 [No change

100 0.0701 0.1814 0.0538 |Cs—C, evaporation
150 0.1515 0.3173 0.1019  [C4—C;, evaporation
200 0.2771 0.4379 0.1548 |C,—C,, evaporation
250 0.2971 0.4694 0.1684  |Residual fraction

Al-95 exhibited the highest total mass loss (0.47%
at 250°C), while Al-98 showed the lowest (0.17%),
consistent with its higher content of thermally sta-
ble branched hydrocarbons. DTA curves confirmed
that the major thermal events correspond to evap-
oration of light and medium hydrocarbon fractions
(Cs—Cy) in the 30—200°C range.

Table 3. Predicted octane numbers by the three
machine learning models

Gasoline Grade| Actual |Linear Reg.| kNN |Decision Tree| Best
Al-92 92 91.27 93.50 92.00 DT
Al-95 95 93.28 93.50 95.00 DT
Al-98 98 95.28 96.50 98.00 DT

The Decision Tree model provided exact predic-
tions for all three grades (mean absolute error
(MAE) = 0.00, R?=1.00). Linear Regression showed
systematic underestimation (MAE = 2.15), while kNN
exhibited intermediate performance (MAE = 1.83).
These Al-predicted RON values were used to define
the target specifications for both process units: isom-
erate RON = 87 for Al-92 blending, and reformate
RON 2 95 for Al-95 / Al-98 blending.

Isomerization Unit Design for Al-92 Production
For Al-92 gasoline production, the DIP recycle
isomerization configuration was selected based
on the comparative analysis of process alternatives
(Tab. 4). The DIP recycle provides RON 87-88,
which, when blended with other gasoline pool com-
ponents, is sufficient to meet the Al-92 specification
(RON = 92).

Table 4. Comparison of isomerization
configurations for Al-92 production

Parameter Once-Through | DIP Recycle DIP+DIH
Product RON 83-84 87-88 90-92+
Relative CAPEX 1.0 1.3-1.5 1.8-2.2
Energy (MW) 2-3 6-8 11-14
Complexity Simple Moderate Complex
Number of columns 0 1 (DIP) 2 (DIP+DIH)

DIH — deisohexanizer
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Over a chlorinated Pt/Al,O; catalyst, light naphtha
undergoes two parallel isomerization transforma-
tions that are relevant to the design of the unit: the re-
versible isomerization of n-pentane to isopentane
(2-methylbutane), and the reversible isomerization
of n-hexane to its branched isomers. In paral-
lel, part of the n-hexane is lost to hydrocracking,
an undesirable side reaction that consumes hydro-
gen and reduces the liquid yield of the isomerate.
These three transformations are indexed 1, 2 and 3
in the kinetic model.

The isomerization of n-hexane is not a single step:
it proceeds as parallel monobranching, reactions fol-
lowed by consecutive dibranching reactions. In the ki-
netic model the four branched hexane isomers —
2-methylpentane (2-MP), 3-methylpentane (3-MP),
2,2-dimethylbutane (2,2-DMB) and 2,3-dimeth-
ylbutane (2,3-DMB) — are lumped into a single
pseudo-component, denoted i-C4H;, (abbreviated
i-Cs), whose concentration is the sum of the con-
centrations of the individual isomers. According-
ly, the lumped equilibrium constant Keq, refers to
the overall transformation of n-C¢H;, into i-CsHis
and equals the sum of the equilibrium constants
of the individual monobranching and dibranching
steps [15, 16]. The distribution of the lumped i-Cs
over the individual isomers reported in Tab. 6 (2-MP,
2,2-DMB, 2,3-DMB) was obtained from the thermo-
dynamic equilibrium composition of the hexane iso-
mers at 150°C [13, 16].

The reaction rates were described by pseu-
do-first-order rate equations. In Egs. (3-5) the sym-
bol C denotes the molar concentration (kmol-m™3),
and the subscript identifies the species to which
the concentration refers:

=k - (Cn—C5H12 — CsHyp - Ci—Csle /Keq,l)

@)
(4)
(%)

where r;, r, and r; are the rates the pentane
isomerization, of the lumped hexane isomeriza-
tion and the hydrocracking reaction, respective-
ly (kmol-m™-s7™); k,, k,, k; are the correspond-
ing pseudo-first-order rate constants (s™"); C,, u,,
and C,_y,,are the molar concentrations of n-pentane
and of isopentane; C,. ,, and C. , are the mo-
lar concentrations of n-hexane and of the lumped
hexane isomers defined above, all in kmol-m™; K,
and K,, are the dimensionless thermody-
namic equilibrium constants of the pentane
and of the hexane isomerization reactions. The pre-
fixes n- and i- in the subscripts denote the normal
(linear) and the branched (iso) isomer of the corre-

sponding species, and not a concentration.

r, =k - (Cn—CsHu — CeHyy - Ci—CéHM/Keq,Z)

r3 = k3 - (Cn—CsHH)

The temperature dependence of the rate constants
follows the Arrhenius equation:

ki = A; - exp(- Eq; / (R-T))

(6)
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where k, is the rate constant of reaction i (s™); 4,
is the pre-exponential factor of reaction i (s™"); E,;
is the activation energy of reaction i (J-mol™);
R = 8.314 J-mol™"-K™" is the universal gas constant;
T is the absolute temperature (K); the index i = 1,
2, 3 refers to the pentane isomerization, the hex-
ane isomerization and the hydrocracking reac-
tion. The numerical values of 4; and E,; are given
in Tab. 5.

Table 5. Kinetic parameters for isomerization on

Pt/Al, O3
E Keq k

Reaction @ | A,s™ |at150°C|at 150°C

kJ-mol™ -1

() (s™)
n-CsH,,— i-CsH,, 1054 [1.35x10°| 2.17 [3.42x107®
n-CeH,— i-C4Hyy 117.2 |2.10x10°| 1.85 [1.87x107
n-C¢H,, — hydrocracking 142.5 [5.60%x10° - 2.15x10™

Note to Tab. 5. Origin of the data. The activa-
tion energies E, and the pre-exponential factors
A for the isomerization of n-pentane and of n-he-

xane over chlorinated Pt/Al,O; were taken
from the experimental kinetic study of Volko-
va, et al. [15], (n-pentane isomerization over

Pt/Al,O;—CI, 130-170°C) and from the industri-
al light-naphtha isomerization model of lvanchi-
na, et al. [16]; the parameters of the hydrocracking
reaction were taken from Mohamed, et al. [13],
Middle East Oil Refinery light-naphtha isomeriza-
tion unit. The equilibrium constants K,, at 150°C
were calculated in the present work from Egs. (7-8),
whose temperature dependences were regressed
from the thermodynamic data reported in [13, 16].
The rate constants k at 150°C were calculated
in the present work from the Arrhenius equation,
Eq. (6), using the listed values of E, and A. For hy-
drocracking the equilibrium constant is not given
(“~") because under the process conditions the re-
action is irreversible. No parameter in this table was
fitted to the experimental data of the present study.

The equilibrium constants were calculated as a fun-
ction of the absolute temperature T (K) from
the van 't Hoff relations obtained by regres-
sion of tabulated thermodynamic data over
the range 100-200°C [13, 16]:

(K1) = 1580/T - 130

@)
(8)

The reactor was modelled as an isothermal plug-
flow reactor; the molar flow rate  of each species
changes along the catalyst bed according to:

an—CSHn/dW =

n(Koqq) = 1420/T - 1.12

-n

9)

dFi_c, /AW = +1

AFpeco, /AW = — 13 )
10

dFi_co, /AW = +7,

where F, is the molar flow rate of species j (kmol-h™),
the subscript j identifying the species, and W
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is the mass of catalyst counted from the reactor inlet
(kg)-

These ordinary differential equations were solved
using the Runge—Kutta fourth-order method.
The material balance was calculated for a feed
of 5,000 bpd of light naphtha (Cs/Cs fraction).

Table 6. Material balance of the isomerization
unit (DIP recycle) for Al-92

Component F\zﬁ,}:’ F:lzd, Pr;?;ft’ Prot;;i:ct, RON
i-C, 22.0 147.4 46.2 309.5 92.3
n-C, 28.0 187.6 5.1 34.2 61.7
Cyclo-C, 3.0 20.1 34 22.8 101.3
n-C, 19.0 127.3 11.0 73.7 24.8
i-C, (2-MP) 12.0 80.4 15.3 102.5 73.4
2,2-DMB 3.0 20.1 9.4 63.0 91.8
2,3-DMB 4.0 26.8 53 355 104.3
MCP+Benzene 5.0 335 24 16.1 91.0
C,, 4.0 26.8 1.9 12.7 42.0
Total 100.0 | 670.0 100.0 670.0 87.4

Note to Tab. 6. The feed composition corre-
sponds to the Cs/C,4 light-naphtha cut of the at-
mospheric distillation unit [13]; the product com-
position was calculated in the present work from
the kinetic model, Egs. (3—10), for a DIP recycle
ratio RDIP = 0.65. The blending research oc-
tane numbers RONi listed in the last column are
pure-component blending values taken from the liter-
ature [4, 13]; the value in the “Total” row is the blend-
ed RON of the stream calculated from Eq. (11).

The research octane number of the isomerate was
calculated by linear blending on a mass basis:

RONy,oq =X (x; - RON;) = 87.4

()
where RON, , is the research octane number
of the isomerate leaving the unit (-); x, is the mass
fraction of component i in the isomerate (-), taken
from the column “Product (wt%)” of Tab. 6; RONi
is the blending octane number of the pure compo-
nent i (-), last column of Tab. 6; and the summation
is carried out over all components i of the prod-
uct stream. The subscript prod (product) denotes
the stream leaving the unit, as opposed to the sub-
script feed used for the stream entering it.

With a DIP recycle ratio R ,= 0.65 (i.e. 65% of the un-
converted n-pentane separated in the DIP column
is returned to the reactor), the total mass flow rate
at the reactor inlet is G, = 670 + 0.65 - 187.6 =791.9
t-d™ = 33.0 t-h™', where G, is the reactor feed in-
cluding the recycle. The corresponding molar flow
rates at the reactor inlet are F, = 178.7 kmol-h™
(309.5 t-d™* of n-pentane, fresh feed plus recy-
cle, M = 72.15 g'mol™) and F, ¢y, = 61.5 kmol-h™
(127.3 t-d™" of n-hexane, M = 86.18 g-mol™);
these values are used in the heat balance below.

The steady-state energy balance of the isomer-
ization reactor was written in the following form,
in which every term is an enthalpy or a heat flow
expressed in kW:

Q/eed + (1 2)

= Qprod * Qloss

Qreaction

where the subscripts are abbreviations of English
words (and not numerical indices), namely:

Q. (feed) — the enthalpy flow of the stream entering
the reactor, counted from the reference temperature
=25°C, kW;

ecion (F€ACtiON) — the heat released by the exother-
mlc isomerization reactions inside the reactor, kW;
it appears on the left-hand side of Eq. (12) because
for an exothermic process the reaction is a heat
source;
Q,,,¢ (product) — the enthalpy flow of the stream leav-
ing the reactor, kW;
Q.. (losses) — the heat lost to the surroundings
through the reactor wall and the insulation, kW, tak-
en as 2% of @, for a thermally insulated adiabatic
reactor.

The individual terms were calculated as Qpog= Gp'C,
(T,-T,)andQ,,..,=ZF X:|4H, |, where G, |sthe mass
flow rate of the reactor feed including the recycle
(kg'h™), ¢, = 2.22 kJ-kg™K™" is the mean specif-
ic heat capacity of the light naphtha, T, = 150°C
is the reactor inlet temperature, F, is the molar flow
rate of reactant j at the reactor inlet (mol-h™), X is
its conversion (-), and 4H,, is the heat of the corre-
sponding isomerization reaction (kJ-mol™).

The heats of the isomerization reactions are

exothermic and were taken from [15,16]:
AH, (n - CH, — i-CH,= -6.86 kJ-mol™
andAH L,(n- C6H14—’1 C,H,=-8.37 kJ-mol™, the neg-

ative S|gn denoting heat release. With the con-

versions X, = 0.75 (n-pentane, with recycle)
and X, = 0.60 (n-hexane):
Q= Focony, © X1+ |AH, 4| = 178.7
103 x 0.75 X 6.86 = 9.19- 105 kJ (13)
ht = 2554 kW
Q= Facon,,* X2+ |AH,|
= 1787-10%x 0.75 X 6.86 = 9.19 (14)
“105kJ - h™* = 255.4 kW
Qreaction = Q1 + Q; = 255.4 + 85.8 = 341.2 kW (15)
Qfeea = Gr-¢p- (Tin - ref)
= = 33.0-10®x 222 x (150-25) (16)
= =9.16-10°k/ - h™* = 2544 kW
Quoss = 0.02 - Qpeeca = 50.9kW;
(17)

Qproa = Qeeca t Qreaction = Quoss = 2834 kW

Because the isomerization reactions are only
mildly exothermic, the heat released is small
compared with the sensible heat of the feed
(Qrepetion/ Qeq = 0-13). The adiabatic temperature rise
of the catalyst bed is therefore:
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AToq = Qreaction / (Gr* ) = 1.228-10°/(33.0
-10% x 2.22) = 16.8°C

so that the outlet temperature of the reactor is about
167°C for an inlet temperature of 150°C. The reactor
therefore operates under quasi-isothermal condi-
tions: the temperature rise remains well inside the op-
erating window of the chlorinated Pt/Al,O; catalyst
(140-180°C), no inter-stage cooling is required,
and the shift of the thermodynamic equilibrium
of Egs. (7-8) caused by AT, reduces the equilibrium
yield of isopentane by less than 2 rel.%. This result
is consistent with industrial data for C5/Cs; isome-
rization units, for which adiabatic temperature rises
of 10—25°C are reported [13, 16].

(18)

The DIP column separates |sopentane as the over-
head product (mole fraction x”. _CoHy, 2 0.95) from
the C¢. bottoms (xl csHy, S 0.05). Here the super-
scripts D and B denote the distillate and the bottoms,
respectively. At the average column temperature
of 65°C the relative volatility of the key pair i-CsH;,/
n-CsHyz is a=1.21.

The minimum number of theoretical stages was ob-
tained from the Fenske equation [17]:

=In[(x"/(1-x")) - ((1-xP)
/xB)] /Ina = In[(0.95
/0.05)%] / In(1.21) = 30.9 ~ 31

mm

(19)

where N is the minimum number of theoretical
stages at total reflux (-), x* and x? are the mole frac-
tions of the light key (isopentane) in the distillate
and in the bottoms (-), and a is the relative volatility
of the key pair (-).

The minimum reflux ratio calculated by the Under-
wood method [17] is R, . = 5.8; the operating re-
flux ratio was set at R = 1.3-R = 7.54, where
the subscript r denotes reflux (R without a subscript
is reserved for the universal gas constant, and R
for the recycle ratio of the unit).

The actual number of theoretical stages obtained
from the Gilliland correlation [17] is N = 52; with
an overall tray efficiency of 75%, the number of actu-
altraysis N, = 70.

The column diameter at 80% of flooding
is D, = 5.0 m. The column height was calculated
as=N_ h+h,=70%0.6+5.0=47.0m,where h,=0.6
m is the tray spacing and h = 5.0 m is the allowance
for the sump and the vapour disengagement space.

DIP

Table 7. Design parameters of the isomerization
reactor and DIP column

Parameter Value

Isomerization Reactor

Reactor type / catalyst Fixed-bed / Pt/Al,O; (Cl)
235mx7.05m
18.45t
150°C / 25-30 bar

2.0h™/0.05-0.10

Reactor diameter x length

Catalyst mass

Temperature / pressure

LHSV / H,:HC ratio

Parameter Value
n-Cs conversion (with recycle) 75%
Deisopentanizer Column
Diameter / height 5.0m/47.0m
Actual trays / tray spacing 70/0.6m
Reflux ratio nion.54
Operating pressure 2.5 atm
Reboiler / condenser duty 6.8 MW /6.5 MW

LHSV - liquid hourly space velocity, h™

Catalytic Reforming Unit Design for AI-95
and AIl-98 Production

Catalytic reforming converts the heavy naphtha frac-
tion (C,—C4,, boiling range 85-180°C) into high-oc-
tane reformate through four main reaction types
on a Pt-Re/Al,O;z bifunctional catalyst: (a) de-
hydrogenation of naphthenes to aromatics;
(b) isomerization of paraffins and naphthenes;
(c) dehydrocyclization of paraffins to aromat-
ics; and (d) hydrocracking (undesirable) [4, 11].
A semi-regenerative fixed-bed configuration with
three reactors in series was selected.

The main reactions and their kinetic expressions ad-
opted for the four reaction families are given below.
Dehydrogenation of naphthenes, represented
by the conversion of cyclohexane to benzene
AH,, =206 k] -mol™". Its rate was described
by a Langmuir—Hinshelwood expression, in which p
denotes the partial pressure (atm) and the subscript
identifies the species:

7y = ko (Dn=Da " ity /Keqa) /(1 + Ka - pa+ Ky - px) (20)

where r, is the rate of the dehydrogenation reaction
(kmol-kgcat™-h™); k, is its rate constant (kmol-kg-
cat™-h™-atm™); p,, p, and p,, are the partial pres-
sures of the naphthene (cyclohexane), of the aroma-
tic (benzene) and of hydrogen, respectively (atm);
KE .+ is the equilibrium constant of that reaction
(atm3) and K, and K, are the adsorption equilibri-
um constants of the aromatlc and of the naphthene
on the catalyst surface (atm™). The subscripts N and
A therefore denote a class of hydrocarbons (naph-
thene, aromatic), whereas the subscript eq denotes
a thermodynamic equilibrium constant.

Dehydrocyclization of n-heptane to toluene is likewi-
se strongly endothermic (4H,s = +264 kJ - mol™);
its rate was taken as first order in the paraffin:

75 = ks - Dnec,Hye (21)

Isomerization of n-paraffins, represented by the mod-
el reaction of n-heptane to its branched isomers
(2-methylhexane, 3-methylhexane, 2,3-dimethylpen-
tane and 2,4-dimethylpentane), lumped into the pseu-
do-component i-C H,; it is only mildly exothermic
(4H,, ~ -8 kJ-mol™?).

Te =ke- (Pn—cmlﬁ‘Pi—@Hls/Keq,a)

(22)
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Hydrocracking of paraffins, to lighter products
is an undesirable reaction that lowers the liquid yield
4H,_,=-45 kJ-mol™*:

17 = k7 Dn-c,nyq " PH, (23)
where r, - r, are the rates of the dehydrocycliza-
tion, of the paraffin isomerization and of the hy-
drocracking reaction (kmol-kgcat™-h™), k, - k,
are the corresponding rate constants; p . ,
and p__ ¢, e are the partial pressures of n-heptane
and of the lumped branched heptane isomers
(atm); pH. is the partial pressure of hydrogen (atm);
and K, . is the equilibrium constant of the paraffin
isomerization reaction (). All partial pressures refer

to the gas phase at the reactor conditions.

Table 8. Kinetic parameters for catalytic reforming
on Pt-Re/Al,O;

Reaction kJ-fr?bl“ K Jf':(rsl_1 K,y at 500°C | k at 500°C
Dehydrogenation 125.5 206 5.8x10* 8.4x1072
Dehydrocyclization| 159.0 264 3.2x10° 1.2x1072
Isomerization 108.0 -8 1.45 5.1x1072
Hydrocracking 220.0 —45 - 3.5x107

Note to Tab. 8. Origin of the data. The activa-
tion energies E, of dehydrogenation, dehydrocy-
clization, isomerization and hydrocracking over
Pt-Re/Al,O; were adopted from the classical ki-
netic scheme of Smith [18] and from the naph-
tha-reforming kinetic model of Ancheyta-Juarez
and Villafuerte-Macias [19]; they are consistent
with the industrial reformer model of Rahim-
pour, et al. [20]. The heats of reaction 4H_are stan-
dard values calculated from the tabulated enthalpies
of formation of the species involved and referred
to 500 °C [4, 19]. The equilibrium constant of dehy-
drogenation K, , at 500°C was calculated in the pres-
ent work from Eq. (24); the equilibrium constants
of dehydrocyclization and of isomerization were cal-
culated from the corresponding van 't Hoff relations
with the thermodynamic data of [18, 19]. The rate
constants k at 500°C were calculated in the pres-
ent work from the Arrhenius equation, Eq. (6),
and are expressed in kmol-kgcat™-h™"-atm™,
the pressure order n being that of the correspon-
ding rate expression, Eqgs. (20—23). For hydrocrac-
king no equilibrium constant is given (“-") because
the reaction is irreversible under the process
conditions. As in Tab. 5, no parameter was fitted
to the experimental data of the present study.

The equilibrium constant of the naphthene dehydro-
genation reaction was calculated from the van 't Hoff
relation, with T in K:

In(Keq4) =-24800/T + 43.05 (24)
where the coefficient 24800 = AH, /R
(with AH = 206 kJ-mol™) and the constant
43.05 = AS /R (with AS 358 J-mol™-K™,

the standard’ entropy change of that reactlon
which is strongly positive because four moles of gas
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are formed from one) [18, 19]. At the design tempera-
ture of 500°C (773 K) Eq. (24) gives K, , = 5.8:10*
atm?, so that the equilibrium the reactlon is shifted
almost completely towards the aromatic product,
which is the thermodynamic basis of the high octane
number of the reformate.

The catalytic reforming unit processes 6,000 bpd
of heavy naphtha (C,-C,, fraction). The feed
and product compositions are presented in Tab. 9.

Table 9. Material balance of the catalytic reforming

unit

Component F;;/d“, F(telzd, Ref:lrtr:/:ate, Refot;:late, RON
Paraffins (C;—Co) 45.0 |1369.0 18.2 127.4 45-65
Naphthenes 35.0 (287.0 53 371 75-85
Aromatics (in feed) | 12.0 | 98.4 62.5 437.5 100-120
Light gases (C;—C4)| 0.0 | 0.0 8.0 56.0 -
H, produced 0.0 | 0.0 3.0 21.0 -
LPG (Cs-Cs) 0.0 | 0.0 3.0 21.0 -
Other 8.0 | 65.6 0.0 0.0 -
Total 100.0(820.0( 100.0 700.0* 98.5

LPG - Liquefied Petroleum Gas.

Reformate yield = 85.4% (liquid volume); 14.6% converted to gases
and hydrogen

Note to Tab. 9. The feed composition
is that of the C,-Cy heavy-naphtha cut [4];
the reformate composition was calculated in the pre-
sent work from the kinetic model, Egs. (20-24),
at a reactor inlet temperature of 500°C. The rang-
es of blending octane numbers in the last column
are pure-group values taken from the litera-
ture [4, 14].

The research octane number of the reformate was
calculated by linear blending on a mass basis,
in the same way as for the isomerate, Eq. (11):
RONyeformate =X (x; - RON;) = 985 (25)
where x, is the mass fraction of the group of com-
ponents i in the reformate (-) and RONi is the mean
blending octane number of that group (-), both taken
from Tab. 9; the light gases, the LPG and the hyd-
rogen are excluded from the summation, since
they do not remain in the liquid reformate.
The high aromatic content (62.5 wt%) in the refor-
mate provides the high RON necessary for blending
into Al-95 and Al-98 grades. By adjusting the re-
former severity (reactor temperature), the reformate
RON can be tuned: at 490°C, RON = 95 (suitable
for AI-95 with blending); at 510°C, RON = 100
(for Al-98 blending). Higher severity increases aro-
matic yield but reduces liquid yield and catalyst life-
time [4].
Catalytic reforming is strongly endothermic overall,
being dominated by dehydrogenation and by de-
hydrocyclization. The steady-state energy balance
of the three-reactor system, with all terms expres-
sed in kW, was written as:
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Qfeed * Qpoater = med * Qreaction™ Qioss (26)

where the subscripts, as in Eq. (12), are abbrevia-
tions of English words:

Q.. (feed) — the enthalpy flow of the heavy-naphtha
feed entering the reactor section, kW;

Q... (heater) — the total heat duty supplied
by the fired heaters, i.e. the charge heater plus
the two inter-stage reheaters, kW;

Q,,,, (product) — the enthalpy flow of the reactor efflu-
ent leaving the third reactor, kW;

Q,..ion (reaction) — the net heat consumed by the en-
dothermic reforming reactions, kW; unlike Eq. (12),
this term appears on the right-hand side, because
for an endothermic process the reaction is a heat
sink and not a heat source;

Q,, (losses) — the heat lost from the reactors,
the transfer lines and the heaters to the surround-
ings, kW, taken as 3% of Q, .-

The net heat of reaction per mole of converted feed
was estimated from the contributions of the four re-
action families:

AHpperan = Xy 'AHr,4 + Xpuc * AHR,S + Xiso * AHr,G + Xne

-AH,, (27)
where AH_  is the net heat of reaction per mole
of feed converted (kJ-mol™); AH_, AH ., AH

and AH,, are the heats of the dehydrogenation, de-
hydrocyclization, paraffin isomerization and hydroc-
racking reactions (kJ-mol™, Tab. 8); and x,, x,,.. X,
and x,,. are the mole fractions of the feed converted
by dehydrogenation of naphthenes (N), by dehy-
drocyclization (DHC), by isomerization (ISO) and by
hydrocracking (HC), respectively (-). These four sub-
scripts denote reaction families and not individual
species.

For the feed composition of Tab. 9 (45 wt% paraffins,
35 wt% naphthenes, 12 wt% aromatics), the con-

verted fractions are x, = 0.35, x,,,. = 0.20, x,,, = 0.10
and x,. = 0.05, which gives:
AHoperqn = 0.35 X 206 + 0.20 x 264 + 0.10
x (-8) + 0.05 (28)

X (-45) = +121.9 k] - mol™*

The positive value confirms that the process is a net
heat consumer, so that the heat withdrawn from
the gas by the reactions has to be restored by in-
ter-stage reheating between the reactors.

The endothermic nature requires inter-stage reheat-
ing. With three reactors, the temperature profile:

Reactor 1 inlet: 500°C — outlet: 430°C (AT =-70°C)  (29)
Reactor 2 inlet: 500°C — outlet: 455°C (AT =-45°C)  (30)
Reactor 3 inlet: 500°C — outlet: 475°C (AT =-25°C)  (31)

The decreasing temperature drop reflects the shift
from fast dehydrogenation (Reactor 1) to slower de-
hydrocyclization and isomerization (Reactors 2-3).
The total duty of the fired heaters required for the in-
ter-stage reheating is:

Qneater
=Gy, LA, = 34.2
103 x 2.35 (32)

X (70 + 45 + 25) /3600 = 3126 kW ~ 3.1 MW

where @, .. is the inter-stage reheating duty (kW)
G, = 820 td™ = 34.2 t-h™" is the mass flow rate
of the fresh heavy-naphtha feed (the subscript
F denoting the fresh feed of the reforming unit);
¢, = 2.35 kJ'kg™'K™ is the mean specific heat ca-
pacity of the heavy naphtha; AT, is the temperature
drop across reactor i, Egs. (29-31); and the factor
3600 converts kd-h™" into kW. The feed preheating
duty from 25 to 500°C is accounted for separately
in Tab. 10.

Table 10. Heat balance of the catalytic reforming

unit
Heat Component Value (MW) Notes

Feed preheat (25—500°C) 10.6 Fired heater
R1—-R2 interheat 1.4 Fired heater
R2—R3 interheat 0.9 Fired heater
R3—Stabilizer interheat 0.8 Fired heater
Total fired heater duty 13.7

Product cooling 5.2 Air + water coolers

Table 11. Design parameters of the catalytic
reforming reactor system

Parameter Value
Configuration 3 reactors in series (semi-regenerative)
Catalyst Pt-Re/Al,O; (bimetallic, 0.25% Pt, 0.25% Re)
Total catalyst mass 32.5t(R1:5.0, R2: 10.0, R3: 17.5)
Catalyst distribution 15% / 30% / 55%
Reactor inlet 490-510°C
temperature
Operating pressure 15-25 bar
WHSV 1.5h™
Hz/HC molar ratio 5-7
Reactor diameters
(R1/R2/R3) 20/25/30m
Reactor lengths
(R1/R2/R3) 32/41/50m
Reformate RON
(at 500°C) 985
Reformate liquid yield 85.4 vol%
H, production 21 t/d (by-product)

WHSV — weight hourly space velocity, h™

The final gasoline grades are produced by blend-
ing the isomerate and reformate with other refinery
streams:

Table 12. Gasoline blending scheme for Al-92,
Al-95, and Al-98 production

component | RoN | Lok | ol | Vot
Isomerate 87.4 55 20 10
Reformate (low severity) | 95.0 30 45 0
Reformate (high severity)| 100.0 0 15 65
FCC naphtha / alkylate 92-96 15 20 25
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G Al92, | Al95, | Ale8, | (E = 105.4 kJ-mol™ for n-C_H  material and heat
omponent RON 5 5 5 a X 512

vol% vol% vol% balances showing that the reactor operates under

Blended RON 92.1 95.3 98.2 quasi-isothermal conditions (adiabatic temperature

The blending analysis confirms that the combina-
tion of isomerate (RON 87.4) and reformate (RON
95-100) provides the necessary octane quality for
all three gasoline grades. The isomerate contributes
the majority of the Al-92 blend (55 vol%), while refor-
mate is the primary component for Al-95 (60 vol%)
and AlI-98 (65 vol%) production.

Conclusion

This study demonstrated the design of a combined
isomerization-catalytic reforming system for produc-
ing the full spectrum of commercial gasoline grades,
integrated with an Al-based quality prediction model.
The main findings are:

Physicochemical characterization of three commer-
cial gasoline grades (Al-92, Al-95, Al-98) revealed
strong correlations between density, viscosity, and
octane number (|r] = 0.99), confirming these parame-
ters as reliable ML features. The Decision Tree mod-
el achieved exact RON predictions (MAE = 0.00,
R2? = 1.00) for all three grades.

A light naphtha isomerization unit with DIP recycle
was designed for Al-92 production. The mathe-
matical model includes pseudo-first-order kinetics
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rise AT ,=16.8°C, i.e. an outlet temperature of about
167°C, within the operating window of the chlorinat-
ed Pt/Al,O; catalyst), and a Fenske—Underwood—
Gilliland design of the DIP column (70 actual trays,
D _=5.0m, R = 7.54). The isomerate RON = 87.4
serves as the primary blending component for Al-92
gasoline.

A catalytic reforming unit with three semi-regen-
erative reactors was designed for Al-95 and Al-98
production. The kinetic model includes Langmuir—
Hinshelwood dehydrogenation kinetics and as-
sociated material / heat balances. The reformate
RON = 98.5 at 500°C with 85.4% liquid yield pro-
vides the high-octane base for Al-95 (blended RON
95.3) and Al-98 (blended RON 98.2).

The gasoline blending analysis demonstrated
that the full range of commercial grades can be pro-
duced by adjusting the proportions of isomerate,
low-severity reformate, and high-severity reformate
in the blending pool.

Future work should expand the ML training dataset,
validate the mathematical models through Aspen
HYSYS simulation, and optimize the blending strate-
gy through multi-objective optimization.

AONONHUTENBbHO

UcTouyHuK cbmHaHCcMpoBaHMA. ABTOPbLI 3a8BNSAOT
06 OTCYTCTBMM  BHELUHEro  ¢puMHaHCMpOBaHWSA
npu NPoBeAeHVN NCCNEefoBaHNs.

KoHdnukt wuHTEpecoB. ABTOpbl Aeknapupylt
OTCYTCTBME SIBHbIX W MOTEHUMAnbHbIX KOH(IUKTOB
MHTEPecoB, CBA3aHHbIX C Nybnukalmen HacTosLen
cTaTbu.

Bknag aBTopoB. Bce aBTOpbl noaTBeEpxaaloT
COOTBETCTBME CBOEr0 aBTOPCTBA MEXAYyHapOAHbIM
kputepuam  ICMJE  (Bce  aBTOpbl  BHecnu
CYLEeCTBEHHbIN BKMag B paspaboTky KoHLenuum,
npoBefeHne WCCnefoBaHUst U NOArOTOBKY CTaTbw,
npoyunu n opobpunu uHanbHyl Bepcuio nepen
ny6nukauven). Hanbonblumn Bknag pacnpenenéx
cnegywowum obpasom: Abguranm A. — akcne-
pUMeHTanbHas XapakTepucTuka obpasuoB 6OeH-
3uHa, paspaboTka Mogene MalMHHOTO  Oby-
YeHWst 1 NOoAroToBKa NEPBOr0 BapuaHTa PyKoOMucy;
AiikeHoBa H.E. — paspabotka meToguku mate-
MaTU4Yeckoro MOAEenuMpoBaHus, BbIOOp U cuc-
TemMaTm3auma KMHETMYeCKUX napameTpoB, nNpo-
eKTHble pelleHnss W  HayyHoe pPyKOBOACTBO;
>KaxaHwaesa XK. — pacyét matepuanbHbIX U 3HEp-
retmdeckux 6GanaHcoB, aHanu3 pesynsTatoB Ma-
TEMaTM4eckoro  MoAenMpoBaHus, noaroToBka
Tabnuy u rpaduyecknx matepmanos, AopaboTka
pykonucu.
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TynHycka 3epTTey

X KeH OpHbIH urepy weHbepiHae TeXHONOIMANbIK KOHAbIPFbiNnapAabl
XaHFbIpTyMeH 6annaHbicTbl CAPEX / OPEX TnimainiriH aHbikTay

K.F. CateHoB'?, E.M. CyneimeH?, M.C. KbiHbipTan'?, .M. CanimrepeeB’

'KMI™ nxuHupHe, AcmaHa Kanacsl, KazakcmaH

2K. KynaxxaHoe ambiHOarbl Kazak mexHonoaus xaHe busHec yHusepcumemi, AcmaHa Kanacbl,
KasakcmaH

°K.1. Combaee ambiHOarbl Ka3¥T3Y, Anmamel kanackl, KazakcmaH

AHOATNA

Herisgey. X keH OpHbIHbIH 6HAIPICTIK 0OBLEKTINEPIH NanaanaHyablH xobanblk Mep3iMaepiHiH, askTanybl
TEXHOMOTUANbIK  KypbinbiCTapabl KaHfblpTyFa Oannanbictel CAPEX uHBecTuumsnapbl meH OPEX
WbIFbIHAAPbIHLIH, AKOHOMUKanbIK TUIMAININH ankbliHAayAbl, COHAan-aK eHAipy KemnemiHiH Gomkamabl
TOMEHAEYIH XOHe KeH OpHblH ofaH opi uUrepy nepcrnekTMBanapbliH eckepe OTbIpbIM, WHBECTULMANBIK
WwewliMaepai oHTannaHabIpy XeHiHaeri yebiHbIMAapabl a3ipneyai Tanan eresi.

Makcatbl. KeniciMwapttaH KeniHri keseHae 2-dasaHblH TEXHONMOrusAnblK OOBLEKTINEPiH XaHfFbIpTyFa
6arnanbicTel CAPEX nHBecTnumsanapel meH OPEX wbifbiHaapbiH Garanay.

MaTtepuangap mMeH agictep. Xymbic X KeH OpHbIH urepy >obacCblHblH >X8HEe KeH OpHbIH
vrepyai Tanpgay (KWT) gpepekTtepiHe HerisgenreH. >KyprisinreH >xymbictap weHbepiHae KoH-
Oblpfbl-1 xoHe KoHAbIpFbl-2 HErisri KoHObIPFbINapbIHbIH, 8NeyeTTi aybICTbIpy KyHbIH OypblH OekiTinreH
xoGanblk KyxaTTamaZa YCbIHbIIFaH HaTKeNnepMeH canbicTblpy MakcatbiHga QUE$TOR Gargapna-
MarnblK KamMTaMachl3 eTyiHae atanFaH KoHAbIpFbinapabiH Moaeni Kypbinasl. Mogenbaey KoHAbIpFbInap-
OblH KOnAaHbICTaFbl @HAIPICTIK KyaTTapbl HerisiHAe opbiHAaNabl.

Hatumxenepi. CK GonbiHLWA XbinbiHA 2,8 MIH TOHHA eHiMAinikke ne 6ip TEXHOMOrUSNbIK XXeni AeHreniH-
e eHAipyaiH TypakTbl AeHreriH y3apTy HyCKacbkl OHbl CakTan Typy Y3aKTbifbiHA Kapan eH OHTaunbl HyC-
ka petiHge TaHgoanabl (7 Xbin). KoHAabIpFbl-3 YHFbIMAnapbliHbIH CaranblK KbICbIMbIH JXOFapbl AeHreiaeH
opTalla aeHrenre geniH Temengety CK eHaipy kenemiH ynfFaviTyra eneyni acep €Tin, eHAipyaiH TypakTbl
OEeHreniH KocbIMLLA 5 XblFa y3apTyadbl KaMTamachI3 eTTi.

KopbITbIHALI. ¥CbIHbIFAH TYXblpbiMAaMa TEXHWUKANbIK TYPFblAaH iCKe acblpblnaTblH X8HEe 3KOHOMMU-
KanblK HerizgenreH gen TaHbingbl — IRR 15 %-gaH xofapbl. MHdpakypbinbimabl oHTannanabipy CAPEX
mHBecTuumanapbiH 2,97 mnpg AKLL gonnapbiHa KbickapTyfa, wamameH 8 MnH ToHHa CK kocbimiia
eHfipyre, eHAipydiH TypakTbl AeHrewiH 12 XbifiFa y3apTyFa XoHe rasgbl SKCNopTka LibiFapy Mep3imiH
7 XblnFa ynFanTyra MyMKiHAIK 6epegi.

Hezizzi ce3dep: cylbiKk Kemipcymekmep, CAPEX uHeecmuyusinapel, OPEX wbifbIHOapbI,
UHGbPaKypbIbIMOb! XaHFbipmy, u2epydiH XaHa myXXbipbiMOamachkl, UHKpeMeHmmik marnday.
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Assessment of the Effectiveness of CAPEX/OPEX Associated
with the Modernization of Process Facilities Within the Framework
of the Development of Field X

Kurmet G. Satenov'?, Yerlan M. Suleimen?, Mira S. Kynyrtay'?,

Asset M. Salimgereyev'

'KMG Engineering, Astana, Kazakhstan

2K. Kulazhanov Kazakh University of Technology and Business, Astana, Kazakhstan
3Satbayev University, Almaty, Kazakhstan

ABSTRACT

Background: The expiry of the design operating life of the production facilities at Field X requires
an assessment of the cost-effectiveness of capital expenditures (CAPEX) and operating expenditures
(OPEX) associated with the modernization of process facilities, as well as the development
of recommendations for optimizing investment decisions, considering the forecast decline in production
and the prospects for further field development.

Aim: To assess capital and operating expenditures associated with the modernization of the Phase
2 process facilities in the post-contract period.

Materials and methods: The study is based on data from the Field X Development Project and Field
Development Analysis (FDA). As part of the work performed, a model of the main Units 1 and 2 was
developed using QUESTOR software to compare the cost of their potential replacement with the results
presented in the previously approved project documentation. The modelling was performed based
on the current production capacities of the units.

Results: The option involving the extension of the production plateau using a single liquid hydrocarbon
(LH) process train with a capacity of 2.8 million tonnes per year was selected as the most optimal,
based on the duration of maintaining the production plateau duration (7 years). Reducing the wellhead
pressure of Unit 3 wells from a high to a medium level had a significant impact on increasing LH
production, extending the production plateau by an additional 5 years.

Conclusion: The proposed concept was recognized as technically feasible and economically justified.
Infrastructure optimization makes it possible to reduce capital expenditures by USD 2.97 billion, achieve
additional LH production of approximately 8 million tonnes, extend the production plateau by 12 years,
and extend the gas export period by 7 years.

Keywords: liquid hydrocarbon (LH), CAPEX, OPEX, infrastructure modernization, new field
development concept, incremental analysis.
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OerMHaanoe unccnegosaHue

Onpepenenue acdphektnBHoctu CAPEX / OPEX,
CBfI3aHHbIX C MOAEpPHMU3aLUeNn TEXHONOrMYECKUX COOPYXKEHUN
B paMKax pa3paboTtku mectopoxaeHusa X

K.Il. CateHoB"?, E.M. CyneiimeH?, M.C. KbiHbipTan'?, A.M. Canumrepeesn’

KMI™ nxuHupuHe, 2. AcmaHa, KazaxcmaH

2Kasaxckul yHusepcumem mexHonoauu u busHeca um. K. KynaxaHosa, e. AcmaHa, KasaxcmaH
3KasHUTY um. K. Camnaesa, 2. Anmamsl, KazaxcmaH

AHHOTALUUA

OGocHoBaHue. VIcTeyeHne MPOEKTHLIX CPOKOB 3KCMyaTaumMu MpoM3BOACTBEHHBLIX OGBLEKTOB MeECTO-
poxgeHns X TpebyeT onpeneneHuss aKOHOMMYecKon addekTMBHOCTU KanuTanbHbix (CAPEX, cokp.
om aHen. Capital Expenditure) n onepauuoHnHbix (OPEX, cokp. om aHan. Operating Expenditure) 3atpar,
CBSi3aHHbIX C MOAEpHM3aUMeN TEXHOMOMMYECKUX COOPYXEHWIN, a Takke paspaboTku pekomeHauui
no oNTUMU3aUUN UHBECTULNOHHBIX PELLEHUI C Y4ETOM NPOrHO3MPYEMOrO CHUKEHUS [00bIYM U nepcnek-
TUB JanbHeENLIEro OCBOEHNS MECTOPOXAEHUS.

Lenb. OueHka kanuTanbHbIX U OnepaLMoHHbIX BIOXEHWIA, CBSA3AaHHbIX C MOAEpHM3aLmMen TeXHonormye-
CKUX coopyxeHuin ®asbl 2 B NOCTKOHTPaKTHbIVM NEPUOA,.

Martepuanbl U Metoabl. Pabota ocHOBaHa Ha [OaHHbIX MpoekTa pa3paboTky mecTopoxaeHus X
1 aHanu3a paspaboTku. B pamkax npoBegéHHbIX paboT Obina co3gaHa MoAenb OCHOBHbIX YCTaHOBOK
1 1 2 B nporpammHom obecneveHnn QUESTOR ¢ Lenbio cpaBHEHWUST CTOMMOCTM UX MOTEHLMATNBHOWM
3aMeHbl C pesynbratamu, NpeacTaBneHHbIMU B paHee YTBEPXAEHHON NPOEKTHON AokymeHTaummn. Moae-
NMPOBaHMWE BbIMOMTHEHO HA OCHOBE TEKYLLMX NPON3BOACTBEHHbLIX MOLLHOCTEN YCTaHOBOK.

PesynbraTtbl. BapuaHT ¢ npogneHnem nonku gobblum Ha OfHY TEXHOMOMMYECKYO JIMHUIO XXUOKMX yrie-
BO4OPOAOB B 2,8 MIH T/T. ObiNn BblOpaH Kak Hanbonee onTMManbHbIA UCXOAA U3 ANUTENBHOCTN COXpaHe-
HUs1 Nonku Jobbium (7 net). CHUXeHWe YyCTbeBOro AaBMNeHNst CKBaXXMH YCTAHOBKU 3 C BbICOKOTO Ha cpef-
HUA YpOBEHb MOKasano CYLECTBEHHOE BMUSIHWME Ha yBenuMyeHue [oObluM KUOKUX YrieBogopoaos,
obecneunB NpoasieHne Nomnku Ha AoNONMHUTENbHbIE 5 neT.

3aknwuveHune. [peanoxeHHas KOHUENUWS MpU3HaAHA TEXHWYECKU BbIMOMHUMON M 9KOHOMUYE-
cku obocHoBaHHOW. ONTMMM3auMsa MHPACTPYKTYpbl MO3BOMSIET CHU3UTbL KanuTarnbHble 3aTpaThbl
Ha 2,97 mnpg gonn. CLUA, nonyynTb AONOMHUTENBHYO A00bINY XUAKUX YIIeBO4OPOA0B OKOMO 8 MIH T,
npoanuTb Nosnky Aobblun Ha 12 NeT 1 yBenuynTb CPOK IKCropTa ras3a Ha 7 neT.

Knroveenie croea: xudkue yaneeodopodsi, CAPEX, OPEX, modepHusayusi uHghpacmpykmypsbl, Hogasi
KOHUEemnuusi 0OC80EHUSI, UHKPeMEeHMHbIU aHaus.
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Kipicne

MyHan-ra3 keH opblHOAPbIH Urepy KeseH-Ke-
3eHiMeH Xy3ere acblpblnagbl XXaHe eHAIpy kenemiH
GipTiHOEeN apTTbIpy, €H XOofapbl AeHrennepre xerty
XoHe ofaH KewiHri TeMeHAey caTblnapbiH KaMTu-
obl (cypet 1). UrepyaiH kel ke3eHOepiHe KoLy KeH
OpHbIH ManganaHy pexvWMiHiH e3repyiMeH, eHaipy
KeneMiHiH asalbIMeH, COHAaW-aK KonaaHbICTafbl
OHAIPICTIK MHMpPaKypbINbIMAbLI Nanganady Tuimai-
niriHe KombINaTblH TanantapgblH apTybIMEH kaTap
xypeai' [1-4].

X keH opHbl BaTbic KasakcTaH aymarbiHaa op-
HanackaH, 1979 Xbinbl albifiFaH, OHEPKCINTIK urepy
1980-xbInagapablH opTackiHaa GacTarFaH, an Kasipri
yakbITTa cymblk kemipcytektepai (bynaH api — CK)
eHaipy KenemiHiH OipTiHOen TemeHaeyiMeH cunart-
TanatbiH urepy keseHiHae Typ. Ocbl xargavaa eH-
LipicTik MHPaKypbINbIMHbIH, >Xai-KyAi MeH Kypbibl-
Mbl OOBbEKTINepAi ogaH api nawpanaHyga LweLlyui
MaHbI3fa ve Gonagbl. TexXHONOrUAnNbIK XababIKTbIH
xobanblk pecypcbl capKbifiFaH carblH OHbl XaHfbIp-
Ty XeHiHAe Wewimaep kabbingay KaxeTTiniri TybIH-
favabl, an eHAaipy kenemMiHii asatobl TEXHONOMUANbIK
KyaTTapAblH TOnbIK XXykTenmeyiHe akeneni. MyHaan
Xarganga vHdpakypbeinbiMAbl XaHFEIPTY navaana-
Hy peXumpepiHiH e3srepyiH >xaHe >xabablkTapablH
HaKTbl XYKTENny AeHreniH eckepe OTbIpbIN >Xy3ere
acblpblinybl Tuic, Oyn 6ypbiH kabblnaaHFaH TexHuKa-
nblK >XoHe MHBECTULIMANBIK LWeLliMaepai kanTa kapa-
yabl Tanan etedi [5-7].

X KeH OpHbIH Urepy »xobacbl XaHe KeH OpHbIH
urepy TangaybiHblH (bygad api — KUT) Tananta-
pblHa calikec, 2-ke3eHaeri GaprblK eHAipicTik 00b-
ekTinepgiH xobanblk nanganady mepsiMi 40 xbin-
Obl Kypanabl gen 6omkaHyaa. bBomkamra celikec,
2044 xbinbl X KEH OpHbIHAA XXepYCTi )XabablKTapblH
XaHapTy xocnapnaHraH. KUT asceiHAa xannbl KyHbl
12,308 mnpg AKLL gonnapbiH KypawTbiH YL HEriari
06bekTiHi (KoHapbiprbl-1, KoHabipFbl-2, KoHAbIpFbI-3)
aybICTbIpY KapacTbIpbiriFaH.

OceblifaH 6arinaHbICTbl, KeniciMwapTTaH KewiHri
2-ke3eHe eHAipicTik obbekTinepai (CoHbIH, iWiHae
KoHablprbl-3) aHapTyFa Gannanbictel CAPEX uH-
BecTmumanapbl MeH OPEX WbifbIHOAPHBIH, TUIMAiNI-
riHe Baranay >yprisy Kaxer.

KepcerTinreH keseHre kapan CK meH ras eHaipy
KernemiHiH TeMeHAeyi KyTineTiHAIKTEH, Herisri MiH-
net — CAPEX uHBecTMUusinapbiH 6apblHWIa azanTty
XeHe MHMPaKypbINbIMHBIH TEK aca KaxetTi 6eniriH
FaHa xaHapry.

Ocebinaniwa, atanfaH 3eptTey ascbiHaa X KeH
OPHbIH AAMBITYAbIH, XaHa TYKblpbIMAaMacbIH aHbIK-
Tay >XoHe CyMblKk KeMipcyTeKTep eHAIPYAIH >KaHap-
ThiNFaH NPoduniH KaneliNTacTelpy Tanan eTingi.

TaHpganFaH pamy cueHapwinepi  6omMbiHWA
CAPEX uHBecTnumsinapbl meH OPEX wbifbiHOapbIH
ecenTey, OHbIH iWiHAe obbekTinepai nanganaHypaH
LUblFapy/aybICTbIPY XaHe TeXHONornanbIK Xeninep ca-
HbIH KbICKapTY CLieHapuUnnepiH KapacTbipy ke3aengi.

Icke acblpbinatbiH ic-LlapanapgblH, 3KOHOMU-
KanblK TMiMAINiri MHKPeMEHTTIK Tangay aAici apKbinbl
GaranaHabl, siFHM kobanblk cueHapuinepgi Gasa-
nbik cueHapuimeH (KAT) canbiCTbipy MakcaTbiH-
[a WHKPEMEHTTIK akwa arbiHgapbliH, NPV (afbii.
Net Present Value — Tasa kenTipinreH kyH, IRR
(arbin. Internal Rate of Return — iwki TabbICTbINbIK
HOpMachl) XaHe eTerny Mep3iMiH ecenTey Xyprisingi.

1-cypeT. KeH OpHbIH urepy keseHaepi
Figure 1. Field Development Stages

Matepuangap meH agictep

JKymbic X KeH OpHbIH urepy obacblHbIH
XoHe KeH opHbIH urepygi Tangay (KUT) gepektepiHe
HerisgenreH. KyprisinreH >xymbicTap LweH6epiHae
KoHapblpfbl-1 eHe KoHAbIpFbl-2 Heri3ri KOHAbIpFbina-
PbIHbIH 9MeyeTTi aybICThIPY KyHbIH OypbIH BekiTinreH
xobanblK KyxatTamaga YCblHbIFaH HaTUXeNnepMeH
canbicTelpy MakcaTbiHda QUE$STOR 6Gargapnama-
NblK KamTamacbl3 eTyiHAe aTtanfaH KOoHAbIpFbinap-
AblH Mogeni Kypbinabl. Mogenbaey KoHAbIpFbInap-
OblH KongaHbiCTarbl ©HAIPICTIK KyaTTapbl HerisiHae
opblHAanabl.

HaTmKenep MeH TankKbinay

KeH opHbIH opaH api urepy Hyckacbl

2044 xbinFa Kkapamn CymblK KeMipCyTeKTepai eH-
nipy OeHrewiHiH anTapnblkTak Temenaeyi 6omkaHyna.
OHaipy KenempaepiHiH TemeHaeyiHe 6annaHbICTbI
MHGPaKypbINbIMAbl  OHTaWNaHAbIpy MaceneciH Ka-
pacTbIpy XeHe nanganaHyfa Cyvblk KemipcyTekTepai
OanblHaayFa apHanFaH Tek 6ip TeXHONOrMANbIK XeniHi
faHa kangblpy opblHAbI 601bIN Tabbinagb! (CypeT 2).

©HAipyaiH )aHa npoduniH aHbIKTay MakcaTbIH-
na CK eHgipyaiH Xbinablk apTypri AeHrennepiMmeH
YW CLeHapuii kapacTblpbinabl: XbifbiHA 2,3 MIH T,
2,8 MnH T xaHe 3,3 MnH T (3 xaHe 4-cypeTtTep):
. XbinbiHa 2,3 mnH T CK eHAaipy AeHreniH ka-
pacTblpaTbiH CLUeHapuife ras3 eHAipy Kenemi aKkc-
nopTka xibepineTiH Wk rasgbiH{ Tanan eTineTiH
KeneMiH kKamTamachI3 eTy YLUiH XeTkinikcia 6onaaebl,
cebebi CK eHgaipy kenemiHiH TemeHaeyi ras eHgipy
KeneMiHiH nponopuuoHangsl Typae TemeHaeyiMeH
Karap xypeai;
. XbinblHa 3,3 MIH T AeHreviHae eHaipy AeHreni
TeK TepT XbiN OoWbl cakTanafbl, ogaH KewiH KypT
TemeHaey Garkanagpl.

T «Kep KoMHaybIH yTbIMAbI XaHe KelleHAi nanaanaHy xeHiHaeri 6ipbiHFai kafnaanapapl 6ekity Typanbi» KasakctaH Pecny-
6nukacbl HepreTnka MUHUCTPIHIH 2018 xbinFbl 15 Maycbimaarsl Ne 239 Gyiipbifbl.
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2-cypert. Bazanbik keuc ywiH CK eHgipy npoduni,
MIH T
Figure 2. LH Production Profile for the Base Case, Mt

Tanpay HaTwkernepi KepceTKeHAEeW, >XblblHa
2,8 MIH T eHAipy AeHrevi 6ap cueHapwi e TeHrepimai
6onbin Tabbinagbl. byn Hycka xeTi xbin 6ovibl CK
OeHAIpyaiH TypaKTbl AeHreniH cakTaydbl KamTamMachl3
eTefli, COHbIMEH Katap eHAIpIiCTiK KyaTTapAdbl OHTan-
nangbipyra xaHe CAPEX wuHBecTMUmsnapbl MeH
OPEX wwbIfblHA@pbIH TEMeHAEeTYre MyMKkiHaik 6epegi.

3-cypeT. CK eHaipy aeHrenin 2,3, 2,8
*oHe 3,3 MINH T/X AeHrennepiHae ysapty
HycKanapbl 6oibiHWa npodunbaep, MAH T
Figure 3. LH Production Profiles for Plateau
Extension Options at 2.3, 2.8 and 3.3 Mtpa, Mt

KbinblHa 2,3 MAH T AeHreniHge ras eHaipy
Kenemi 3KCMopTKa KaXeTTi ra3 kenemiH kamtama-
CbI3 €TY YLUIH XeTKinikci3 6onagpl, cebebi CK eHaipy
KeneMiHiH TemeHeyi ra3 eHaipyaiH nponopumnoHan-
[Obl a3alobIMeH KaTtap Xypeai.

XKbinbiHa 3,3 MnH T AeHreniHage eHaipy Hebapi
TOPT Xbin OoVibl FaHa cakTanaabl, 0AaH KeniH eHAaipy-
OiH KypT TemeHgeyi bavikanaabl. XXyprisinreH 3eptre-
ynep XbinblHa 2,8 MIH T eHAIPY AeHreniH ke3aenTiH
HYCKaHbIH €H, TeHrepimMai ekeHiH kepceTTi. AtanfaH
Hycka XeTi xbin 6onbl CK eHaipyaiH TypakTbl AeH-
reviiH cakraygbl KaMTaMachbI3 eTe OTbIpbIM, OHAIPICTIK
KyaTTapdbl OHTannaHabipyra xoHe CAPEX neH
OPEX-Ti TemeHaeTyre MyMKiHAiK Gepegi.

X KeH OpHblHAAfFbl HErisri KoOHAbIpFblnapablH,
iwiHae Ne3 keweHai MyHaw danbiHOAy KOHAbIPFbI-
cbl (6ynaH api — KoHapbIpFbl-3) eH y3aK yakblT 60bl

DOI: 10.54859/kjogil 08952

naviganaHbinbIn Kerne aTkaH >XaHe XOFapbl KbICbIM
XarganmblHAa XYMbIC iCTEWTIH HbicaH Gonbin Tabbl-
nappl. CK mMeH ras engipy kenempgepiHiy 6omkam-
Obl TeMeHgeyiH eckepe oTbipbin, KoHAbIpfFbl-3-Ti
navpjanadygaH LWbliFapy MYMKIHAIMN  KapacTbipbin-
obl. Byn xafpgariga OypblH aTtanfaH KoHAObIpFbiFa
KOCbINFaH YHFbIManapablH eHiMi KoHabIpfbl-1 xaHe
KoHablprbl-2 06bekTinepi apacbiHga kKanta 6Geni-
HeTiH Bonagpl. AtanfaH cynbaHbl icke acblpy YLiH
KongaHbicTarbl CTaHums-1-re ykcac xoba 6omnbiHWa
»obanaHfaH aHa MyHal engipy ctaHuusicel (GyaaH
api — CTaHuwms-2) cany kesgenesi.

4-cypet. CK eHgipy AeHreniH 2,3; 2,8 xaHe
3,3 MnH T/X AeHrennepiHge y3apTy Hyckanapbl
6oWbliHWa ras eHAaipy npodunbaepi, Mnpa M3k
Figure 4. Gas Production Profiles for LH Plateau
Extension Options at 2.3, 2.8 and 3.3 Mtpa, BCMA
Figure 3. LH Production Profiles for Plateau
Extension Options at 2.3, 2.8 and 3.3 Mtpa, Mt

3eptTeynep 6GapbicbiHaa KoHablpfbl-3-ke KO-
CbiMfaH yHFbIManapaarbl KbicbiMabl 78 Gapra AemiH
TeMeHAeTy OoMbIHLIA TeXHWKanbIK ic-Lapanap kapa-
CTbipbinapl. Byn wewimMaj icke acklpy kabaTTbiH KO-
cbiMLUa aneyeTiH TapTyFa, CK-ai eHaipy nnaTocbiHbIH
Mep3iMiH LiamameH 5 xblinfFa y3apTyrFa (CypeT 5).

5-cypeTt. CK eHAipy npodunbaepi: 6a3anbIk Hycka
(2,8 MnH T/Xx) X9He YHFbIManapAarbl KbiCbIMAbl
78 6apra aeniH ToMeHAETKEH HYCKa, MITH T
Figure 5. LH Production Profiles: Base Case
(2.8 Mtpa) and Case with Well Pressure Reduced
to 78 bar, Mt
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KoHablprbl-3 / CTaHuusi-2 yHfbiManapbiHAafbI
cafanblK KbICbIMObl >XOFapbl [AeHrengeH opralua
OeHrevre geniH TemeHAeTy, coHpan-ak CK eHgipy
OeHreviH 2,8 MNH ThK OeniH KblcKapTy >XeHiHgeri
ic-luapanapfbl icke acblpy Keneci XWbIHTbIK acepai
KaMTamachbI3 eTegi (cypeT 6-7):

6-cypet. CK eHpipy npocdmnbaepi: 6asanbik
HYCKa XaHe eHAipy AeHreiiH 2,8 MnH Tk aewniH
y3apTy HycKacbl, MIH T
Figure 6. LH Production Profiles: Base Case and
2.8 Mtpa Plateau Extension Option, Mt

OHpaipicTik HPpPaKypbINbIMAbI

XoHe KanuTanAablK WhbifbIHAAPAbI

OHTannaHAbIpy

JKyprisinreH 3epTTeynep ascbiHaa OypbiH Oeki-
TinreH >xobanblk Kyxkattamaga [8—10] ycCbiHbIFaH
HaTMXenepMeH onapablH bIKTUMan aybICTbIPy KyHbIH
canbicTblpy MakcatbiHga QUES$TOR 6Gargapnama-
nblK kamTamacbi3 eTyiHae Konablprbl-1 xoHe KoH-
ObIpFbl-2 Heri3ri oObekTinepiHiH Mogeni a3ipnenai.
Mogenb KoHAbIpFbINapabIH KonAaHbICTaFbl OHAIPICTIK
KyaTTapblHa Herisgenin xacanbiHabl.

KoHabiprbinapablH,  (KoHAbIpfFbl-1 kaHe KoH-
OblpFbl-2) ra3 GolblHWA eHAIPICTIK KyaTTapbl rasabl
eHAeyaiH KocbiMLa KeneMiH kabbingayra MyMKiHAIK
Gepegni.

YKaHfbIpTbinaTblH 0ObEKTINEp:

* Kongpiprbl-1 (CK eHoeyre apHanfaH 6ip
00beKT);

* KoHapblpfbl-2.

» YKaHa obbekTinep:

» CraHumsa-2 (KoHablpfbi-3 OpHbIHA);

* CraHuus-2-geH KoHapiprbl-1 MeH KoHabip-
fbl-2-re AeniHri Kyobipxxonaapsl;

2-kecte. CAPEX HaTuxenepiH canbicTbipy, mnH AKLL gonn.
Table 2. CAPEX Results Comparison, MM USD

. wamamMeH 8 MnH T kenemiHae kocbimwia CK
OHAIpYy X8He eHAipy AeHreuiHiH Mep3imiH 12 XbinFa
y3apTy;

. aKcrnopTTanaTblH ra3 KernemiH ynfanTy xo-
He ra3 3KCMOPTbIH XXy3ere acbipy Mep3iMiH KocbiMLLA
7 XblriFa apTTbIpy.

7-cyper. a3 eHAipy npodunbaepi: 6asanbik
HYCKa XaHe eHAipy AeHreuiH 2,8 MnH Tk aeniH
y3apTy Hyckacbl, Mnpa M3/x
Figure 7. Gas Production Profiles: 2.8 Mtpa
Production Plateau Extension Option, BCMA

» KoHaplpfbl-1-O4€H 3KCMOPTThIK anaHfa AeWiH-
ri ra3 KyobIpbl.

+ MawpanaHygaH WelFapbinaTbiH 06beKTinep:

* KoHapblpfbl-3;

» KoHaplpfbl-1-giH CK 6oiblHIWa obbekTinepi.

1-kecte. CAPEX ecentey, mnH AKLL gonn.
Table 1. CAPEX Estimates, MM USD

. OHTalnaHabIpbINFaH
CFacitios. CAPEX
Optimized CAPEX
KoHapipfbl-1
Unit 1 5836
KoHabIprbi-2
Unit 2 32%0
CraHumsa-2
Station 2
Ky6bip xenici (CtaHuusa-2 — KoHabiprbl-1)
Pipeline (Station 2 — Unit 1) 269
Ky6bip xenici (CtaHuusa-2 — KoHabIpFbl-2)
Pipeline (Station 2 — Unit 2)
Ky6bip xenici (KoHabipfbl-1 — CTaHums-2)
Pipeline (Unit 1 — Station 2)
Bapnbifbl
TOTAL 9334

O6BekTinep OnepatopabiH Moaeni | OHrTannaHabipbinFad CAPEX AnbipMawbInbIK
Facilities Operator’s Model Optimized CAPEX Difference

KoHapiprbl-1
Unit 1 5836
K 2 11230 2164

OHBIPFbI-
Unit 2 3230
CraHuvs-2
Station 2 1078 B

— -810

Ky6bip xenici (CTaHuma-2 — KoHabiprbl-1) 269
Pipeline (Station 2 — Unit 1)
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O6bekTinep OnepatopabiH mogeni | OHTannaHabipbinFaH CAPEX AlibipMaLWbInbIK
Facilities Operator’s Model Optimized CAPEX Difference

Ky6bip xenici (CTaHums-2 — KoHAbIpFbl-2) .

Pipeline (Station 2 — Unit 2)

Ky6bip xenici (KoHablpfbl-1 — CTaHums-2) : 269

Pipeline (Unit 1 — Station 2)

KoHnabipsbi-1 :

Unit 1

Bapnbifbi

TOTAL 12 308 9334 -2974

3-kecte. 2025-2083 xbinaap apanbiFbiHAaFbl 3KOHOMUKanNbIK 6aranay HaTuwxenepi
Table 3. Economic Evaluation Results for 2025-2083

Akwa arbiHgapbl, MnH AKLU aonn.| NPV, mnn AKLU gonn. IRR, %
Hycka Cash Flows, MM USD NPV, MM USD 0
Case *o6a mepairep KP xo6a | meppirep [ KP xoba | mepgirep
Plan Vendor RoK Plan | Vendor | RoK | Plan | Vendor
bazaneik Hycka 57660 | 20196 | 37473 | 23698 | 9080 | 14618 [33,57%| 19,63%
Base Case
CK eHaipy AeHremiH 2,8 MnH TAK AeriH y3apTy o, o
Increase in LH Production Plateau to 2.8 Mtpa 3235 2994 L 229 214 15 20% 15%
Basanbik Hycka + CK eHaipy AeHreniH 2,8 MnH T/x
[AeiH y3apTy o, o
Base Case + Increase in LH Production Plateau to 2.8 60904 23190 31713 23926 9293 14633 |33,58%| 19,64%
Mtpa

KP / RoK — KasakcmaH Pecriybnukacsi / Republic of Kazakhstan

4-kecte. 2025-2037 xbIngap apanbifbliHAaFbI IKOHOMUKanNbIK 6aranay HaTuxenepi, 2038 xbinaaH
6acTtan KongaHbICTarbl CaNnbIKTbIK PEXUM
Table 4. Results of the Economic Evaluation for 2025-2037, with the Current Tax Regime
Effective from 2038

i i NPV, mnu AKLL gonn.
OPEX, CAPEX,mnw | CKonaipy, | Tas onaipy, REV MM USD
MIH T MnpAa M f
Hycka mnH AKLL ponn. AKLU ponn. LH Production,| Gas Production =
OPEX, MM USD |CAPEX, MM USD ocuction, Gas Frocuction, | xoa | mepairep | KP
Mt BCM Plan | Vendor | RoK
Baszanbik Hycka + CK eHaipy AeHreuiH
2,8 MNH T/X geniH y3apTy
Base Case + Increase in LH Production 80074 42457 233 1114 18203| 1650 16661
Plateau to 2.8 Mtpa

5-kecTe. 2025-2037 xbingap apanbifbiHAaFbl 3KOHOMUKAanNbIK 6aranay HaTuxenepi
Table 5. Economic Evaluation Results for 2025-2037

Akwa afFbiHAapbl,
mnH AKLU gonn. NPV&gCHMA“:I(I:JJSFg’"n' IRR, %
I-(I:vcxa Cash flows, MM USD b
ase xoba | meppirep KP xob6a | mepgirep [ KP | xxob6a |mepairep
Plan Vendor RoK | Plan | Vendor | RoK | Plan | Vendor
bazankik Hycka 15204 | 3708 | 11496 | 2133 | 401 | 1732
Base Case
CK eHaipy AeHremiH 2,8 MnH TAK AeriH y3apTy o, o
Increase in LH Production Plateau to 2.8 Mtpa 3235 2994 L 229 214 15 7% 14%
Baszanbik Hycka + CK eHAipy AeHreniH 2,8 MnH T/ aeniH
y3apTy 18440 6703 11737 | 2362 614 1748
Base Case + Increase in LH Production Plateau to 2.8 Mtpa

6-kecTe. JkoHOMMKanNbIK 6aranay HaTuxenepi 2038 xbingaaH 6actan, ©BTK Hyckachl 60MbIHILIA
2037 xbinFa geuiH, arbiMAarbl canblk pexumi 2038 xkbingaH 6actan
Table 6. Economic Evaluation Results under the PSA Regime through 2037 and the Current tTx Regime
from 2038 Onward

OPEX, MnH CAPEX, CK eHgipy, a3 eHaipy, NPV, mnn AKLL ponn.
Hycxa AKLU pgonn. | mnx AKLW gonn. MIAH T mnpg m® NPV, MM USD
veK OPEX, MM | CAPEX, MM |LH Production,|Gas Production, | xo6a | mepairep | KP
usb usb Mt BCM Plan | Vendor | RoK
Basanbik Hycka + CK eHaipy AeHreiH
2,8 MNH T/ AeuiH y3apTy
Base Case + Increase in LH Production Plateau 67311 31697 i 724 -3833 -5799 1966
to 2.8 Mtpa

OBTK — BHim 6eny myparnbi mynKinikmi Kenicim.

- DOI
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8-cyperT. ¥cbiHbINaTbIH HYCKa 60MbIHLIA aKLWwanawn
KapaxarT afblHbIHbIH rpadouri, mnHd AKLU gonn.
Figure 8. Cash Flow Profile for the Recommended
Option, MM USD

9-cyperT. ¥cbIHbINaThbIH HYCcKa 6oMbIHILIAa MyHaW
6aracblHa ce3iMTanAbIKTbl Tanaay XaHe aKwanan
Kapaxart afbiHbIHbIH rpadouri, mnH AKLU aonn.
Figure 9. Oil Price Sensitivity Analysis and Cash
Flow Profile for the Recommended Option, MM USD

JKyprisinreH 3epTTeynep weHbepiHae KoHAbI-
PFbINapAbIH bIKTUMAn aybICThIPY KYHbIH Ko6arnblK Ky-
xaTTamaga YCbIHbINFaH HOTWXENepMeH CanbiCTbIpy
makcaTtbiHga QUESTOR Garoapnamanblk kaMTama-
Cbl3 eTyiHAe KoHAbIpFblnap mogeni a3ipneHai. Mo-
Oenb KOHAbIpFbinapAblH KONAaHbICTarbl ©HAIPICTIK
KyaTTapblHa Herizgenin xacanbiHabl.

Conpawi-ak CAPEX unHBecTUUMsnapbiH ecen-
Tey OapbicbiHaa OypbiHFbl KOHALIPFLI-3  YHFbIMa-
napblHaH KemneTiH MyHan-ras-KoHAeHcaT KocnacbhlH
6enin, oHbl KoHabIpFbl-1 MeH KoHapbIpFbI-2-re 6afbIT-
TanTbiH )aHa CTaHuMa-2, coHaa-ak yw Kyobipxxon
cany eckepingi: CtaHuus-2 — KoHaplpfbl-1, CtaH-
unsi-2 — KoHablprbl-2 xaHe KoHablpfbl-1 — CTaH-
umsa-2.

QUESTOR Gafgapnamanblk — kamTamachl3
eTyiHae opbiHaanFaH CAPEX 6oiblHwWa ecenTik ae-
pekTep kecTe-1 yCblIHbIFaH.

JKyprisinreH 3epTTey Tangaynapbl KepceT-
keHgew, KoHablpFbl-3 namganaHygaH — LWbiFapy
*oHe CTaHuMsa-2, coHpan-ak KakeTTi KyOblpkon-
papabl cany CAPEX uvHBecTMuMsnapbiH KOCbIM-
wa 810 mnH AKLW ponnapbiHa oHTamnaHabipyra
MymKiHAiK  6epeni. CAPEX HeTwxenepiHiH ca-
neicTeipmManel Tangaybl kecte-2 kentipinreH. CK

eHOey obbekTinepiH (KoHabipFbl-3) KblckapTyFa
6avinaHbiCcTbl OHTannaHapipbinFaH CAPEX kenewmi
2 164 mnH AKLL gonnapblH Kypanabl (kecte-2).

2044 xbinFa kapan ras eHAipyaiH kannbl
KeneMiHiH TemeHaeyi KoHablpfFbl-3 Ke3eH-Ke3eHiMeH
nanganaHygaH Lublfapyfa XoaHe KeWiHHeH ©H-
nipineTiH ra3 kenemiH KoHapipfbl-1 meH KoHabIpFbI-2
apacbiHOa kanTa Genyre anfbilapTTap >acamgpl.
Byn wapa, coHgan-ak KoHabipfbl-1-geri MyHan gan-
blHOAYyFa apHanfaH TEXHONOTUANbIK XKeninep caHblH
TepTeyaeH Oipeyre peniH kbickapty KWUT-ta ken-
TipinreH kepceTkiluTepmeH canbicTbipraHga CAPEX
mHBecTMumuanapbeiH 2,974 mnpg AKLW gonnapbiHa
TemMeHaeTyre MyMKiHAIK 6epgi (2-kecTe).

QUES$TOR Gafgapnamanblk — kamTamachl3
eTyiHae mopgenbaey Xypridy 6apbicbiHAa KypbirbIC,
MOHTaX, KyObIPXON XaHe 3MeKTPOTEeXHUKanbIK Xy-
MbICTapAbl Koca anfaHga, apTypii XyMbIC Typnepi
BoWbIHWAa eHipnik eHiMainik koadduumeHTTepi 6a-
3anblK AepekTep peTiHAe navaanaHbingbl.

EcenTeynepae coHpavi-ak ipi kanuTangblK Xo-
Ganap ywiH kabbingaHrFaH xanblkaparnblk Taxipnoe-
re cankec 30 % MenwepiHaeri KyTnereH WelfbiHAAp
pesepsi (Contingency) eckepingi.

JOkoHOMMKanbIK 6aranay

OKoHOMUKanblK ecenTteynepae eHaipy, angay
X8He eHiM LWbiFapy npodunbaepi nanganaHbingsl.
EcenTik aepektep 2025-2083 xbingap apanbifbiH
KaMTuAabl.

Ecenteynepoe CAPEX, OPEX xaHe eHimgi
oTKidy TapudTepi 6GovbiHWa 6GacTanksl AepekTep
nangananbingbl.

OkoHOMUMKanbIK Mofenbaey MeH Tangay WH-
KPEMEeHTTIK Tangay Herisinge >xyprisingi. WHkpe-
MEHTTIK 3KOHOMUKa GasanblK eHaipy npoduni MeH
3KOHOMMKACbIMEH canbiCTbipfaHaa 6apnblk 6ona-
LIaK KeHeNTynepaiH XXekenereH acepiH kepcetesi.

OkoHomuKanblk Garanay HeTwxenepi kecte
3—6-Te KenTipinreH.

KopbITbIHABbI

JKyprisinreH 3epTTeynepaiH HoTWXenepiH Tan-
Aay HerisiHAe Keneci KopbITbIHAbLINAP Xacangbl:

1. CK eHgipy AeHreniH 2,8 mnH T/K AewniH
KbICKapTy ©HAIpY [AEHreniHiH, cakrany y3akTblfbiH
(7 XbINn) eckepe OTbIPbIM, €H OHTalNbl HYCKa PeTiH-
ne Tangangbl. CoHbiMeH kaTtap KoHAablpFbi-3-ke KO-
CbIffaH YHfbIManapAblH caranblK KblCbIMbIH >KOFapbl
OeHrerifieH oprawa fgeHrevire geniH TemeHgety CK
OHAipy KenemiH awvTaprnblkTan apTTbipyFa blKnan
eTin, eHAiIpy AeHremniH KocbiMLa S xbinFa y3apTyabl
KaMmTamachbI3 eTTi.

2. la3 eHaipydiH Xannbl KenemMiHiH TOMeH-
peyi  KoHablpfbl-3-Ti  Ke3eH-Ke3eHiMeH nangana-
HydaH LWbIFapy >8He KeWiHHeH ©HaipineTiH ra3
kenemiH KoHabiprbl-1 MeH KoHablpfFbl-2 apacbkiHga
KanTa 6eny yLwWiH anfbiwapTTap Kanelintactblpagbl.
AtanfaH wapanap, coHpav-ak KoHabipfbl-1-geri
00beKTinep caHbIHbIH, Kbickapybl OnepaTtop kepceT-
KilwTepimeH canbicTbipfaHga CAPEX wWbiFbiHAAPbIH
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Ka3akcTaHHBIH MyHali-ra3 calachbIHbIH Xa0apIibIChl

2,974 mnpg AKL gonnapbiHa TeMeHAeTyre MyMKiH-
nik 6epai.

Ocbinaiiwa, aKoHoOMUKanblk 6aranay HaTuxe-
nepi GomMblHWA >XyprisinreH Tangay kabblngaHFaH
ecenTik WapTTap xarganbiHaa X KeH OPHbIHbIH, TEX-

KOCbIMLLA

KapxbinaHabipy kesi. byn 3eptreyni KasakcrtaH
Pecnybnukacel Feinbim aHe >Kofapbl binim Mu-
HUCTpniriHiH, Foinbim KomuTeTi  kapxbinaHablipaabl
(BR24992761 rpaHThI).

Myagaenep KakTbiFbICbl. ABTOprap OCbl MakanaHbl
Xapusinayra 6ainaHbICTbl alKblH X8He bIKTUMan
MyAgenep KakTbIFbICbIHbIH XOKTbIFbIH XXapusnanabl.
ABTOpnapablH KockaH yneci. bapnblk aBTopnap
e3gepiHiH  aBTopnbifbiHbiH  ICMJE  xanbikapanbik
KpUTEpunepiHe CoeuKecTiriH pactangbl (6aprbik
aBToprap TyXblpbIMAamaHbl a3ipreyre, 3epTTey
XKyprisyre >xeHe MakanaHbl fdaunblHaayFa auTap-
NbIKTal ynec KOCTbl, XapusinaHfaHFa OeniH COHfbl
HYCKacblH OKbIn, Makyngagbl). EH ynkeH ynec ke-
necigen 6eniHai: CateHoB K.F. — gepekrtepai TyCiH-
nipy, kormka3baHbl a3y eHe pegakuusanay; Cynen-
MeH E.M. — pgepektepai xwvHay, Tangay, TyCiHAIpY,
HaTWXenepai Tekcepy, kormkadbaHbl peakuusinay;
KeiHbipTan M.C. — Tangay, TyciHAipy, HaTwkenepai
Tekcepy; Canumrepees A.M. — XyMbIC TyXXblpbiMAa-
Macbl, AepeKTepai uHTepnpetauuanay, >XyMblCTbIH
opblHAanybIH 6akbinay.

SNEBUETTEP TI3IMI

HOMOMUSAMNbIK  KYpbINbICTapblH XaHfblpTyFa Ganna-
HbicTbl CAPEX >xaHe OPEX umHBecTMuManapbiHbiH,
TMimMainiriH ankpiHaayFa GarbiTTanFaH xobaHblH UH-
KPEMEHTTIK aKlianaw afblHAap TYPFbICbIHAH peHTa-
Genbai ekeHiH kepceTeni.
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TynHycka 3epTTey

MyHan-ras eHaipy KacinopblHAapbIHbIH OHAIPICTIK anaHaapbiHAA
nacrayuibl 3aTTapAblH TapanybliH MogenbAaey epeKwenikrepi

M.X. CanimrepeeB, 3.K. Unpucosa, M.b. BaceHoBa
KMI™ UnxuHupuHe, AcmaHa Kanacskl, KasakcmaH

AHHOTALUUA

Herizaey. MyHaii-ras eHaipy kacinopblHAapbIHbIH, OHAIPICTIK 06beEKTINepi aTMocdepanslk ayara eneyni
TEXHOreHAiK XXyKTeMe TYCipeTiH Kypaeni eHAaipicTik xynenep 6onbin Tabbinagbl. ©OHAipicTik anaHaapaa
YVibIMAACThIPbINFaH XaHe yMbIMAACTbIpbINIMaraH LblFapbiHAbINAp Ke3aepiHid 6ip mearinge 6onybl, TeXHO-
nornanblk NHAPaKYPbINbIMHBIH, XXOfapbl ThIFbI3AbIFbI )XKOHE KONancbi3 METEOPONOrNANbIK Xafgannap nac-
Taylbl 3aTTapAblH Tapany npouectepiH kypaenendipedi. OcbiraH 6arinaHbICTbl aTmMocdepanblk ayaHblH,
nacTaHy AeHreniH bomxkay yLiH MaTeMaTuKanblk MoAenbaey aAiCTepiH KonaaHy epeklle MaHbI3fa ne.
Makcatbl. 3epTTeydiH MakcaTbl — MyHaW-ra3 eHAipy KacinopblHAapbIHbIH ©HAIpICTIK anaHgapbliHaa
nacrtaylbl 3aTTapgblH TapanyblH MOAenbAey epeKLenikTepiH Tanaay, ecenTeynepaid AsnAiriHe acep
eTeTiH Herisri hakToprnapabl aHbIKTay >XeHe PyKcaT eTiNeTiH LWblfapbiHablnap HopMaTuBeTepi obanapsbl
MeH «OPA-Aya» GargapnamMansbik KeLeHiHAe opblHaanFaH Bepuukaumasibik ecenteynep HaTmkenepiHiH
COWKecTIriH baranay.

Martepuangap meH agictep. 3epttey 6apbicbiHga Ne1 xeHe Ne2 kacinopblHAapbIHbIH 6HAIPICTIK 06bEK-
Tinepi 6ovbIHLIA pyKcaT eTINETIH WhbiFapblHAbINAp HOPMaTUBTEPI xobanapbIHbiH MaTepuangapbl, aTMoc-
depanblk ayara Tapany ecenteyrnepi xxaHe OPA Gargaprnamanblk KelleHiHae opbliHAanfaH sepudmkaum-
AnNbIK MoAenbAey HaTKenepi nanganaHeingbl. Herisri 3epTTey aaictepi peTiHge canbiCTeipMans! Tanaay,
MaTeMaTtukanblk Mogernbaey, KEHICTIKTIK MHTepnpeTauns xaHe Tapany KapTanapbiH capantaMarnsik 6ara-
nay kongaHbingbl.

HoaTtmxenepi. 3epTTey HaTwxenepi MyHaw-ra3 eHAipy KacinopblHAapbiHAA YMbIMOACTbIPbINFAH LblFa-
pblHAbINAP Ke3aepi XUbIHTbIK WbiFapbiHabinapablH 60—70%-bIiH KanbiNTacTbipaTbiHbIH, an ynbIMAacTbl-
pbinMaraH LWbiFapbiHabnap kesgepaid yneci 20—-30%-fa geniH xeTeTiHiH kepceTTi. CoHbIMeH KaTtap,
yVibIMAacTbIpbiMaFaH LblFapbiHAbINAP KO3AepAiH TOMEH KepCeTKIiLTepi XepyCTi KOHLeHTpaumsanapbiH
KanbIiNTacTblpy4a XofFapbl 8cepre e ekeHi aHblkTangbl. EH ofapbl KOHUEHTpauusnap asoT AMOKCUA,
KYKIpTCYTEK, Kyie xaHe BeH3(a)nupeH GovibiHwa bavikanabl. Mogenbaey HaTuxXenepi MeTeoponormssbIK
dakTopnapablH, acipece Xen Xbingamaplfbl MeH atMocdepaHblH, TemnepaTypanblk TYPaKTblbIFbIHbIH,
WweLlywi pen aTkapaTtbiHbIH KepceTTi. Bepndumkaumsanblk ecenteynep ecenTik xaHe )obarblk KOHLEeHTpa-
LMSA epiCTepiHiH Xannbl anFaHga KaHaraTTaHapnblK CONKECTIiriH pacTtagbl.

KopbITbIHABLI. JlacTaylwbl 3aTTapablH TapanybliH Modenbaey MyHan-ra3 eHaipy kacinopbiHAapbiHbIH, aT-
Mocdepanblk ayara acepiH 6aranayapbiH TMiMai kypans! 6onbin Tabbinagb!. ¥MbIMAaCTbIPbINFaH XaHe Yii-
bIMAACTbIPbINIMaFaH LUblfapbiHAbINAP Ke34epiH, TEXHOMOTUAMbIK KyPbINbICTbIH ThIFbI3AbIFbIH XOHE Me-
TEeOopOoNOrnanbIK Xafaannapapbl KelweHai ecenke any MoAenbaey HoTWXKeNepiHiH CeHiMainiriH apTTeipagbl.
AnblHFAH HOTWXENep CaHWUTapUsnblKk-KOpFay arMakTapblH Herisgey, TaburaTTbl KopFay ic-LiapanapbiH
asiprey xaHe eHAIpICTIK akonorvanblk bakbinayabl XeTingipy KkesiHae KongaHbinybl MyMKiH.

Hezizzi cesdep: ammocghbeparnbik aya, mapasnyObl Modenboey, MyHal-2a3 eHOipy, OPA 6ardapnamarbiK
keweHi, PLUH, ylbiMOacmbipbinmaraH WbiFapbIHObIAP, 3KOMO2USNbIK  Kayinci3dik, xepycmi
KOHUeHmpauyusinapsl.
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OpVI rmHanbHoe uccriegoBaHue

Ocob6eHHOCTM MoAaenpoBaHUs paccenBaHuUs
3arpsAHAKLWMX BElWecTB Ha NPOU3BOACTBEHHbIX NnowagKkax
HecTerazogoobbIBarOWMUX NPeaNnpPUATUA

M.X. CanumrepeeB, 3.K. UapucoBa, M.b. BaceHoBa
KMI™ UHxuHupuHe, e. AcmaHa, KasaxcmaH

AHHOTALUMUA

O6ocHoBaHue. HedrterazogobbiBatowne npeanpuaTvs npeacTaBnsioT COOOM CroXHble Npou3Boa-
CTBEHHble CWUCTEMbI, OKasblBalLlMe 3HaYUTENbHOE TEXHOreHHoe BO3AEeNCTBME Ha aTtMocdepHbIn
Bo3ayx. OQHOBpPEMEHHOE MPUCYTCTBUE OPraHM30BaHHLIX W HEOPraHU30BaHHbLIX WMCTOYHMKOB BbIGPO-
COB, BbICOKasi MIOTHOCTb TEXHOMOrMYECKoW WHPaACTPYKTypbl U HebnaronpusTHble MeTeoponornye-
CKue YCrOBMWSA CYLLUECTBEHHO YCMOXHSIOT NPOLECChl PaccevBaHus 3arpsasHsaolLmMX BelwecTs. B cesau
C 9TUM NpYMEHeHNe MeTOAO0B MaTeMaTUYeCcKoro MoAenMpoBaHusa npuobpeTaet ocobyo akTyanbHOCTb
NSt NPOrHO3MPOBaHNS YPOBHS 3arpsi3HEHNst aTMOCKEPHOTO BO34yXa M OLEHKW BO3AEWCTBUSI NPOU3BOA-
CTBEHHbIX OOBLEKTOB Ha OKPYXatoLLyto cpeay.

Llenb. AHann3 ocobeHHOCTEN MOAENUPOBaHWSI pacCeENBaAHUS 3arpsi3HSOLLMX BELLECTB Ha NPOW3BOA-
CTBEHHbIX Mrowagkax HedrerazonobbiBaloWMX NPEANPUSTAN, BbISIBIIEHNE OCHOBHbLIX (DAKTOPOB, BMM-
AOLMX HA TOYHOCTb PACYETOB, @ TaKKe OLEHKa COOTBETCTBUS Pe3ynbTaToB NPOEeKTOB HOPMAaTUBOB [0-
MyCTUMbIX BbIBPOCOB M BEPUDUKALIMOHHBLIX PACHETOB, BbINOSHEHHBIX C UCMOSIb30BAHUEM MPOrPaMMHOTO
komnnekca «3PA-Bo3gyx».

Matepuansi u metoabl. B xoge nccnenosaHus 6uinm Mcnonsb3oBaHbl Matepuansl NPOeKToB HOPMAaTUBOB
O0MyCTUMbIX BbIGPOCOB (HOPMAaTUBbLI AOMYCTUMbIX BbIGPOCOB / NPeAENbHO A0MYCTUMbIE BIGPOCHI) MO Npo-
N3BOACTBEHHLIM O0ObekTaM npeanpusaTuii Ne1 n Ne2, pacyéTbl paccevBaHusi B aTMOChepHOM BO3ayXe,
a Takke pesynbraTbl BepudUKaLMoOHHOrO MOAENMPOBaHMWS, BbINOMHEHHOTO B MPOrpaMMHOM KOMMIeKce
«3PA». B kayecTBe OCHOBHbIX METOAOB UCCMNEeA0BaHNs NPUMEHSANUCH CPaBHUTENbHBIN aHanu3, matema-
TUYECKOe MOZENMPOBaHNE, NPOCTPAHCTBEHHAS MHTEPNPETALMS U 3KCNEePTHAs OLEHKa KapT paccemBaHusl.
PesynbraTbl. Pe3ynbrathl uccrnegoBaHus nokasanu, Y4To Ha HedpTerasogobbiBalowwmx NpeanpusaTusx
OpraHn3oBaHHbIE NCTOYHKKN chopmumpytoT 60—70% COBOKYMHbIX BbIOPOCOB, B TO BpEMS Kak 4ONs Heop-
raHn3oBaHHbIX UcTovHukoB Aocturaet 20-30%. Npu 3TOM yCTaHOBMEHO, YTO HU3KME HEeopraHWM30BaH-
Hble NCTOYHMKM OKa3blBaloT bonee 3HaunTenbHOE BAUSIHWE Ha (DOPMMPOBaHNE NPU3EMHbIX KOHLEHTpa-
un. Hanbonee BbICOKME YPOBHM KOHLEHTPaLM 3acpmKcnpoBaHbl MO AMOKCUAY a3oTa, CEPOBOAOPOAY,
caxe n 6eHs(a)nupeHy. PesynbtaTbl MOAENVMPOBaHWS MPOAEMOHCTPUPOBANU, YTO peLualoLLylo porb
urpatotT mMeteoponormyeckne aktopbl, 0COBEHHO CKOPOCTb BETPa U TemnepaTypHas cTpaTudumkaums
(ycTonumBocTb) atmocdepbl. BepndrkaunoHHble pacy€Tel NOATBEPAUIM B LENOM YOOBMETBOPUTENb-
HOe CoBMaeHne Pac4ETHbBIX Y MPOEKTHbLIX MOMEN KOHLEHTPaLWiA.

3akntoyeHune. MogenmpoBaHne paccenBaHVsa 3arpsa3HAOLWMX BeLLeCTB ABNSeTCH 3PdPeKTUBHLIM UH-
CTPYMEHTOM OLEHKM BO3AENCTBUS HedbTeradofobbiBaloWLmMX NPeanpuaTMn Ha aTMOCHEpPHbIN BO3AYX.
KomMnnekcHbIN y4éT opraHn3oBaHHbIX U HEOPraHW30BaHHbIX UCTOYHMKOB BbIBPOCOB, NIIOTHOCTU TEXHO-
NOrNYECKON 3aCTPONKN U METEOPOSOrM4eCKUX YCroBUA NOBbLILLIAET 4OCTOBEPHOCTL pesynsTatoB Moge-
nvpoBaHusi. MonyyeHHble pesynsTaTtbl MOryT 6biTb UCMONb30BaHbI NPY 060CHOBaHUM CAHUTAPHO-3aLLMUT-
HbIX 30H, paspaboTke NPUPOAOOXPaHHbIX MEPONPUATUIA N COBEPLUEHCTBOBAHWMU MPOW3BOACTBEHHOIO
9KOMOrNYECKOro KOHTPONS.

Knroweenie crnoea: ammocehepHbili 6030yx, ModeruposaHue pacceusaHus, Heghmeaazodobbiya,
npoepammHbIl  Komrnekc «3PA», Hopmamusbl GorycmumMbix 6bi6pocos, npederbHO Gonycmumbie
8bI16pPOChI, HeOp2aHU308aHHbIe 8bI6POCHI, IKOI02uYecKas 6e3ornacHoCmb, NPU3EeMHbIe KOHUeHmpayuu.

Kak untupoBarthb:

Canumeepees M.)K., Wopucosa O.K., baceHosa M.5. OCOGEHHOCTM MOAENMPOBaHWS paccenBaHus
3arpasHAOLWNX BELWEeCTB Ha NPOM3BOACTBEHHbIX Mnowaakax HedpTerazogobbiBaowmx npegnpuatun //
BecTHuk HedbTerasosoi otpacnu KasaxcraHa. 2026. Tom 8, Ne3. C. 129—-140. DOI: 10.54859/kjogi109017.

© Canumrepees M.XK., Unpucosa 3.K., bacenosa M.b., 2026 JIunensus CC BY-NC-ND 4.0

130


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.54859/kjogi109017
https://doi.org/10.54859/kjogi109017

Kazakhstan journal for oil & gas industry 2026;8(3):129—-140

UDC 504.064.2
CSCSTI 87.03.17

DOI: 10.54859/kjogi109017

Received: 18.06.2026.
Accepted: 08.09.2026.
Published: 30.09.2026.

Original article

Specific Features of Air Pollutant Dispersion Modeling at Oil
and Gas Production Facilities

Malik Zh. Salimgereyev, Elmira K. Idrissova, Marzhan B. Bassenova
KMG Engineering, Astana, Kazakhstan

ABSTRACT

Background: Oil and gas production facilities represent complex industrial systems that exert
a significant anthropogenic impact on ambient air quality. The simultaneous presence of organized
and fugitive emission sources, high density of technological infrastructure, and adverse meteorological
conditions considerably complicate the processes of air pollutant dispersion. Therefore, the application
of mathematical modeling techniques is of particular importance for predicting ambient air pollution le-
vels and assessing the environmental impacts of industrial facilities.

Aim: The s tudy aimed to analyze the specific features of air pollutant dispersion modeling at oil and gas
production facilities, identify the key factors affecting calculation accuracy, and assess the consistency
between the results obtained from Maximum Permissible Emission (MPE) projects and verification cal-
culations performed using the ERA-AIr software package.

Materials and methods: The study utilized data from Maximum Permissible Emission (MPE) projects,
atmospheric dispersion calculations, and verification modeling results obtained using the ERA software
package for production facilities of Enterprises No. 1 and No. 2. The principal research methods includ-
ed comparative analysis, mathematical modeling, spatial interpretation, and expert assessment of pol-
lutant dispersion maps.

Results: The findings indicate that organized emission sources account for 60-70% of total emis-
sions at oil and gas production facilities, while the contribution of fugitive sources may reach 20-30%.
At the same time, low-level fugitive emission sources were found to have a substantial influence on the
formation of ground-level pollutant concentrations. The highest concentrations were observed for nit-
rogen dioxide, hydrogen sulfide, soot, and benzo(a)pyrene. The modeling results demonstrated the de-
cisive role of meteorological factors, particularly wind speed and atmospheric stability conditions, in de-
termining pollutant dispersion patterns. The verification calculations confirmed a generally satisfactory
agreement between the calculated and project-based concentration fields .

Conclusion: Air pollutant dispersion modeling is an effective tool for assessing the impact of oil
and gas production facilities on ambient air quality. A comprehensive consideration of organized
and fugitive emission sources, technological infrastructure density, and meteorological conditions
significantly improves the reliability of modeling results. The obtained findings can be applied
to support the establishment of sanitary protection zones, develop environmental protection measures,
and enhance industrial environmental monitoring.

Keywords: ambient air; dispersion modeling; oil and gas production; ERA software package; permissible
emission standards; maximum permissible emissions (MPE); fugitive emissions; environmental safety;
ground level concentrations.
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Kipicne

MyHaii-ra3 eHaipy eHepkacibi kopluiaraH op-
Tafa acep eTy AeHreni GoliblHWA Xofapbl cTpaTe-
rMsnblK cananapfbliH Oipi. ©HgipicTik oobekTinepai
nanganady 6GapbicbiHga atmocdepanblk ayara
KeMipcyTeKkTep, a3oT OKCUATEepi, KYKIpTCYTeK, Kyne,
ylina opraHukanblk KOCbINbiCTap XaHe Gacka Aa
nacTaywsbl 3atTap 6eniHeai. Byn 3aTtTapgblH Tapa-
ny cunaTbl WbifapblHAbINAGP Ke34epiHiH TypiHe, eH-
JipicTik npouecTepaiH TEXHOMNOrMANbIK epeKLwenik-
TepiHe, MeTeOopOonoOruAnbIK JXaFgaunapra >XoHe
OHAIpICTIK anaHdapdblH  KeHICTIKTIK  yMbiMAacTbl-
pblNyblHa Toyenai.

KasakctaH PecnybnukacbiHblH 3OKONorusnbik
KogekciHe'! cavikec aTmocdepanblk ayafa acepgi
Baranay >xxeHe pyKcar eTifneTiH LWhbIFapbiHAbINap HOp-
MaTMBTEPIH Herisgey YLWiH nacTtaylubl 3aTTapablh
TapanyblH ecentey MIHAETTI Typae Xyprisineaiz.
Kasipri yakbiTTa MyHOawm ecenTeynepgi >Xypriygin
Herisri KypangapblHblH 6ipi — OPA-AYA Gargapna-
ManblK KeweHi. byn kelweH aTMocepaHbIH XepycTi
kabaTblHOafbl  KOHUEHTpauusnapablH  KeHICTIKTIK
TapanyblH MOAEnNbAeyre XoHe CaHUTapUANbIK-KOp-
Fay anmakTapblH FbiNibIMU Heri3geyre MyMKIHAIK
Gepeai® [1].

MyHan-ra3 engipy KacinopblHAAPbIHbIH epek-
weniri yMbIMAacTbIpbIfaH, yibiIMAaacTbipbinMaraH
XoHe aBapvisAnbIK LWblfapbiHAbINAP Ke3depiHiH Ka-
Tap 6GonybiMeH cunatTanagpl. ¥#biMaacTblpbliFaH
Ke3fepre anay KOHAbIpFbinapbl, TYTiH MypXanapbl
XOHe KoMMnpeccopnblk Xynenep xartca, yWbiMaa-
CTbipblNMaraH kesaepre pesepByapnapfaH Oyna-
Hy, dnaHeuTiK KocCbinbiCTapaafbl afbin  KeTynep
XoHe TexHonornsanelk anangap xartagel. OcbliHAan
apTypni ke3aepaiH Gonybl Tapany mopenbaeyiHiH
KypAeniniriH apTTeipagsl.

Texipnbene pykcaT eTinreH LiblFapbliHAbINAp
HOpMaTuBIHIH »obanapblH a3ipney XoHe Bepu-
dUKauusanblK ecenteynep Xypridy KesiHae Herisri
KMbIHAOBIK LUblFapblHAbINAGP Ke3[epiHiH napameTp-
nepiH QypbIC ecenke anyfa, CoHaan-aK mogensaey
yWwiH 6acTankbl OepekTepAaiH CeHimainiriH kamTta-
Macbl3 eTyre GannaHbiCTbl. Tangay HaTwxenepi
nacrtaywbl 3aTTap KesfepiHiH KeHICTikTe opHana-
Cybl, TEXHOMOMMANbIK NPOLECTEPAIH epeKLuenikTepi
X8He nactaylbl 3aTTapAblH cunatramanapbl Ta-
pany ecenTeynepiHiH, HaTuxXenepiHe eneyni biknan
eTeTiHiH KepCceTTi.

MyHan-ras eHgipy obbekTinepiHge nacraylubl
3aTTapAblH TapanyblH MOAenbAey epeKLernikTepiH
baranay makcatblHaa Ne1l xaHe Ne2 KacinopbiH
obbekTinepi GoiblHWA pyKcaT eTinreH LWbiFapbiH-

Ablnap HopMaTtuB obanapblHblH HOTUXeNepi MeH
OPA bargapnamarnblk KeLUeHiH naiganaHy apkblinbl
opblHAanfaH Bepudmrkaumanbik ecenteynep gepek-
Tepi TangaHapl.

MaTtepuangap meH agictep

3eptTey bapbicbiHaa Nel xaHe Ne2 kacino-
pblHAaPbIHbIH - eHAIpICTiK obbekTinepi GonbiHWAa
pyKcaT €eTinreH LWhbifapblHAbINAp HopMaTuMB xoba-
napbiHbIH MaTepuangapbl xeHe J3PA 6arpapna-
ManblK KeleHiHae opblHaanFaH Bepudukaumsanbik
ecenTeyrnep navganadbingel. Tangay weH6epiHae
WbIFapbIHALITAP Ke34epiHiH napameTpnepi, nacra-
ylWbl 3aTTapAblH KypaMbl, METEOPONOrUAnbIK Aepek-
Tep XoHe KOHUeHTpauusanapgblH Tapany kaprtana-
pbl KapacTbipbingbl.

Tapany ecenteynepi OH[-86 agicTtemeciHe
cankec opblHAanabl. Mogenbaey 6apbicbiHAa Xen-
[iH XblngaMmablFbl MeH BaFbITbl, aTMocdepa Typak-
ThIMbIFbIHBIH, CaHaTTapbl, penbed epekwenikrepi
XOHEe eHAIPICTIK KypbINbICTbIH ThIfbI3ObIFbl  €CKe-
pinai. AtanfaH chakTopnap nactaylubl 3aTTapgbiH,
LwnendiHiH keTepinyiHe, kengeHeH xaHe Tik b6aFbIT-
Ta TapanyblHa >X8He XXepYCTi KOHLUEeHTpauusnapbl-
HbIH KanbinTacyblHa Tikenen acep etedi. Kasipri
avcnepcusnblk Moaenbaey TaxipubeciHae, OHblH
iwinge AKLL KopluaFaH opTaHbl KopFay areHTTiriHiH,
(EPA) AERMOD mopgeniHage, atmocdepaHbiH Lwe-
Kapanbelk kabaTbliHoarbl TypOyneHTTik npouecTtep,
WbiFapblHAbINAp Ke3aepiHiH buikTiri MeH napameTp-
nepi, pensed xaHe FfuMmapaTTapablH acepi KkeweHai
Typae Kapactbipbinagsl [2].

¥ibIMaacTblpblIMaraH  LWblFapbiHAbINAp Kes-
OepiH mogenbAey KesiHAe ayaaHOblK XoHe Ke-
nemaik TypiHOe annpokcuMauusinay KongaHbingpl.
Bepudumkauusnelk Tangay 6apbicbiHOa Makcumar-
Obl  KOHUEHTpauusinap anmakTapblHblH OpHana-
Cybl, M30CbI3bIKTapAblH KOHMUrypaumscel xoHe 1
WIeKTi pyKcaT eTinreH KOHUeHTpauusgaH aca-
TbiH arMakTapAblH, LleKkapanapbl canbiCTbIpbingbl
(1-kecTe). 1-kecTeae kananblk xxaHe aybingplk engi
MeKeHaepaiH atMocdepanblk ayacbiHOafbl nacra-
ylbl 3aTTapAblH, LWEKTi pyKcaT eTinreH KOHLUeHTpa-
uusinapbl  Kasakctan Pecnybnukacbl [eHcaynbik
caktay MUHUCTPIHIH 2022 Xbinfbl 2 Tambl3garbl
Ne KP OCM-70* GyvpbifbiMeH GekiTinreH rurmeHa-
nblK HOpMaTMBTEpre cankec KenTipinreH. AtanfaH
HOpMaTuBTEp aTMocdeparblk aya canacbiH bara-
nayablH Herisri caHUTapusinblk-rurneHanblK Kpute-
puiinepi 6onbin Tabbinagbl xxeHe MoAenbaey HaTu-
XKernepiH 3KONMorusanblK Tayeken aeHreni GovblHWwa
WHTepnpeTaumsinayfa MymkiHaik 6epegi.

' KasakcTaH Pecny6nukacbiHblH Qkonorussblk kogekci (2021 xbinfbl 2 kaHTapaarsl Ne400-VI KP3).

2 KasakcTtaH PecnyGnuvkachl 3Konorusi, reorniorus xeHe Tabusn pecypcrap MUHUCTPIHIH «KopLuaraH opTara aMuccusinap Hop-
MaTVBTEpIH aiikbiHAay agicTeMeciH GekiTy Typanbi» Ne63 Byinpbifbl.

3 «AgaMHbIH TipLinik €Ty opTackl MeH AeHcaynblfbiHa 9cep eTeTiH 06bEeKTINepaiH caHMTapUanbIK-KopFay aiMakTapbiHa KO-
bINaTblH CAHUTAPUSNbIK-3NMAEMUONOrUANbIK TananTap» CaHUTapusAnbIk kaFuaanapblH 6ekiTy Typansl: KasakctaH Pecny6nu-
kacbl [leHcaynblk caktay MUHUCTPIHIH 2022 xbinfbl 11 kaHTapaarsl Ne KP JCM-2 Gyiipbifbl.

4 KasakctaH Pecny6nukacel [eHcaynblk cakTay MUHUCTPIHIH 2022 xbinfbl 2 Tambidgarbl Ne KP ICM-70 Gyipbifbl. «Kananbik
XoHe ayblNablk enfi MekeHaepaeri, eHepKacinTik yibiMaap ayMakTapblHAaFsl aTMocdeparbik ayaHblH rmrneHanblik HopmMaTue-

TepiH 6ekiTy Typanbl» ActaHa, 2022.
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OPUI'MHAJIbHBIE UCCJIEJJOBAHUS 2026

. 8 Tom, Ne3 BectHuk Hedrera3osoii orpacin Kasaxcrana

HoaTuxenep xoaHe Tankbinay

3eptTey weHbepiHoe Ne1 KacinopHbl® e-
He Ne2 KacinopHbl® obbekTinepi 6oMblHWA LblFa-
pblHAbINAP KO3AEpiHiH KypblnbiMbl MEH nacTayLubl
3aTTapAblH, TapanyblH MoAaenbaey HaTwxenepiHe
Tangay xyprisingi. MyHan-raz eHfipy KecinopbiH-
AapblHAafbl LWbIFapbiHALINAGP KypblibIMbl TEXHOMO-
MANbIK NpoLecTepaiH apTyprinirive GannaHbICTbI
KypAeni cunatka ue XaHe oapTypni KyaTTafFbl yn-

bIMOACTbIPbISIFaH, YibIMOACTbIPbINIMaFaH XaHe aBa-
pUSAnbIK LWbiFapbiHAbINAP KO3AEPIHIH XKUbIHTbIFbIHAH
KkanbinTacagbl. JlacTaywbl 3aTTapAblH  XepycTi
KOHLEHTpaumMsAnapbiHbiH - KanbeintacybiHa yWbiMaa-
CTbIpbINIfaH >XoHe yWbIMAacTbipbiMaraH LUblfa-
pblHObINAP Ke3aepi, TEXHOMNOTUSMbIK KypbInbICTbIH,
ThIFbI3AbIFbI, METEOPONOrUSbIK XXaFdainap napame-
TPrepi XoHe LWbifapbiHObINap Ke3nepiHiH KEHICTiKTe
opHanacybl Herisri acep etegi [3].

KecTte 1. Kananblk xxaHe aybingablk engi MmekeHaepaid atmocdepanbliK ayacbiHAarbl lactaylbl

3aTTapAblH WeKTi pykcaT

eTinreH KOHUEeHTpauusicbl

Table 1. Maximum Permissible Concentrations of Pollutants in the Ambient Air of Urban and Rural

Areas
N3 kogb! LUPK m/6, mr/m® | LLIPK ofT, mr/m® BKOEQ, | KayinTinik
N3 araybl . mr/m® | knacchbl
Pollutant MPC, maximum | MPC, average
Name of Pollutant ; A y s | TSEL, | Hazard
Code one-time, mg/m?| daily, mg/m A
mg/m Class

Temip (Il, 1ll) okenaTepi (Temipre wakkaHaa) (avTemip Tpuokeuai, Temip

0123  |okeupai) - 0,04 - 3
Iron (11, 111) oxides (expressed as iron) (diiron trioxide, iron oxide)
MapraHeL, xaHe OHbIH KocbinbicTapbl (MapraHew (IV) okcuaiHe wakkaHaa)

0143 y ) 0,01 0,001 - 2
Manganese and its compounds (expressed as manganese (IV) oxide)

0150 Hatpwit rugpokeunai (kyiaiprill HaTpuia, kaycTukanblk coaa) R R 0.01 R
Sodium hydroxide (caustic soda, sodium hydroxide) ’
Hatpwii xnopuai (ac Ty3bl) R

0152 Sodium chloride (common salt) 05 0.15 3
Kanbuuin aurnapookcunai (CeHgipinreH ak, ynninaek ak) R

0214 Calcium dihydroxide (slaked lime, hydrated lime) 0,03 0,01 3
Asor (IV) anokeuai (AsoT grokeuai) R

0301 Nitrogen dioxide (nitrogen (IV) oxide) 02 0,04 2
A3or (I1) okeugi (A3oT okevpai) R

0304 Nitrogen monoxide (nitrogen (l1) oxide, nitric oxide) 0.4 0,06 3
KemipTek (kyvie, kapa kemipTek) R

0328 Carbon (soot, carbon black) 015 0,05 3
KykipT anokemai (KykipTTi aHrmapua, kykipTTi ras, kykipt (IV) okeunai) R

0330 Sulfur dioxide (sulfurous anhydride, sulfur (IV) oxide) 05 0,05 3
KykipTcyTek (aurnapocynscua) _ _

0333 Hydrogen sulfide (dihydrogen sulfide) 0,008 2
KemipTek okcuai (kemipTek ToTblIfbl, MiC rasbl) R

0337 Carbon monoxide (carbon oxide, carbon monoxide) 50 3.0 4

0342 ®TopabIH ra3s TopiaAl KOChINbICTapbI (dbTOpra mamﬁaHna): 0,02 0,005 R 2
Gaseous fluorine compounds (expressed as fluorine)
Hawap eputiH GeiiopraHukansik cTopuaTep (anmiomuHuin - dTopuai,
Kanbuwii dpropuai, HaTpuid rekcadTopantoMmHaThl) (PTopra LakkaHAarb!

0344 ) " 0,2 0,03 - 2
Halap epuTiH 6eopraHukanbik hTopuaTtep)
Gaseous fluorine compounds (expressed as fluorine)
MeTtaH

0410 \1ethane ° ° 50 °

0415 | WexTi cyreknenTekep kocnackl C1—Cs R R 50 R
Mixture of saturated hydrocarbons C,—Cs

o416  |WexTi cyreknentektep kocnackl Ce—Cio R R 30 R
Mixture of saturated hydrocarbons C¢—C1o
MeHTUneHaep (amunexaep — nsomepnep kocnachl)

0501 ; : 1,5 - - 4
Pentylenes (amylenes — mixture of isomers)

0521 MponeH (MponuneH) 3.0 R R 3
Propene (propylene)

ogoz  [Beron 03 0.1 - 2
Benzene
[metun6eHson (o-, M-, N- U3omMepnep Kocnackl)

0616 . . N 0,2 - - 3
Dimethylbenzene (mixture of o-, m-, and p-isomers)
MeTun6exson

0621 Methylbenzene (toluene) 0.6 ° ° 3
OTunbeHson

0627 Ethylbenzene 0.02 ° ° 3

5

xoHe mopenbaey xeHiHgeri ecen. «KMI™ UnxumHupuHr» XKLLC,
6

XoHe Moaenbaey xeHiHaeri ecen. «KMI™ UHxuHupmHry XKLC,
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N3 koabl LIPK m/6, mr/m® | LLUPK ofT, mr/im® BKSEL, | Kayininik
N3 ataybl . mr/m® | Knaccbl
Pollutant MPC, maximum | MPC, average
Name of Pollutant . N TSEL, Hazard
Code one-time, mg/m*| daily, mg/m® A
mg/m Class

1071 |Sewon 0,01 0,003 - 2
Phenol

1107 2-MeTun-2-metokcunponaH (Metun-ywTik-6ytun acupi) 05 R B 4
2-Methyl-2-methoxypropane (methyl tert-butyl ether, MTBE) !
TabuFn MepkanTaHaap Kocnackl (3TunmepkanTadFa lwakkaHga) (CMM
ofopaHTbl — TLU 51-81-88) B R

1716 Mixture of natural mercaptans (expressed as ethyl mercaptan) (SPM 0,00005 3
odorant — TU 51-81-88)

1847 (MeTunamuno) 6eHson (MoHomeTunanunuH, N-MetunanunuH) 0.04 B B 3
(Methylamino)benzene (monomethylaniline, N-methylaniline) ’

1880 I(2-rnapokcnatin) amuH (JuataHonaMmun) 005 ; B B
Di(2-hydroxyethyl)amine (diethanolamine) ’
MyHaiinbl MMHepandbl Man (YPLUbIKTBIK, MalUMHanNbIK, LMIUHAPIIK XaHe

2735 |16. - - 0,05 -
Petroleum mineral oil (spindle oil, machine oil, cylinder oil, etc.)
YanT-cnvput

2752 |\hite spirit - ) 1 °
AnkaHpgap Ci2—Cio (LUekTi cytekneHTektep C,,—Cio (C-fa wwakkaHga);

2754 PIK-2651 epiTkiLwi) 10 ) R 4
Alkanes C;,—C, (saturated hydrocarbons C;,—C;, (expressed as carbon); !
RPK-265P solvent)
Kankbimansi Genwekrep B

2902 Suspended particulate matter 05 015 3
KypambiHaa kpemHuin auokeunai 70-20% GonatbiH GeropraHukanbik LaH
(LLaMOT, LUeMEHT, LUeMEHT eHAIPICIHIH LWaHbl — ca3, casapl TakTatac, AOMHa
wnarbl, KyM, KNWHKEp, kpeMHeseM kyni, KasakctaH KeH opblHAapbIHAAFbI

2908 KeMmip Kyni) 0,3 0,1 - 3
Inorganic dust containing silicon dioxide (%): 70-20 (fireclay, cement
production dust — clay, clay shale, blast furnace slag, sand, clinker, silica
ash, coal ash from Kazakhstan deposits)
KypambiHaa kpemuuii avokeuai 20%-paH a3 GonatbiH GellopraHukanbik|
WwaH (AoNOMUT, LeMeHT eHAIpICIHIH WwaHbl — akTac, 6op, KyWiHAj, Wwuki3aT)
Kocrnachbl, aiHanmanb! neLTepiH Wwakpl, 6okcuT) R

2909 Inorganic dust containing silicon dioxide (%): less than 20 (dolomite, 0.5 0.15 3
cement production dust — limestone, chalk, cinders, raw mix, rotary kiln
dust, bauxite)

2930 AGpa3uBTi WaH (ak kopyHa, MoHokopyHA) R ) 0.04 R
Abrasive dust (white corundum, monocorundum) !

¥bIMAacTbIpbIfFaH LWbiFapbliHAbINAp Ke3aepi-
He anay KoHAbIpFbinapbl, KasanAblKTapablH, TYTiH
MypKanapsbl, ra3 angay arperartapbl, KOMIPeCccop-
nblK abapIKTap >xaHe MyHal MeH ras3abl fanbiHaay
TEXHOMOTMANbIK  KOHABIPFbINAPbIHbIH, - KENAEeTKiLL
LWblFapbIHAbBINapbl XaTtaabl.

¥MbIMAaCTbIpbIfFaH  LWbIFapbliHAbINAP  Ke3ae-
piHiH OWiKTiri, cara gnametpi, ras-aya KocnacblHbIH,
Temneparypacbl MEH LUbIFY XblNAaMAablFbl CUSKTbI
HaKTbl FEOMETPUAIBIK XoHEe a’apoanHamMuKarblK na-
pameTpnepMeH cunattanagbl. byn napametprep
Tapanyabl MoaenbAeyAiH CTaHAapTThl ecenTik cxe-
ManapbIH KongaHyra MyMkiHaik 6epeai [4].

Bepudukaumanelk ecenteynep HaTuxenepi
GonbiHWwa Ne17 xaHe Ne2?! KacinopblH 06beKTinepiH-
Oe yMbIMOacTbipbiniFaH Ke3fdep nacTaylbl 3atTap-
OblH XWBIHTBIK LUblFapbiHObINAPbIHbIH, HEri3ri yneciH
KanbiNTacTblpbin, >xannbl kernemHiH 60-70%-biHa
OeniH >XeTeTiHi aHbikTanabl. byn pette eH ynkeH
acepai anay xynenepi kepceTeai.

Anay KoHAbIpfblnapbl  LblfapblHAbINApAbIH
XKOFapbl TeMnepaTypacbIMEH >XaHe rasgplH >Xofapbl
LbIFY XblNAamabiFbIMeH cunattanagbl, Oyn keTepin-
Meni anayAblH KanbintacyblHa X8He Ke3re akblH

ayMakTa XepycTi KOHUeHTpauusnapbiHblH TOMeH-
JeyiHe biknan etedi. Ananga Konamncola MeTeoposio-
rMANbIK Xafgannapaa nacraylbl 3attap 6ipas anbic
KaLUbIKTbIKKa Tapanybl MYMKiH.

¥ibIMOacTbIpbifiFaH ke3fgep OonbiHWAa Tapa-
ny ecenteynepi OH[1-86 apgictemeci [1] meH 3PA
Gargapnamanblk  KeleHiH nanganaHy  apKbinbl,
WblfapblHAbINap Ke3aepiHiH napameTpnepi  MeH
0o0bekTinep opHanackaH ayAaHHbIH MeTeopororu-
AnNbIK cunaTTamanapbiH eckepe OTbIpbin OpblHAAIN-
abl.

¥biMAacTbIpbiIMaraH LblFapbiHAbITAP  Ke3-
AepiHe pesepByapnapAblH ThiHbIC any KnanaHgapbl,
awblk 6eTtTepaeH GynaHy, dnaHeuTik KocblnbicTap
apkbinbl 6onaTblH NacTaybIw 3aTTapablH YLbIN Ke-
Tyi, copfbl XabablkTapbl, TEXHONOMUANLIK ananaap
XOHe Kylo acTakajanapbl xaTtagpl.

¥ibiMaacTbIpbiNvaraH Ke3gepdi ecenke any-
OblH Heri3ri KUbIHAbIFbI HAKTbl TEOMETPUAIbIK napa-
MeTpriepaiH 6onmayblHa xaHe LblFapblHAbINapabIH
yakbIT OoWbIHLIA >OFapbl e3repriwTiriHe 6Galna-
HbICTbI. Tapany ecenteynepiHae MyHAau kesgep ay-
AanadblK HeMece KenemAik kesgep TypiHOe annpok-
cumaumsanaHagbl.

7 Ne1 KacinopbIHHbIH pyKcaT eTineTiH WhirapbliHAbINap HopMaTuBTepi xobackl. 2024.
8 Ne2 KacinopbIHHbIH pyKcaT eTineTiH WhiFrapblHAbINap HopMaTuBTepi xobackl. 2024.

134

-+ DOI: 10.54859/kjogi109017




OPUI'MHAJIbHBIE UCCJIEJJOBAHUS

2026.

8 Tom, Ne3 Becruuk Hedrera3ooit orpaciu Kasaxcrana

Ne1 >xeHe Ne2 KacinopblH AepekTepiH Tangay
YMbIMAACTLIPbINMaraH Ke3aepaiH XUbIHTbIK ynec
Xannbl WbiFapbiHAbiap kenemidi4 20-30%-biHa
OeNiH XKeTyi MyMKIH ekeHiH kepceTTi. COHbIMEH Ka-
Tap, WhbifapblHAbINAP K&3AEPiHiH, BMIKTIriHIH TeMeH-
oiri, 6actankbl anay keTepinyiHiH, 6onmMaysbl, XXymMbIC
anmarblHa >KakblH OpHanacybl xaHe xabaplKTapablH
TbIfbI3 OpHanacybl cangapblHaH OnapAblH XepycTi
KOHLEHTpauuanapbiH  KanbintacTelpyaarbl  acepi
kebiHece yMbIMaACTbIPbINFaH Ke3aepaeH Ae XoFapbl
6onagbl.

¥nbiMOacTbIpblNIMaraH  Ke3aepai mogenbaey
KesiHAeri epekwe KublHAbIKTap acnanTblK Aepek-
TepAiH XeTKINIKCi3airiMeH xaHe LWbiFapbiHabInap na-
pamMeTprepiHiH, aHblk emec 6onybiHa 6anaHbICTbI.

Tapanyabl MoaenbAey HOTWXENepiHiH, CeHim-
Ainiri 6acTankpl WeiFapbiHAbINAp AepeKTepiHiH cana-
CblHa X&He onapAblH YaKbITTbIK ©3repriluTiriH AypbIC
cunartTayra Tikenen 6annaHbICTbl. ©cipece ynbiMaa-
CTbIpbINIMaraH LUblFapbIHABINAP YLWiH HaKTbl 3MuUC-
CUS XKblNAaMablfblH, Ke34iH TUiMAI reoMeTpusanblk
napameTprepiH XaHe XXyMbIC PeXUMAEPIH aHbiKTay
Xofapbl GenriciagikneH cunattanybl MyMKiH. CoOH-
OblKTaH mopenbaey HaTuXenepiH WHTepnpeTauu-
sanay kesiHge 6acTankbl gepekTepgid GenriciagiriH
XoHe onapApblH ecenTik KOHUeHTpauuanapra biKTu-
Man acepiH eckepy kaxer [5].

ABapuAnbIK  WbIFapblHAbINap KyOblpnap
MEH TexXHOMNoruanblK >xabablKTapablH repmetunsa-
umsicel By3binFanaa, xabaplk iCTeH LWblkkaHaa Heme-
Cce TexXHOMOornanblK pexunMaepae ayblTKynap OopbiH
anfaH Xafgavnapga TyblHOaWTbIH Kbicka mep3imai,
6ipaK KapKblHAbI LblFapbiHAbIaPp.

MyHaii-ra3 eHaipy oObekTinepi ywiH eH Ka-
yinTici — >Xofapbl YbITTbIMbIFbIMEH X8He aTmocde-
paHbIH XepycTi kabaTbiHAa Te3 Tapany kabinetimeH
EepEeKLUENEHETIH KYKIPTCYTEK MEH XEHiN KeMipcyTek-
TepAiH WbiFapbiHAbINAPLI.

ABapuAnbIK  LWbiFApbIHALINAPALI  Modenbaey
yakbIT BoMbIHLA LWbIFapblHAbINAP NapameTprepiHiy
e3repyiH, MeTeopornorvanblK Xargannap AuHamu-
KacblH, rasgapablH ThiFbI3OblK CTpaTUUKaLMACHIH
XOHe >KOFapbl KOHLEHTpaUMsAmbl XeprinikTi anmak-
TapAblH  KanbiNTacyblH €CKepeTiH CTaumoHapIbIK
emMec mogenbAepAai konaaHyabl Tanan eteqi.

ABapuAnbIK WblFapbliHAbINApabl ecenTtey HaTKh-
Xernepi nepcoHan MeH Xanblk YLWiH Toyekenaepai
Oafanay kesinge, COHOaWw-ak aBapusnblK >KarFgan-
napApl X0k XocnapnapbelH a3ipreyae nanganaHbl-
nagel.

MyHan-ras eHgipy KecinmopblHAapbl YLUiH Ke-
MIpCYTEKTi LUMKI3aTTbl ©HAIpy, AavbliHAay, cakTay
XKOHe XarFy npouecTepi KesiHAe kanbinTacaTtbliH nac-
Taylwbl 3aTTap LbiFapbiHAbINAPbIHBIH Kypaeni Ky-
paMbl ToH. Herisri nactaywbl 3aTTapFa asoT okcua-
Tepi, KYKipT AMOKCUAI, KYKIPTCYTEK, KEMIPTEK OKCUA,
ylwina opraHukanblk KOCbIfbiCTap, apTypni dpak-
unsigarbl  KOMIpCyTekTep, MeTaH >KoHe kamnkbiMa
3arTap xartagbl. WeirapeiHgbnapably eqayip 6eniri
TEXHOMNOIMANbIK XabablkTapabl, anay >Xymnenepi,
pe3epByapnapAbl nNanganaHy XoHe OTblHAbI XXarFy
npouecrepiMeH 6annaHbICTbI.

DOI: 10.54859/kjogi109017

Tapany Mogenbgeyi MeH BepuduKaumsanbik
ecenTeynep HaTWXKenepiH Tangay asoT OUOKCUGj
(NO,), kywe, kykiptcytek (H,S) xoHe 6eH3(a)nnpeH
YLWIiH €H >XOfapbl XepycTi KOHUeHTpauusnapbl Ka-
nbinTacaTbiHbIH KOPCETTi. A30T AVNOKCUAIHIH MaKCu-
Mangbl ecenTik KOHLUeHTpauusnapbl LWeKTi pykcart
eTinreH KoHueHTpauusHblH, 8352 > 10000 yneciHe
OeniH, kyrhe 6ombiHwa — 2171-3040 wekTi pykcat
eTinreH KOHUeHTpauus yneciHe aeviH, 6eH3(a)nmpeH
OovblHWa — 779—1046 wekTi pykcaT eTinreH KoH-
LeHTpauus yneciHe OeniH, an KykipTcyTek GoMbIH-
wa — 545-637 wWeKTi pyKcaT eTinreH KoHUeHTpaums
yneciHe geniH xeteqi. AnblHFaH HOTUXeNnep OTbIHAbI
XarFy NpoLecTepiHiH, anay >XynernepiHiH >XyMbICbIHbIH,
XOHe KeMipCyTeKTi LmMKi3aT anHanbIMblHbIH aTMocC-
depanblk ayaHblH NacTaHyblH kanbinTacTbipyFa ene-
yni acep eTeTiHiH KepceTesi.

Ne1 KacinopblH OGoMbIHIWA XYpri3inreH ca-
nbiCTbIpMankl Tangay nacraylwbel 3aTtTapdblH 6a-
cbiM Geniri ywiH xofapbl KoHueHTpauusanap Ne3
OHAIpICTIK anaHfFa ToH eKeHiH kepceTTi, Oyn LWbiFa-
pblHAbINAP Ke34EPiHiH, ThIFbI3AbIFbIHbIH, XOFapbl 60-
NybIMEH X8HEe TEXHOMOrMAMbIK NpoLecTepaiH HeFyp-
NbIM KapKblHAbI XypyiMeH TyciHaipineai. CoHbIMeH
KaTap, a3oT guokcupai, KyKipTcyTek, popmanbaerng
XoHe GeH30Mn CuAKTbl 3aTTap >KOfapbl YbITTbUIbIFbI
MeH canbICTbipMansl TYpAe TOMEH LUblFapblHAbINap
KenemiHae Ae eneyni acep ety aiMakTapblH Kanbin-
TacTbIpy kabineTiHe GannaHbICTbI eH XOFapbl 3KOMOo-
rMANbIK Toyeken Tyaplpaabl. An XeHin dpakuusnsl
kemipcytektep (C;—Ci) Ne2 eHpipicTik anaHaa
XOFapbl KOHLEHTpauusanapMeH cunatrtanca, ayblp
KeMIpCyTEeKTep MeH OTbIHHbIH TOMbIK aHbay eHiM-
nepi Ne3 eHgipicTik ananaa 6acbim Gavikanagbl.

Tapany npouecTepiHe acep eTeTiH dhakTop-
nap

Ne1 >xeHe Ne2 KacinopbiH obbekTinepi 6ou-
bIHLUA NacTaylubl 3aTTapablH TapanybliH Mofdenbaey
HOTMXENEePiH Tanfay XepycTi KOHUeHTpaumsanapbl-
HbIH KanbInTacyblHa eH angbiIMeH MeTeopoNnornsanbIK
Xafgannap, acipece Xen XblngaMaplfbl MEH aTMOC-
depaHblH, TemnepaTtypanblk TYPaKTbibIFbl LWeLLyLLi
acep eTeTiHiH KepceTTi. ATMocdepanblk Anddy-
31A TEeopusiCbiHa COWKEeC, XenAaiH >Xblngamabifbl,
aTMocdepaHblH, TYPaKTbINbIK ASPEXEC XoHe Typ-
OyneHTTiK apanacy nacrtaylbl 3atTap LUnendiHiH
KengeHeH XaHe Tik GarblTTaFbl TapanyblH anKblH-
OanTbIH Herisri dpakTopnap [6, 7]. XKen xbingamapifbl
1-2 m/c-TaH TemeH GorFaH xafganga aya maccana-
PbIHbIH, @apanacy KapKblHAbIMbIFLI TOMEHAen, aTMoc-
depaHbIH XepycTi kabaTbiHaa nacTayLubl 3aTTapabiH
XuHanybl Gavikanagbl. EH konaicbld xargannap
TemnepatypanblKk UHBEPCUA KesiHAe Kanbintacagbl,
Oyn ke3ge Tik apanacy LUeKTenin, eHAipicTik anaHaap
MaHplHAA nacTaylibl 3aTTap KOHLEHTPaUMSChIHbIH
XKeprinikTi Xofapbinaybl OpblH anagbl.

Tapany ecenTeynepiHiH canbiCTbipMansl Tan-
Aaybl KOHUEHTpauusnapablH KEHICTikTe TapanyblHa
TEXHOMOrMAMbIK KYPbINbICTbIH, ThifbI3AbIFbl  eneyni
acep eTeTiHiH kepceTTi. ATMocdepanblk Tapanyabl
baranay kesiHAe LWbiFapbiHAbINAP Ke3iHiH reomeTpu-
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ANbIK NapaMeTprepi, XengiH 6arbITbl MEH Xblrgam-
Obifbl, atMocdepaHblH TyPaKTbiNbifbl, COHAAN-akK
Xep Genepi MeH FuMapaTtTapablH 8cepi ecenTik KOH-
LueHTpauusanapablH KEeHICTIKTIK TapanyblHa biknan
eteni [8]. PesepByapnblk napktep, kyObipxongap
XKeHe TexHonorusanblK >xabapikTap LIOFbIpnaHFaH
y4yackenepge TypOyneHTTinik NneH aya afbiHAaPbIHbIH
peumMpKynauma arviMakTapbl kanbeintacein, 6yn nac-
Taylwbl 3aTTapablH Bipkenki emec TapanybiHa anbin
keneai. Fumapattap MeH TeXHONoOrusanbIK Kypbisbl-
cTapblH aspoavHamMuKanblK acepi LWblFapblHAbINap
WnendiHiH{ TeMEH Kapal bIfbICYblHa XX8HE >XepycCTi
KOHLEHTpaLuusinapblHblH, Xeprinikti ecyiHe akenyi
MyMKiH. Byn kybbmnbic mogenbaey apebuetiHge
building downwash petiHge kapacTbipbinagbl xaHe
acipece TOMeH >aHe opTalla BUiKTIKTeri LWblFapbIH-
Ablnap kesaepi ywiH maHbisgsl [9]. WeirapsiHasinap
Ke3gepi HefyprbiM TbiFbl3 opHanackaH Ne2 Kaci-
nopbiH ywiH Ne1 KacinopbiHMEH canbiCTbipFaHaa
XKOFapbl KOHLEHTpaunsanapablH, aHarFyprbiM ayKbiM-
bl aiMakTapblHbIH kanbinTacybl 6aikangp.

LWbirapbiHabinap  ke3gepiHii - napameTpriepi
e nacTaylbl 3aTTapablH Tapany cunatbliHa anTap-
nblKTam acep eTeTiHi aHblkTanabl. Kasipri 3amaHfbl
aTMocdepanblk Aucnepcus MoaenbaepiHae LbiFa-
pbiHAbBITAP Ke3iHiH, OWiKTiri, AnameTpi, LWbIFy Xbir-
Jamablfbl MeH TemnepaTtypachl, COHAamn-akK Kop-
LWafaH opTaHblH METEOPONOorusnblK napameTpnepi
€eCenTiK KOHUEeHTpauusnapabl aHblKTanTblH Heriari
OacTankbl OepekTepdiH KatapbliHa »atagbl [10].
Anay KoHAbIpfbinapbl MeH TYTiH MypXanapbiH
Koca anfaHga, Ouvik yMbIMOAcCTbIpbIIFaH Kesaep
nactaywsbl 3atTapgblH atMocdepaHblH  XOFapfbl
KkabaTTapblHa keTepinyiH kamMTamacbl3 eTin, Kes-
Oep MaHblHAarbl KOHLEHTpauusinapabliH, TeMeHae-
yiHe biknan etefi. An ybiMAacTbIpbllIMaraH XaHe
TOMEH Ke3gep aTmocdepaHblH XepycTi kabaTbiHa
XXeHe eHAipicTik obbekTinepaiH XymbIC aiMakTapbl-
Ha HefFypnbIM KyLwTi 8cep eTeai. XKyprisinreH Tangay
Tapanyabl Moaenbaey KesiHae eH Xofapbl aHbIKTan-
MaFaHAObIKTbl 48N yAbIMAAacTbIpbiIMaraH ke3aep kKa-
nbiNTacTblpaTbiHbIH KOPCETTi, OATKEHI onapablH, na-
paMeTprepi XXofapbl ©3reprilTikneH xaHe bacTankbl
OepeKTepAiH WekKTeyniniriMeH cunarranagpl.

Jlactaywsbl 3atTapgblH, Tapany ecenTeynepiH
Bepucpukaumanay OPA 6Gargapnamanblk KeleHiH
nanganaHy apkbinbl MaTeMaTukanblk Moaenbaey
HoTwxenepiH Ne1 xeHe No2 KacinopbiHaapabiH
pyKcaT eTineTiH LblfapbiHAbINap HOPMaTUBTEPI KO-
6anapbl KypamblHAa 83iprneHreH Tapany kaprana-
pbIMEH CarnbICTbIPY XONbIMEH OpblHAAMNAbI.

CanbicTblpMansl Tangay nacrayllbl 3aTTap-
OblH KEHICTIKTe TapanyblHbIH Heri3ri cunattamana-
pbl GoWbIHLIA XKYPri3ingi, OHbIH iWiHAe Makcumar-
Obl KOHLEHTpauusnap arlMakTapbiHblH OpHanacybl,
M30CbI3bIKTapAdblH, MiliHi, 1 LWeKTi pyKkcaT eTinreH
KOHLIEHTpauma [OeHreniHeH acaTblH aMakTapAblH
Lekapanapbl, Tapany epicTepiHiH Xannbl KOHdU-
rypauusicbl, coHan-aK ecenteynepaiH MeTeopono-
TMAnbIK KafgawnapdblH e3repyiHe cesimTangpbifbl
kapacTtblpbingpl (1,2-cypetTep).

Ne1 xsHe Ne2 KacinopbiHaapbl 6oMbIHLWA
XKYPrisinreH Tangay HaTWXenepi ecenTik XaHe Xo-
Ganblk KOHLEHTpaumMs epicTepiHiH »xannbl anfaHga
KaHaFaTTaHapnblk CONKECTIriH kepceTTi. Eneyni xyn-
enik arbipMaLUbINbIKTap aHblKTarnfaH Xok; 6ankanfaH
XKeprinikTi aybITKynap HyKTenik cunaTtka e xsHe nac-
Taylbl 3aTTapAblH KEHICTiKTe TapanyblHbIH Xannbl
KepiHiciHe awTaprbikTan acep etnemgi (cyper 3,
Kecte 2). ATanfaH aunbipMallbIfblKTap HeridiHeH
Moaenbaey kesiHae naviaanaHbiniFad b6actanksl Me-
Teoponorusanblk AepekTepaiH BapuauusnapbiMeH,
coHAaw-ak kacinopbiHaap 6orbiHWa 6acTankbl akna-
paTTbl ©3ekTeHAipy OapbiCbiHAA LblFapblHAbINAP
Ke3fepiHiH cunatTamanapbl MeH XXyMbIC pexumae-
piH HaKkTbiNnayMeH TyciHaipinea,.

CypeT 1. Ne1 kacinopbiH 60MbIHLIA NacTayWbl
3aTTapAblH Tapany KapTanapbl XaHe
KOHLeHTpauusnap U3ochbi3blKTapbl
Figure 1. Air Pollutant Dispersion Maps and
Concentration Isolines for Enterprise No. 1

CyperT 2. Ne2 kacinopbiH 60MbIHLIA NacTayLWbl
3aTTapAblH Tapany KapTanapbl XaHe
KOHLieHTpauusnap U3ochbi3blKTapbl
Figure 2. Air Pollutant Dispersion Maps
and Concentration Isolines for Enterprise No. 2
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CyperT 3. JlacTtaywbl 3aTTapablH Tapany kapranapbl xaHe Ne1 xaHe Ne2 kacinopbiHaap 6oMbiHLWa
KOHLIEHTpauusanap n3ocbI3biKTapbl
Figure 3. Air Pollutant Dispersion Maps and Concentration Isolines for Enterprise No. 1 and No. 2

KecTe 2. N22 xxaHe Ne3 eHepkacinTik anaHAapaarbl nacrayllbl 3aTTapAblH KOHLEHTpauusnapbiH
canbicTbipMmanbi Tangay
Table 2. Comparative Analysis of Pollutant Concentrations Based on Dispersion Modeling Results
for Industrial Sites No. 2 and No. 3

Ne2 Ne3
©oHepkacin- | eHepkacinTik
KayinTinik | Tik anaH Cm anaH Cm
713 koa! N3 araye knaccbl | (WWPK yneci) | (LUPK yneci) CanbicTbipManbi cunatrama | KonorusnbiKk MaHbI3AbINbIFbI
Pollutant Name 5 . K et N e
Hazard Industrial Industrial Comparative Characteristics Environmental Significance
Code of Pollutant n n
Class Site No. 2 Site No. 3
Cm (fractions | Cm (fractions
of MPC) of MPC)
A30T avokeuai Ne3 eHepkacinTik anaHaa Scep ety anmaKTapbii
(NO,) aviTapnIkTaii JkoFapbl KanbINTacTbIpaTbiH Heriari
0301 2 L 2 8352 >10000 S y . nacraylubl 3aT
Nitrogen dioxide Significantly higher at Industrial
X Key pollutant, forms the
(NO2) Site No. 3 ; .
maximum impact zones
AsoT okeug, (NO) Ne3 eHepkacinTik anaHaa xofapbl QOTOXMMM.MHK fpouectepre
0304 . . 3 679 916 . X N acep eteqi
Nitric oxide (NO) Higher at Industrial Site No. 3 .
Affects photochemical processes
. . . KbILLKbIN XayblH-LUaLLIbIH MeH
KykipT avokcunpi Ne3 eHepkacinTik anaHaa opTawa
; = ThIHBIC @y XomngapblHbIK
(SO2) leciM Garikanagbl . . A
0330 - 3 523 701 . . TiTipKeHyiHe biknan eTeai
Sulfur dioxide Moderate increase at Industrial - . "~
R Contributes to acid deposition
(SO2) Site No. 3 " N
and respiratory tract irritation
KykipTcyTek YKofapbl ybITTbINbIK, XKYMbIC
0333 (H.S) 5 637 545 No2 eHepkacinTik ananaa Xofapbl |aiiMakTapbl YLLUiH aca MaHpI3ab!
Hydrogen sulfide Higher at Industrial Site No. 2 High toxicity, critical for working
(H.S) areas
Ne3 eHepkacinTik anarHaa egayip  |OTbIHHbIH TONbIK XaH6aybIHbIH
Kyne (C) KOFapbl MHOVKaTOPbI
0328 Soot (C) 3 21 3040 Significantly higher at Industrial Indicator of incomplete fuel
Site No. 3 combustion
KaHueporeHgik acep, ekiHLi
1325 dopmanbaerng, 2 521 719 Ne3 eHepkacinTik anaHaa xofapbl |peTTik Tysiny
Formaldehyde Higher at Industrial Site No. 3 Carcinogenic effect, secondary
formation

- DOI: 10.54859/kjogi109017
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PKoFapbl YLIKBILTBIK,
KC C,—Cs - (hOTOXMMUANBIK NpoLiecTEpre
0415 Hydrocarbons - 236 19 :?Zh:z’:'iigﬂ;;:lnsaifil:(ogapbl blKnan etegi
C1—Cs 9 : High volatility, contributes to
photochemical processes
KC Cs—C1o _— OpraHukanblk nactaHyapl
0416 Hydrocarbons - 119 62 N.QZ OHEPKSCINTIK anaaa *orapel KanbinTacTbipagb!
Higher at Industrial Site No. 2 " .
Ce—Cio Forms organic pollution
. KaHueporeH, 6acbim 6akbinayab!
0602 Benson P % 81 CanbICTbipMarnb! kepceTkiluTep ranan oreqi
Benzene Comparable values . -
Carcinogen, priority for control
¥3aK Meps3imai acep kesiHae
0616 Kevnonpap 3 128 40 Ne2 eHepkacinTik anaHaa xofapbl [ybITTbl 8cep eTesi
Xylenes Higher at Industrial Site No. 2 Toxic effects under chronic
lexposure
0703 BeHs(a)nmpeH 1 779 1046 Ne3 eHepkacinTik anaHaa xofapbl |EH kayinTi kaHUeporeHaepaiH Gipi
Benzo[a]pyrene Higher at Industrial Site No. 3 The most hazardous carcinogen
1052 MetaHon 3 126 83 Ne2 eHepkacinTik anaHaa xofapbl YbITTbINbIK
Methanol Higher at Industrial Site No. 2 Toxicity upon inhalation
Ankanpap Ne3 eHepkacinTik anaHaa xofapbl Y32k mepsimAi nacTayae!
2754 C12—Cio 4 651 883 H; her aF: Industrial Si:fNo 3 p KanbinTacTbipagbl
Alkanes C;,—Ciq 9 : Contributes to long-term pollution
Kankbimans!
2902 Genwekrep 3 9 25 Ne3 eHepkacinTik anaHaa xofapbl [TbiHbIC any XyineciHe acep
Suspended Higher at Industrial Site No. 3 Impact on the respiratory system
particulate matter

KopbITbIHAbI

JKyprisinreH Tangay nacTtaywbl 3aTTapgblH
TapanyblH MoaenbAey MyHan-ra3 eHipy Kacino-
pbiHAApbIHLIH aTtMocdepanblk ayafa acepiH caH-
OblK TypFbldaH GafranaynblH eH TUiMAI Kypangapbl-
HblH Gipi 6onbin TabbiNaTbiHbIH KepceTTi. ATanfaH
TOCIN XepyCTi KOHLEHTpauMsanapbiHbiH Kanbintacy
NpoLUECTEpPiH enKen-TeNKEWni cunatrayFa XeHe
nactaHyAblH KeHICTiKkTe TapanyblHblH, Heri3ri 3aH-
ObINbIKTapbiH aHbIKTayFa MyMKiHAK 6epeai. Jlactany
OeHreriiHe yMbIMOACTbIPbINFAH XoHe YMbIMAacTbl-
pbifiMaFaH LWbiFapbiHAbINap ke3aepi, Konancbia mMe-
TEOpONoOrusAneIK Xafgannap, coHgan-aK eHAipicTik
anaHgapablH TEXHONMOMUAINbIK KYPbINbICbIHbIH XKOFa-
pbl ThIFbI3AbIFbI LLELLYLII 8Cep eTeTiHi aHbIKTanabl.

Pykcar eTineTiH WeiFapbiHAbINap HopMaTUBTEPI
xobanapbl ascblHA@ OpblHAANFaH ecenTteynep Heo-
TxenepiH OPA BK-geri mogenbaey HoTvxenepimeH
canbICTbIpy anblHFaH AepeKTepaiH, KaHaraTTaHapnbIK

KOCbIMLLUA AKMAPAT

KapxbinaHgbipy kesi. ABTopnap ocbl 3epTTeyai
XYprisy GapbiCblHAa CbIPTKbl KapXblnaHOblpy Kes-
nepi 6onmaraHbliH Manimaenai.

Myanenep KakTbiFbiCbl. ABTOprap Ocbl 3epTTeyai
XYPpridyre >xoHe MakanaHbl Xapwusnayra 6annaHbl-
CTbl HAKTbl HEMECe bIKTUMan Myaaenep KakTblfbICbl-
HbIH, KOK eKeHiH Manimaenai.

ABTopnapabiH, yneci. baprnbik aBTopnap 3eptrey
TYXbIpbIMAAMacbIH 83ipneyre, Aepektepai Tanga-
yFa, KormkasbaHbl favibiHaayFa XeHe pefakuusinayra
eneyni ynec KocTbl, >xapusinaHap angbiHaa makana-
HblH COHfbl HYCKAaCbIMEH TaHbICbIM, OHbl Makyrnaa-
Obl. ABTOpnapablH Herisri yneci kenecigen Geniuai:

CoWKecTiriH kepceTTi. Byn KonaaHbinFaH ecentey agi-
cTeMenepiHiH AypbICTbIFbIH XX8HE onapablH MyHal-ra3
eHAipy OObeKTinepi xafaanblHAa XETKINKTI AeHren-
0e KonpaHyra xapamabl ekeHiH ganengengi. Hatu-
Xenep apacblHAarbl 6onmalubl arbipMallbinbiKTap
GacTtankbl MeTeoporiorvanblK napameTpnepgiH e3-
repriwTiriMeH xaHe GacTankbl gepeKTepai e3eKTeH-
Lipy KesiHAe WbiFapbiHAbINAp Ke3A4epiHiH cunattama-
napblH HaKTbINaymMeH TyciHAipinea,.

AnblHFaH HaTWXenep nacTaylwbl 3aTTapablH
TapanyblH MaTtemaTukanblk mMogenbaeyai SKonoru-
SANbIK HOpMaray xaHe TaburaTTbl KOpFay Kbl3METiH
backapy MiHOeTTepiHOe KonaaHyablH MpakTUKarnblk
MaHbI3abINbIFbIH - pacTangpl. 3epTTey HaTuxXenepi
AKOMOTMANbIK  KYKTEMEHI TOMEeHAETy KeHiHAeri
ic-wapanapabl a3ipney, caHuTapusnblk-kopFay awn-
MakTapblH Heri3fey XaHe MyHaii-ra3 kelleHi oobek-
Tinepingeri akonornanbIK ecenteynepaid ceHimaini-
riH apTTbIpy Ke3iHae nanaanaHbinybl MyMKiH.
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OerMHaanoe unccnegosaHue

MapannenbHoe BblYUCeHne BeTPOBbLIX MOPCKUX Te4yeHun Ha GPU
AnA 3aaad NPporHo3npoBaHUsA He(pTAHbIX pa3nMBOB

A.A. Kypankyno'?, T.E. Amanxono'?, A. Anuynebl', A.H. CentoB'?, B.K. Acunbekos?,
A.B. Kynbaxabeko*, C.M. LLlabunos’, [1.6. Baumb6eToB®, C. Cbipnbl6eKKbI3bI®,

A.X. Kantaes'

'KasHUTY um. K.N. Camnaesa, 2. Anmamsi, KasaxcmaH

2KasHY um. anb-®apabu, 2. Anmamsl, KazaxcmaH

SMHcmumym uoHocgbepsi, 2. Anmamel, Kazaxcmat

“YHueepcumem um. XK.A. TaweHesa, 2. LLIbimkeHm, KazaxcmaH

SKacnutickul yHugsepcumem mexHosoauli U UHXUHUpUHaa um. LLl. EceHoea, 2. Akmay, KazaxcmaH

AHHOTALMUA

O6ocHoBaHMue. KasaxcTaH sBnseTcs ogHMM U3 KpynHenwmnx npounssogutenern Hedtn B LieHTpanbHowm
A3un, 1 3HauMTeEnbHasA YacTb HedpTerasoBbIX NPOEKTOB CBA3aHa ¢ Kacnuickum permoHom (B NepByto
ouyepenb, 310 Ceepo-Kacnuiickuin npoekT Ha KawwaraHe, TeHrM3ckoe MecTopoXxaeHre U noptosasi MH-
dpacTpykTypa AkTay). Paznuebl HedTv B MOPCKOI akBaTopun NpeacTaBnsaioT CEPbE3HYI0 Yrpo3y 3KOMO-
rmn, noatomy Tpebyetca paspaboTka aHEKTUBHBIX UHCTPYMEHTOB MPOrHO3MPOBAaHUS X pacnpocTpa-
HeHus.

Lenb. Pagpaboratb 1 npoTecTupoBaTh napannenbHble anropuTMbl MOLENMPOBaHNA BETPOBbLIX MOPC-
KNX TedeHun Ha rpadmyecknx npoueccopax (GPU, aHen. Graphics Processing Unit) ans 3agay nporHo-
3UpOBaHUst HE(PTAHBLIX Pa3N1BOB.

Martepumanbl 1 MeToAbl. Vcnonb3oBaHbl TPEXMEPHbIE rMAPOAMHaMUYECKe MOLEeNV C NapaMeTpm3aum-
en TypOyneHTHOM BSI3KOCTU. YnCneHHble CXeMbl peanu3oBaHbl B BHOM U HesBHOW dopme, pacnaparn-
neneHbl N0 KoopAMHaTam u ¢ npuMmeHeHnem 6udnuotekn OpenCL (aHen. Open Computing Language —
OTKPbITbINA A3bIK BblYMCNeHW). Pacyétbl BbinonHeHbl Ha CPU (aHen. Central Processing Unit) n GPU
0N paBHOMEPHbIX 1 HEPaBHOMEPHbIX CETOK.

PesynbraTthl. MNokasaHo, 4To Mcnonb3oBaHue GPU obecnevmBaeT 3HauMTENbHOE YCKOPEHUE BblYMCTEe-
HWIA: o 23 pa3 Ha paBHOMepHOW ceTke 1 Ao 13 pa3 Ha HepaBHOMEpPHOW ceTke. TOYHOCTb pacHETOB Ha
HepaBHOMepHoOW ceTke ¢ 40 y3namu conoctaBuma c pesynsrtataMmy Ha paBHomepHown ceTke ¢ 500 y3na-
MU.

3akntoyeHue. MapannensHble anroputmbl Ha GPU no3sonsioT CyLwecTBeHHO COKpaTUTb Bpemsi Mode-
NMpoBaHMS BETPOBbLIX TEYEHUIN, COXPaHSIA BbICOKYID TOYHOCTb pacyéToB. OTO AenaeT MX NepcnekTuBs-
HbIM MHCTPYMEHTOM AN MPOrHO3MpOBaHWS pacnpocTpaHeHUs HedTsHbIX pasnueBoB B Kacnuickom
Mope.

Knroveesie cnoea: GPU, OpenCL, napannenbHble 8bI4UC/IEHUS, M0/1€ CKOpocmel eempa, MOPCKuUe
meJyeHusl.

Kak umtupoBaTthb:

Kyoatikynos A.A., AmaHxonoe T.E., Anuynbi A., u Op. lNMapannenbHoe BblYNCMEHWNE BETPOBBLIX MOPCKMX
TeyeHut Ha GPU pgns 3agay nporHosupoBaHust HedpTsaHbIX pasnueoB // BecTHuk HedpTerasoson otpacnu
KasaxcTtaHa. 2026. Tom 8, Ne3. C. 141-152. DOI: 10.54859/kjogi109025.
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GPU-Based Parallel Simulation of Wind-Driven Sea Currents
for Oil Spill Forecasting

Aziz A. Kudaikulov'?, Tannur Ye. Amanzholov'?, Abdurashid Aliuly', Abzal N.
Seitov'?, Bakytzhan K. Assilbekov?, Alibek B. Kuldzhabekov*, Spartak M. Shabilov’,
Dinmukhambet B. Baimbetov®,Samal Syrlybekkyzy®, Aidarkhan Zh. Kaltayev*
'Satbayev University, Alimaty, Kazakhstan

2Al-Farabi Kazakh National University, Alimaty, Kazakhstan

3lonosphere Institute, Almaty, Kazakhstan

“Tashenev University, Shymkent, Kazakhstan

°Yessenov University, Aktau, Kazakhstan

ABSTRACT

Background: Kazakhstan is one of the largest oil producers in Central Asia, with a significant share
of oil and gas projects associated with the Caspian region (primarily, these include the North Caspian
Project at Kashagan, the Tengiz oil field, and the port infrastructure of Aktau). QOil spills in marine waters
pose a serious ecological threat to the environment, making it essential to develop effective tools
for forecasting their spread.

Aim: To develop and test parallel algorithms for the simulation of wind-driven sea currents on graphics
processing units (GPUs) for oil spill forecasting.

Materials and Methods: Three-dimensional hydrodynamic models with parameterized turbulent
viscosity were were used. Numerical schemes were implemented in explicit and implicit forms,
parallelized along x and y coordinates using the OpenCL library. Computations were performed on the
CPU and GPU for both uniform and non-uniform grids.

Results: GPU-based computations demonstrated significant acceleration: up to 23 times faster
on uniform grids and up to 13 times faster on non-uniform grids. The accuracy computations
on a non-uniform grid with 40 nodes was comparable to that of computations on a uniform grid with 500
nodes.

Conclusion: Parallel GPU algorithms substantially reduce computation time while maintaining high
accuracy in modeling wind-driven currents. This makes them a promising tool for forecasting oil spill
dispersion in the Caspian Sea.

Keywords: GPU; OpenCL; parallel computing; wind velocity field; sea currents.
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TynHycka 3epTTey

MyHawn TeriHainepiH 6omkay MiHAeTTepiHe apHarnfaH Xesn acepiHeH
TYbIHAANTbIH TeHi3 arbicTapblH GPU kemerimeH napannenb
ecenTtey

A.A. Kypankynos'?, T.E. AmanxonoB'?, A. 9nuynsbl', A.H. CentoB"?, B.K. Acbin6ekon?,
9.b. Kymkabekos*, C.M. lWa6bunog', [1.5. banbimbeToB®, C. ChipnblbeKKbI3bI®,

A.K. Kantaes®
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AHOATNA

Herizpey. KasakctaH Optanbik Asuagafbl ipi MyHanm engipywinepaid ©6ipi 6onbin  Tabbinagbl
XXoHe MyHal-rasz »obanapblHblH efayip Oeniri Kacnuii eHipimeH GainnaHbicTbl (DipiHWIi Ke3ekTe,
6yn KawaraHgarel ConTycTik Kacnum xobacekl, TeHi3 keH OpHbl XaHe AKTay MopT MHMpaKypbInbIMbl).
TeHi3 akBaTOpUsICbIHAAFEI MyHaW TeriHAinepi aKonorusira opacaH 30p Kayin TeHgipeni, COHAbIKTaH
onapablH TapanybiH 6omkayablH TUiMai KypanaapblH a3ipney Tanan eTineai.

Makcatbl. MyHan TeriHginepiH 6Gormkay MiHOETTepiHe apHamnfaH Xen acepiHeH TyblHOAWTbIH TEHi3
afbICTapblH MOAenbAeyAiH napannens anroputMaepiH rpadukansik npoueccopnapga (GPU, afbin.
Graphics Processing Unit) asipney xeHe TecTiney.

Martepunanpap meH apictep. TypOyneHTTi TyTKbIpMbIKTbl NapamMeTprnenTiH yw enwemai ruapo-
AvHaMukanbelk mMogenbaep kKonpaHbinagbl. CaHablk cxemManap avkblH X8He >acblpblH Typae >ysere
acbipbinbin, OpenCL (afbin. Open Computing Language — awblk ecenteynep Tini) KiTanxaHacbiH
KONMAaHy apKbifbl X X8He y koopauHaTTapbl OoMbiHWa napannenbaeHgipingi. Ecenteynep Gipkenki
xaHe bipkenki emec Topnap ywiH CPU (English Central Processing Unit) )xaHe GPU-ga opbiHaanaabl.
HaTtuxenepi. GPU navpanaHy ecenteynepgin aiTapnbikTan yaeyiH kamTtamachl3 eTeTiHi KopCeTinreH:
Oipkenki Topaa 23 ecere aeniH xoHe bipkenki emec Topaa 13 ecere geniH. 40 TywiHi 6ap Gipkenki emec
Topaarbl ecenteynepgin ganairi 500 TyniHi 6ap Gipkenki Topaarsl HOTUXENEPMEH canblCTbipbinagbl.
KopbiTbiHAbl. GPU-gafbl napannens anroputMaep ecenteynepaid ofapbl AaN4iriH cakTan oTbIpbi,
Xen afblHOapblH MoAenbaey YakbiTblH edsyip KbickapTyFa MymkiHaik G6epegi. OcbifaH GannaHbICTbl
onap Kacnwuii TeHisingeri MyHain TeriHfinepiHii TapanyblH 6omkayablH nepcrnekTuBansl Kypanbl 6onbin
Tabbinaapl.

Hezizzi cesdep: GPU, OpenCL, napannens ecenmeynep, Xesn Xbli0amMObIKmapblHbIH epici, meHi3
arbicmapebl.
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BBeneHune

Kacnuincknin permoH siBNeTCA 30HOW aKTMB-
HOM p[oObluM yrMeBoAOPOAOB, e OnepaTUBHbLIN
MOHMUTOPUHI TEYEHWNIA UMEET KPUTUYECKOE 3HAYEHME
ons  akonornyeckon 6GesonacHoctu. K Haubonee
BaXXHbIM MOPCKUM MECTOPOXAEHUAM oTHocsATcs Ka-
waraH, KanpaH n AktoTbl, Bxogdawme B Ceepo-Ka-
cnuinckuin NpoekT. PasBegka, gobblya 1 TpaHcnop-
TUpOBKA HedpTM B MOPCKOM akBaTOpuu HeU3BEeXHO
COMPOBOXOAKTCA PUCKOM aBapUiHbIX BbIGPOCOB
N 3arpsisHeHust mopckon cpeabl [1, 2]. Mo aton
npuumMHe TpebyloTCs MHCTPYMEHTHI, MO3BOMSHOLLME
3apaHee NpOrHO3WpoBaTb HanpaBreHue pacnpo-
CTpaHeHnst HedTn, CKOpPOCTb €€ MnepeMeLleHus,
nnoLwlaab 3arpsa3HeHust U NoTeHumanbHoe BO3aen-
CTBME Ha BePEroByH NMMHNUIO 1 MOPCKYH 3KOCUCTEMY.
Ecnn cnyTHukoBoe 3oHAMpoOBaHMe obecneynBaeT
hukcaumo nmetoLerocst HeTAHOrO NATHA, TO YNC-
FNIeHHOe MOoAEenMpoBaHue BbICTYMaeT ero Heobxo-
OUMbIM NMPOTrHOCTMYECKUM AOMOMHEHMEM, MO3BONS-
IOLWMM HENpepbIiBHO pacCyYnUTbiBaTb AanbHENULINi
nepeHoc u TpaHchopMauuo pasnuea.

OpHVMM U3 KIYeBbIX 3TanoB MOAENMPOBaHUS
pacnpocTpaHeHnst pasnuTo HedTM MO MNOBEPX-
HOCTU MOpS1 SBMSIETCA PaCYET MOPCKUX TEeYEHUN,
BbI3BaHHbIX BETPOBbIM BO3aencTBuem. [na pelue-
HWUS 3TOW 3agaun Obinu paspaboTaHbl pasnnyHbIe
MOZENN, pasnuyaroLLMecs Mo YPOBHK CHOXHOCTWU.
B pabotax [3-5] 6bina npegnoxeHa ruapoavHa-
Muyeckas Moaenb OOHOPOAHOW XUOKOCTU C Ynpo-
LLeHHbIM NpeacTaBneHneM TypOyneHTHOCTU, OCHO-
BaHHbIM Ha MOCTOSIHHOW TypOyneHTHOW BSA3KOCTW.
Moaxe B uccrnepoBaHusix [6—8] atoT noaxop Obin
paclmpeH 3a CYET BKNIOYEHUss adpeKToB cTpaTu-
vkaumMm NOTHOCTM M TeMnepaTypbl, a Takke aa-
BEKUMU, YTO caernano Mogernb HEnUHENHOW, ogHa-
KO npouedypa pelleHuss ocTanacb Mo CyLlecTBy
TOW e, 4yTo 1 B paborte [3].

B pa6otax [9, 10] AeTanbHO paccmaTpuBanoch
B3aMMOAENCTBME MOPCKOro fba W aTMocgepbl
C MOPEM C LENbI0 UCCNeAOoBaHUsI CE30HHON LIMPKY-
NSiUUM M U3MEHYMBOCTU BOAHbIX Macc Kacnuickoro
MOpsi oA BO3OEWCTBMEM PearmMCTUYHbIX MOTOKOB
Maccol, umnyrnbca u Tenna. B atux mogensix peyHon
CTOK, OCaAKu1, pagnaLmOHHbIV NOTOK 1 BETPOBOE Ha-
npskKeHne 3agaBanucb C Y4ETOM CE30HHOW U3MEH-
UMBOCTM Ha OCHOBE [AOCTYMHbIX HAOOPOB AaHHbIX.
Kpome Toro, MHTEHCMBHOCTb MCNapeHusi, MOTOK SIB-
HOrO U CKPbITOrO Tenna Ha NoBEPXHOCTU MOps pac-
CUYNTBIBANMCb B X04e MOAENUPOBaHNsS C UCMONb30-
BaHMeM nogmoaeny atMocepHOro norpaHUYHOro
Crnosi Ha OCHOBE aTMOCEPHbIX AaHHbIX peaHanunsa
ECMWF ERA-15" n paccuntaHHo Moaenu Temne-
paTypbl MOBEPXHOCTU MOPSI.

Bo Bcex BbileynoMsHyTbIX paboTtax ucnornb-
30BannChb YNpOLLEHHbIE MoAenu TypbyneHTHoCTH,
B KOTOpbIX TypOyneHTHas BA3KOCTb 3ajasanacb
napameTpuyeckn. Bmecte ¢ Tem cyllecTBytoT uC-
crnepoBaHusl, B KOTOPbIX MpumeHsitotcst 6onee co-

BepLUeHHble Mofenu TypOyneHTHocTWU. Hanpumep,
B pabortax [11-13] ucnonb3oBanacb mMogenb pewn-
HOMbACOBbLIX HanpsbkeHwn, Tpebylowas pelueHns
3HauMTenbHO Gonbliero 4ucna ypaBHeHun. Opf-
HaKo, MOCKOfMbKY 3aBUCUMOCTW ANS OnpeaeneHusi
TypOyneHTHOM BSA3KOCTM XOPOLUO anpobupoBaHb
ONs LWMPOKOro AvanasoHa YCroBWIW, Ha NpakTuke
3a4acTyl0 UenecoobpasHee NPUMEHATbL MPOCTble
mopgenu TypbyneHTHoWM BA3KOCTH, a He Bonee cnox-
Hble MoAXoAbl, TakMe Kak Modenu perHONbACOBbIX
HanpsHKeHWN.

Kpome Toro, Bce BbllLeyNOMSHYTblE MOAENu
ABNSAOTCA TPEXMEPHBIMU Y NO3TOMY TPEBYIOT 3HaYUM-
TeMbHbIX BbIYUCNIUTENBHBLIX 3aTpaT U pecypcos [14,
15]. Hanpumep, B pabote [15] pacyéTbl BbINOSHS-
nucb Ha cetke pasmepom 426 x 238 x 100 ysnos,
4yTo cooTBeTcTBYET Gonee Yyem 10 MIH pacyYETHbIX
Toyek. Kak mpaBuno, Takue 3agaqn peluarTcs Ha
BbIUMCINTENbBHBIX KnacTepax ¢ 6onbwuM 4nMcrom
NpOoLIeCCOPOB M UCMOMb30BaHNEM napannenbHbIX
anropuTmoB. B HacTosilem uccnegosaHuu npep-
CTaBneHbl NapannenbHble anropuTMbl peLleHns Bbl-
LLIeYNnoMSIHYTBIX Mofenen Ha rpacduyecknx npouec-
copax c npumeHeHuem 6ubnmotekm OpenCL [16].
Pesynstatbl BbIMMCRIEHUI MOKa3bIBAKOT, YTO MO-
XeT ObiTb AOCTUMHYTO 3HAYUTENbHOE YCKOpPeHue,
MOCKONbKY [daHHble MOAENW XOPOLLO MNOAXOAAT
Ons pacnapannenvBaHus.

HayyHasi HOBM3Ha W npakTMyeckas 3Hauu-
MoCTb paboTbl 3aknioyatoTcs B paspabotke na-
pannenbHoro  OpenCL-anroputma  TpExmMepHOn
rTMApoAuHaMUKM  Ans  rpaduyeckux npoLeccopoB
(GPU) Ha BepTukanbHO-HepaBHOMEPHON o-CeTKe
(N,=40). B otnnume oT GomMbLUMHCTBA CyLLECTBY-
OWNX rMapoguHaMmmnyecknx komnnekcos [14-15],
OPVEHTUPOBAHHBLIX Ha WCMNOMb30BaHNE [OPOrocTo-
AWMX U TPYAHOAOCTYMHBIX CynepKOMIbIOTEPHbIX
knactepoB (Message Passing Interface / Open
Multi-Processing), npeanoXeHHbI NoAxo4 no3Bons-
€T BbINOMNHATL onepaTtusHble 3D-pacyétbl AguHamu-
KM BOA Ha OTHOCUTEMbHO HEAOPOroM W AOCTYMHOM
obopynoBaHuM (BKNoYasi nepcoHanbHble paboyne
ctaHuum ¢ GPU).

Llenb HacTosiwen paboTel — pa3pabortaTts 1 pe-
anu3osaTtb napannenbHble anropuTMbl AN TPEX-
MEPHOrO  MOAENMPOBaHNA  BETPOBbIX  MOPCKMX
TeYeHUn Ha rpadnyeckmx npoLeccopax ¢ UCMOnb30-
BaHnem OpenCL, obecneuvBatoLime CyLLeCcTBEHHOE
COKpaLLeHne BPeMeHV PacyéToB NpU COXpaHeHUn
npuemnemMon TOYHOCTWM AnA 3adad onepaTvBHOIO
NPOrHO3MPOBaHNA HEPTAHBIX PA3NNBOB.

MaTtepuansi n metoabl
CornacHo pa6orte [3], nnHelHble TPEXMEpPHbIE
ypaBHEHWs1 rMapoaAvHaMUKN B eKapTOBOW cucTemMe
KOOPAUWHAT 3anu1cbiBaloTCs B CrieayoweM Buae:
¢ o) a(hv)
ot ox ay

(1)

" ECMWF ERA-15 — 3T0 nepBblii NPOeKT rnoGanbHoro peaHanusa atMmocdepbl, KoTopbli BeinonHun ECMWF (aHer.
European Centre for Medium-Range Weather Forecasts — EBponeinckuini LeHTp CpeaHeCcpOYHbIX NMPOrHO30B MoroAbl) Ans
cbopa 1 YTOYHEHUS UICTOPUYECKMX METEOAAHHbIX 3a Nepuop ¢ Aekabpsi 1978 r. no deBpanb 1994 1.
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ow 9 T 1

e /795 p—h"'p—h (2)
v _ i 1y Ty

5= fu ga p_h+ﬁ (3)

rae t — Bpemsi, cek; x, y, z 06pa3yloT NeBOCTOPOH-
HIOIO JeKapToBy CUCTEMY KOOpAWHAT, KoopauHaTa z
npeacraenseTr cobon rmybuHy Huxe HeBO3MYLLEH-
HOW NOBEPXHOCTU; h — rmybuHa Boabl, M; { — OTMETKa
cBobOAHOM NOBEPXHOCTU, METPSI; i, V 0603Ha4arT
YCpeOHEHHbIE MO TMyOMHE KOMMOHEHTbI CKOPOCTM
TEeYeHUs B HaMpaBneHUsX x U y, COOTBETCTBEHHO:
1 1

ﬁ:J-udo, ﬁ:fvda

[ [

(4)

rae — 6espasmepHas Benu4umHa (5):

oc=2z/h
OCHOBHbIE  MONOXEHWUS,
npeacrtaeneHbl Ha puc. 1:

®)

pPacCMOTPEHHbIE  BbILLE,

PucyHok 1. Cuctema koopguHat curma
Figure 1. Sigma coordinate system

B pononHeHue k NpuBeAeHHbIM Bbille ypaBHe-
HUAM HWKe npeacTaBrieHbl YpaBHEHUS AN OTKMIO-
HEHWN u' N v', KOTOPblE UCMONb3YIOTCA AN nonyye-
HWS NOMHbLIX KOMMOHEHT CKOPOCTU U W V:

— ’

u=u+u, v=U+v (6)
ou' - 10 /( '\ ¢ 1
o TV a0\ Fas ) T on T on @)
' - 10 ( ov + wooT
ac - T a0 \Fas ) Y on " on 8)

rae © — Ko3UUMEHT BepTMKaNbHOM BUXPEBON
KMHEMAaTUYeCKON BHA3KOCTW, M?/C; g — YCKOpeHue
cBobogHoro nagenusi, m?/c; — napametp Kopuonu-
ca, ¢%; p — NNOTHOCTb, Kr/M3; 75 1 T3 — KOMMOHEHThI
BETpOoBON Harpysku, H/m? (9):

B2 =L
*=p\M5s), T TR\Fag),

AHanornyHo Ha MOPCKOM OHe o, T,}cl n T;,l obosHavatoT
KOMMOHEHTbI NPUAOHHOIO HaNpsXXeHua:

2o, -6
* =7 \Has) T TR\MEe),

B onucaHHOM [fanee Mogenyu KOMMOHEHTbI
BETPOBOrO HaMpPsXeHus Ty U T npefonpeaeneHs

)

(10)
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1 OblN1 UCNOMb30BaH JIMHEWHbIA 3aKOH JOHHOIO Ha-
NPSKEHUS:

™ = kpuy, = kpvy

(11

rae k — KoaMULMEHT TPEHNS OHa; u, U v, —
KOMTMOHEHTbI TeYEHUS Ha rny6uHe h.

BepxHue rpaHudHble  yCroBusi
Ha noBepxHocTn Mopsi ¢ = 0 (12):

e(uf’_u’) TS LA -
h\" 905/, * h\" 0o/ Y

rae KOMMOHEHTbl BETPOBOro HanpsaXeHuda T;
n T; 3a4alTCca 3apaHee.

3ajarTca

(12)

Ha mopckom gHe npu ¢ = 0 cooTBeTCTBYOLME
rpaHnyHble ycrnosus nmetot sua (13):

r= -2 0_11’) - no P9

= MGy ), Theunty =~ ks

Ha 6okoBbIX rpaHuLax 3apjatoTcst nepuoanye-
ckue rpaHuyHble ycnosus (14)—(16):

)1 =kpvi  (13)

20,y) =2(Ly),  2(x,0) = 20, W) (14)

a0,y) =a(L,y),  @(x0) = u(xW) (15)

v(0,y) = v(L,y), (16)

rae L W— gnvHa v WnpuHa pacyétHom obna-
CTW COOTBETCTBEHHO, OPUEHTMPOBAHHON BAOIMb MPO-
CTPaHCTBEHHbIX KOOpAMHAT X U y COOTBETCTBEHHO.

v(x,0) = v(x, W)

B BepTukansHOM HanpasneHun UCnonb3yeTcs
pasHecE&HHasi KOHEYHO-pa3HOCTHAs CeTKa: TOYKU U
pacnonaratTca B rpaHUYHbIX U BHYTPEHHUX Yy3nax
CTaHOapTHOW CETKX, TorAa Kak TOYKV u 1 v pasme-
LalTCs nocepeauHe Mexay COCeAHUMM TOYKaMu U.
Touku { pacnonoXeHbl HA BEPXHEN rpaHuLe pacyéT-
Homn obnacTu (pwuc. 2).

PucyHok 2. PasHecéHHas ceTka
Figure 2. Staggered grid
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B naHHOM pasgene npuBoauTCs KpaTkoe onui-
CaHMe KOHEYHO-PasHOCTHOWM CEeTKW, UCMOoMNb3yemoi
B MOAenu.

YpaBHeHus (1)—(3) AMckpeTU3npytoTcs cneayro-
wmm obpaszom (17)—(19):

LJ Th
u"“—u”+vaAt—gAt F —p—hAt+p—At 17)
S+l s an. A A a{il hA A
Vi j —vl]—fui_]- t—g tay _p_h t+p— t (18)

a(hu n+1 a(hv n+1
i At— At
== Bx 6y (19)
Monctaensis aHauenna &5 n 7%, onpe-

nensiemble BblpaxeHusmu (17)— (18), B YpaBHeEHMWE
(19), nonyyaem:

0%gly
dy? ] +

0%y
dx? +

n+1
ij

={l-"‘]-+ghAt2[ (20)

m+1

LWar no BpemeHu At=t, B ypasHeHum (20) onpe-
AensieTcs U3 ycrnosus yCTonunsocTm (21):

T,

g A's =min(Ax,Ay)

<3 (21)
Mpu rmybuHe mopsi h=100mM u ware ceTku
As=1000M, 13 ypaBHeHus (21) cneayert, 4to T, ~
1 MUH.
Moactaenss 3HaveHne /' onpepensiemoe
BblpaxeHnem (20), B ypaBHeHue (17), nonydaem
(22):

un+1 — u

by = R ALY + Ry

(22)

War no Bpemenn At=t, B ypaBHEHUU

(22) onpepensercs M3 yCNoBUS YCTOWYMBOCTU

npy f =1.2x107* ¢ (23):

T < ‘;—E ~ 1y (23)

YpaBHeHus (7)—(8) ouckpetuanpyrotca cnegy-
oM obpasom (24)—(25):

u'lh —u”,c+fv’i"}-k At+
At [#1] k+1(u iJ, 1 — u”Ln]+k1) _ l‘fj,k(u’znfkl - u’znj+kl 1 ] n
h? A gy, A Oy A 0y Aoy +A oy_q
At [#3]’,k+1(u,i1,1j,k+1 —u'li) _ e (W B = W ges) + (24)
h? A gy, Aopyq A0 Aoy +A oy_q
PRt Tty At
hy phy;
v =~ Ul At
At (W (VI — V'R _ A R ] +
h? A gy, A Opyq +A 0y Ao +A oy
At [M{}j,k+1(v,i7,lj,k+1 — V' k) Bk (V'8 — v’iT,Lj,k—l)] + (25)
h? A gy, A Oppq +A 0 Aoy +A 0y
LTS BT
hyj ph;

YpaBHeHus (24)—(25) npuBogaTca kK Tpéxana-
roHasibHOM CUCTEME IMHENHbIX anrebpanyeckmnx

ypaBHeHun (panee — CJIAY) cnepgyrowmm obpa-
30M (26)—(27):

M At [y Hijer1 K ot M At e
A Ogey +A 0 h2 A gy WK h? Ao \A oy +A 0, Aog +A 04 Wk TN o A 0 B2 A gy, Wijk-1= 26)
m n At e (e — W) ula Wl —w )] | Kl Tt
=U Ul At+ 5 - At— At
) g h? A oy A Opyq +A 0 Aoy +A oy hij ph;
oM A [ At Hijert ik gt _ At i
A g1 +A g h% Aoy Vijk+1 h2 A op \A Opyq +A 0, Aoy +A 0y Lk TN gy +A o h2 Ag PR
k+1 k k k+1 k k k-1 k k-1 (27)
L. e (Ve = V') (0l = Vi) | kol At TN ¢
Lk Ljk Ao, A Opr1 +4 0 Aoy +A 01, hyj phi

War no BpemeHn At=t; B ypaBHEHUAX (24)—
(25) onpepensieTcs ycnoBMeM ycCTOMYMBOCTU (23).
YucneHHble cxeMbl (16)—(18) npeactaBneHbl B siB-
HOM BuAe M MOryT OblTb nerko pacnapannene-
Hbl. B TO xe Bpemsa uucneHHble cxembl (24)—(25)
cchopmynmpoBaHbl B HESIBHOM BuAe M MOryT ObiTb
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peLleHbl C UCMOoMb3oBaHNEM anroputMa peLueHust
TpéxaunaroHanbHblx CITAY. Hecmotpsi Ha cylue-
CTBOBaHWE napannernbHbIX anropuTtMOB peLleHns
TpéxanaroHanbHblx CITAY, ux nporpammHas pea-
nM3aumsa 3a4acTylo COMpsKeHa CO 3HaYUTENbHBIMU
TPYyAHOCTAMU. BmecTe C TeM M3 YMCMIEHHBIX CXEM
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(24)—(25) cnepyert, 4TO BbIMMCEHUS MOTYT ObITb
nerko pacnapansieneHbl no HanpaeneHnsM x U y.
B HacToslleM nccrneaoBaHUn aHanuavpyeTcs Buv-
SIHME Yncna ToYeK AMCKpeTU3auum no koopauHate z
Ha BpeMs BbluMcneHui. Mpu atom cxembl (24)—(25)
pacnapannenvBalTcs MO HamnpaeneHUsM x U Y,
a BbIYNCMEHNS NO KOOPAMHATE Z BbIMOMHSATCS MNO-
crnepoBaTtensHo.

Ha pwuc. 3 npeacTtaeneHa 6rnok-cxema napar-
nenbHOro anropuMTma, oTpaxallas nocnegoa-
TENbHOCTb BbIYMCIMTENbBHBLIX 3TaMoB W pacnpege-
neHve 3agay Mexay ynpasnslowuM npoLeccopoMm
(CPU) u rpacouyeckmm yckoputenem (GPU). Bblunc-
nutenbHoe npoctpaHcTBo OpenCL opraHu3yetcs
B BMAe ABYMEpHOI rnmobanbHON CeTkn NOTOKOB pas-
mepoMm N, x N, rae Kaxablii paboumnin anemeHT (work-
item) ¢ uHgekcamum (i, j) HenpepbliBHO obpabaTbiBaeT
OTAENbHYI0 BEPTUKamNbHYK KONMOHKY BOAHbLIX CIOEB
no koopavHate z. BHyTpu kaxgoro notoka nocne-
[0BaTeNbHO BbIMOMHAIOTCA pacyéT agpecaumm B na-
msATM GPU, hopmupoBaHme koapdmumneHToB Tpex-
AvaroHanbHOM MaTpuubl ANs HESIBHBIX YpaBHEHWN
(24)—(25), a Takke npsiIMON 1 0OpaTHBIN X084 MeToAa
nporoHkn no rnybuHe. [laHHas opraHusaums Bbl-
YNCMEHUIA MOMHOCTBIO YCTPaHAET HeobxoaMMoCTb
MEXMNOTOKOBON CUMHXPOHU3aLUMM MO BepTUKANbHON
ocy 1 obecnevmnBaeT 3pdekTUBHYIO NPSAMYIO 3an1ch
OGHOBNEHHBLIX KOMMOHEHT CKOPOCTU u 1 v B rnobanb-
HYI0 NamsATb BUOEOKapThl.

CPU (Host)

1. MHnumnanusaums cetkn (Ny, Ny, Nz) 1 napameTpos

2. Boigenenue namatn GPU v nepeaaya HavanbHbIX AaHHbIX

I
v

3anyck OpenCL KepHena
[iBymepHoe rnobanbHoe npocTpaHcTeo (Global Work Size)
Global_X = Ny, Global_Y = Ny

v

Mony4eHune NHAEKcoB:
i = get_global_id(0),
j = get_global_id(1)

v

PeweHwne 3-guaroHansHoi CIAY no rnybuHe z
(ypaBHeHus (24)-(25) ans k =0 ... N-1)

v

3anncb nosy4eHHbIX U, v B rmobansHyto namate GPU

I
v

CPU (Host)

ﬂepexo,q K crneaywoowemy wary no BpemMeHu unn YTeHne AaHHbIX

GPU

PucyHok 3. Brnok-cxema naparnnenbHoro
anropuTtma pacuéta BeTpoBbIX TeueHun Ha GPU
C AeKoMMno3uuuen No KoopAanHaTam X 1 y
Figure 3. Flowchart of the parallel GPU algorithm
for wind-driven current simulation with
decomposition along the x and ycoordinates

MamepeHne BpemeHu paboTbl anroputMoB
NPOBOAMUIOCH C UCNOMNb30BaHWEM BbICOKOTOYHbIX CU1-

DOI: 10.54859/kjogi109025

cTeMHbIX TavimepoB (std::chrono::high_resolution_
clock). Ons ucknioveHus addeKkToB MHULManuM3a-
L 6ubnmotekn OpenCL, NepBUYHON KOMMAMNSALMM
KepHenoB W nepepad AaHHbIX («pasorpeB» GPU/
CPU) nepBblIi 3anyck Kaxaoro cLueHapusi He y4uTbl-
Bancs. Ons kaxgon KoHurypauuy BbINOSHSAMNOCH
no 5 He3aBMCUMbIX 3aMyCKOB, MOCIe Yero paccumTbl-
Banocb cCpefHee 3Ha4yeHWe BPEMEHW BbIMOIMHEHUS.
OTHOCHTenbHOE CTaHAapTHOEe OTKMOHeHue (pas-
©poc) pe3ynsTaToB 3aMepoB BO BCEX KCNEPUMEH-
Tax He npeBbiwano 1,5%, 4YTo roBOpPUT O BbICOKOM
BOCMPOV3BOAMMOCTM U3MEPEHUI.

McxogHbilt koa nocnegoBaTenbHOro U naparn-
NernbHOro anropMTMOB JOCTYyneH B pabote [17].

Pesynbrathbl
YucneHHble pacyé€Thl NPOBOAUNUCH
npu  criedylowyx  3HaYeHUsiX  MapaMeTpoB:

f=12x10"*c, g=981m/c? p=1025kr/m3,
k=0.002mct, u=04m2ct H=260Mm, L =260m,
W=260wm.

TeyeHns reHepupoBanucb BETPOBbLIM Hanpsi-
KEeHVeM, HanpaBneHHbIM nog YrnoMm 45° Kk ocsM x
Ny, NPV 3TOM 3Ha4YeHWS ero KOMMNOHEHTOB COCTaBNs-
nm 7§ = 1.5HM 2 u 75 = 1.5 HM % COOTBETCTBEHHO.

Ons oueHKkn TOYHOCTM pacyéta TeyeHuwn
Npu  pasfuyHbIX Llarax CeTKM MCrnofb3oBanuchb
[Ba BapuwaHTa pacnpefeneHusi pacyETHbIX Y3roB.
B nepBom cny4yae npumeHsinace paBHOMepHasi ceT-
Ka, cogepxawas N, =500 y3noB BOofb KOOpAUHATbI
z. Bo BTOpOM cnyyae ncnonb3oBanocb N, = 40 ys-
0B MO KOOPAMHATE C MOBbLILEHHBIM pa3peLleHem
B NMOBEPXHOCTHOM norpaHuyHom cnoe (o = 0.002).
Mo koopauHaTam x 1 y, NpUMeHsNack paBHOMepHas
ceTka ¢ uucnom ysnos N, = 20 n N, = 20 cooTseT-
CTBEHHO.

Bce pacyé€Tbl BLINONHANWUCL HA LeHTpanbHOM
npoueccope Intel Core i7 ¢ TaktoBon yactoron 3,6
My n rpaduyeckom npoueccope NVIDIA GeForce
GTX 670, copepxaiwiem 1344 BblMUCIUTENBHBLIX
snpa v pabotaroLem Ha vyactoTte 915 MITy,.

CpaBHeHve npodunen ckopocTu, MOMyYeHHbIX
Ha yKasaHHbIX ABYX TUnNax CeToK, npeacTaBrieHo
Ha puc. 4-5.

[ns KONMYEeCTBEHHOM OLEHKN TOYHOCTM peLue-
HWS Ha HepaBHoMepHoW ceTke (N, = 40) no cpaBHe-
HWIO C 3TanoOHHbIM Pac4€TOM Ha PaBHOMEPHOW CeTKe
(N, = 500) 6bINKn paccumTaHbl cpegHekBagpaTUYHas
OTHOCUTenNbHasi owmnbka (28) n makcumanbHasi OT-
HocuTenbHas owmnbka (29):

1 (40 500)2
\/Nzﬁ=1(uk - UIE )
max(UG99) — min(U690)

RMSE = (28)

X 100%

m}(aXlU,E4D) _ U]ESOO)

Epnax = x 100%

(29)
max(UG09) — min(U509)

Mpn pacyéte aTUX MNOrpelHOCTeNn 3HayYeHus
npocounen CKOPOCTU Ha HepaBHOMEPHOW CceTke
(N, = 40) 6bIMM conocTaBneHbl CO 3HAYEHUSIMU
Ha paBHOoMepHoW ceTke (N, = 500) ¢ ncnonb3oBaHu-
€M MMHEVHOW MHTEPnonAuMn B COOTBETCTBYHOLLMX
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y3nax rno rnybuHe. PesynstaTbl CpaBHEHUS A1 BCEX
LIECTN PacCMOTPEHHbIX Npoduen ckopocTn npea-
CTaBneHbl B Tabn. 1.

BuaHO, 4TO TOYHOCTb PacYETOB Ha HEpPaBHO-
MepHoW ceTke ¢ N, = 40 conoctaBuma C TOYHOCTbIO,

PucyHok 4. NMpodnnn KOMNOHEeHTbI CKOPOCTHU
u (m/c) no rny6uHe B Touke x =130 M, y =130 m
Figure 4. Depth profiles of the velocity component
u (m/s) at the pointx=130m,y =130 m

[ocTturaemon Ha paBHOMepHomn cetke ¢ N, = 500.
Takum obpasom, Mcnonb3oBaHWE HepaBHOMEPHOW
ceTku ¢ N, = 40 aBnsietcs Gonee uenecoobpasHbiM
Mo cpaBHEHWIO C paBHOMepPHON ceTkon ¢ N, = 500.

PucyHok 5. NMpodmnn KOMNOHEHTbLI CKOPOCTH V
(m/c) no rmy6uHe B Touke x =130 m, y =130 m
Figure 5. Depth profiles of the velocity component
v (m/s) at the point x=130m,y =130 m

Ha puc. 4-5 kpacHas nuHus — HepaeHomepHas cemka (N, = 40, t = 1 4 40 muH), CUHUE MOYKU — 3MasioHHass pagHOMepHas
cemka (N, =500, t = 1y 40 muH), huonemosble Wmpuxu — HepagHomepHas cemka (N, = 40, t = 6 1 40 mun), 3eneHble keadpa-
mbl — amarnoHHas pasHomepHasi cemka (N, = 500, t = 6 u 40 MuH), YEPHbIE WMPUXU C MOYKaMU — HepasHOMEpHasi cemka
(N, =40, t = 15 4), KOpuyHesble poMbbl — 3masioHHasi pagHomepHasi cemka (N, =500, t = 15 y).

Figure 4-5. The red line represents the non-uniform grid (N, = 40, t = 1 h 40 min), the blue dots represent the reference uniform
grid (N, = 500, t = 1 h 40 min), the purple dashes represent the non-uniform grid (N, = 40, t = 6 h 40 min), the green squares
represent the reference uniform grid (N, = 500, t = 1 h 40 min), the black dash-dotted line represents the non-uniform grid
(N,=40,t=15h), and the brown diamonds represent the reference uniform grid (N,= 500, t =15 h).

Ta6nuua 1. KonnyecTBeHHas oLieHKa pacxoxaeHus npodunen ckopocTu (u, v) Ha HepaBHOMEPHOM
(N, = 40) n aTanoHHoW paBHoMepHoW (N, = 500) ceTkax B pa3Hble MOMeHTbI BpeMeHU
Table 1. Quantitative assessment of the discrepancy between velocity profiles (u, v) on non-uniform
uniform (N, = 40) and reference uniform (N, = 500) grids at different time points

PucyHok MomeHT BpemeHu KomnoHeHTa CpepnHekBag. OTHOCUT. olmnGka, % Makc. oTHOCUT. owwmnbKa, %

Figure Time Component Root mean square relative error, % Maximum relative error, %
puc. s o :
Ei‘gfss 11 ?11% min v 0,52 1,23
puc.s oo u
P9 oo :
Ei?f 12 : u 0,25 0,56
Egcés 12 : v 0,58 1,33

Ha puc. 6 npeacTaBneHo cpaBHEHWE BPEMEHU
pelueHns 3a4avn Ha paBHOMEPHOW ceTke C Npu uc-
nonb3oBaHn CPU n GPU. [Ins gaHHOM ceTku Bbl-
uucnenusa Ha GPU BbinonHanuce B 23 pasa 6bl-
cTpee, yeM Ha CPU.

Ha pwuc. 7 npeactaBneHo cpaBHeHWe Bpe-
MEHMN peLleHns 3adavn Ha HepaBHOMEPHOW ceTke
c npu ucnons3oBaHun CPU n GPU. Ona aaHHon
ceTku BbliuncneHms Ha GPU BbeinonHsnuck B 13 pa3
GbicTpee, 4yem Ha CPU.
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PucyHok 6. 3aBMCUMOCTb BpeMeHMN BbIYUCIIEHUN (CEK)
OT KONnMYecTBa UTepaLuii Ha paBHOMEpPHOW ceTke
(N,=500)

Figure 6. Dependence of computation time (s)
on the number of iterations for the uniform grid (N, = 500)

PucyHok 7. 3aBUCUMOCTb BpeMeHMN BbIYUCTIEHUI (CeK)
OT Konu4yecTBa UTepaumii Ha HepaBHOMEPHOW ceTke
(N, =40)

Figure 7. Dependence of computation time (s)
on the number of iterations for the non-uniform grid
(N, = 40)

Ha puc. 6-7 cnnowHas kpacHas nuHusi — CPU (Intel Core i7), wmpuxosas cuHssa nuHusi — GPU (NVIDIA GeForce GTX 670).
In Figs. 6-7, the solid red line represents the CPU (Intel Core i7), while the dashed blue line represents the GPU (NVIDIA

GeForce GTX 670)

O6cyxaeHue

Mony4eHHoe yckopeHue (23% ans paBHOMeEpP-
HoW ceTku, 13x ona HepaBHOMEPHOW) cornacyeTcs
C W3BEeCTHbIMM pesynbsTatamu npumeHeHus GPU
B rMApOAMHaMUKeE, r4e TUMUYHBIA BbINMPbILL COCTaB-
ngaer 10-50x B 3aBMCMMOCTM OT pa3mepa CeTKu
N apxuTekTypbl. BaXHO OTMeTUTb, YTO ANS Hepas-
HOMepHoU ceTkn ¢ 40 CrosiMM YyCKOpPEHME HUXKE, HO
3TO KOMMEHCUPYETCA MEeHbLUMM OObEMOM BblYMC-
NEeHWN N CoOXpaHeHNeM TOYHOCTU B MOBEPXHOCTHOM
cnoe, 4TO KPUTUYHO ANs MOAENMPOBaHUSA pasnnBoB.

Pasnnune B KoadduUMeHTax YyCKopeHus
Ha ceTkax N,= 500 (23 x) n N,= 40 (13 x) obycnos-
neHo 6GanaHcoM Mexay OOBEMOM BbIYMCMEHUN
N hUKCMpoBaHHBIMW HaKNagHbIMW pacxogamu na-
pannenbHon cpefpbl. Mpu pewennn CIAY metogom
NPOroHKM BAOMb BEpTUKanu KOnuyecTso apudme-
TUYECKUX OMepauMin Ha OAMH pabounin anemeHT
HanpsMyto nponopumoHansHo N,. KonnyecTBeHHbIV
aHanus3 CTPYKTypbl BPEMEHU BbIMOMHEHNUS MOKa3bl-
BaeT crneayoLmin 6anaHc CoCTaBNSAOLWMX:

Ha menkon cetke (N,= 500) 4ncTble BbluMCHe-
Hus Ha GPU 3aHumatoT okono 97% BpemMeHu Lara,
a HaknagHble pacxoabl OpenCL (BbI30B kepHENoB,
CUMHXPOHM3aLUusa 1 nepegada rpaHUyHbIX YCNoBUn) —
He 6onee 3%. BeiuncnurtensHble 6nokn GPU pabo-
TaloT C BbICOKOW CTEMEHbI 3arpysku, acpdekTnBHO
Mackunpys 3agepXku obpallueHus k rmobansHon na-
maTu (latency hiding);

Ha pepakon cetke (N,= 40) 06bEM BblUMCNEHWI
B OHOM NOTOKe Cokpallaetca B 12,5 pas, B pesynb-
TaTe Yero AonA HEM3MEHHbIX HaKNafgHbIX Pacxo4oB
Ha ynpaBsneHve u nepepady AaHHbIX BO3pacTaer
0o = 40% ot obwero BpemeHu wara. Kpome Toro,
Manas gnuHa umkna nporoHku (N,= 40) He no3sons-
€T NOMHOCTbIO YTUMM3NPOBATb NPOMYCKHYH CNoco6-
HOCTb BuaeonamsiTu. B pesynbrate dukcupoBaH-
Hble 3aaepxku nHTepdenca OpenCL n wuHbl PCle
0OKa3blBalOT onpepensollee BNMSHME Ha UTOroBoe
BPEMS, CHWKas OTHOCUTENbHbLIN Bbivrpbill GPU
no cpasHeHuto ¢ CPU.

DOI: 10.54859/kjogi109025

Mcnonb3oBaHne OpenCL obecneumBaeT nepe-
HOCMMOCTb Ha pasnuyHble GPU 1 gaxe Ha knacte-
pbl, 4TO pacwmpsieT obnacte npumeHeHns. OaHako
SIBHbIV LUAr Mo BPeEMeHW (OrpaHuU4eHHbI yCroBnem
KypaHTa) octaétcsa y3kum mectoM. B nepcnekTtuse
uenecoobpasHo neperTh K MOMHOCTbI0 HESIBHbIM
cxemam, NO3BOMALWMM YBENMMYUTL LWar A0 4acos,
41O ewwé bonbLue NoBbICUT 3PHEKTUBHOCTD.

CnepyeT OTMETUTb, YTO TECTOBble pPac4éThbl
NpOBOAUNMCH B MPAMOYrONbHOW 06racTu ¢ NNoCKuUm
OHOM M MOCTOSIHHbIM BETPOBbLIM BO3JENCTBUEM.
Vcnonb3oBaHne Takoro vaeanuaMpoBaHHOIO CLe-
Hapusa aBNsSeTc obLLEeNnpUHATLIM NOAXOAOM ANS Be-
pyUKaLMM YUCNIEHHBIX CXEM U U3MEPEHUS YACTOrO
yckopeHus (speedup) Ha GPU. lNMepexog k peanb-
HbIM U3MKo-reorpadmyecknm ycnosusam (6atume-
Tpusi Kacnuiickoro Mopsi, Geperoeasi iMHWSA 1 nepe-
MEHHOE BETPOBOE M0se) He CHU3UT 3hPEeKTUBHOCTH
napannensHoro anroputMma. B pamkax ucnonbay-
eMoll -cUcTeMbl KOOpAMHAT nepemeHHas rnybuHa
H(x, y) yunTbIBaeTcst Yepes KoadppULUNEHTBI N HE Me-
HAET CTPYKTYpYy TpéxauaroHarnbHbIX MaTpuul. YYéT
GeperoBon NMHWKM NOCPEACTBOM  MacCKMpOBaHWA
cywwm (land masking) cokpaliaer KonM4ecTBO akTMB-
HbIX PACYETHBIX Y3MOB, YTO MOMOXUTENbHO CKaXeT-
Cs1 Ha BpeMeHM c4éTa, a obHoBneHWe BeTpa TpebyeT
He3HauNTENbHbIX BbIYUCIIUTENBHBIX 3aTpaT YPOBHS
O(N,N,) no cpasHeHuio ¢ 3D-6nokom O(N,N,N,).

3aknioyeHue

B paHHol paboTte uncneHHoe ModenupoBaHue
BETPOBLIX TEYEHWUI B MOpPe NMPOBOANIOCH HA paBHO-
MEPHOMN 1 HEPaBHOMEPHOW CETKaX C UCMONb30BaHM-
em CPU n GPU. lNockonbky rmybrvHa mopsi OTHOCU-
TenbHO HeBenuka — okono 100 M — NO CpaBHEHMIO
C rOp130HTasbHLIMW pasmepaMu pacyETHOWM obna-
CTM MO OCSAM X U y, YUCIO BbIYMCIIUTENbHBIX Y3I10B
Mo OCU z Takke MEHbLUe, YeM MO HanpaBneHUsIM
x 1 y. Kak nogTBepxaatoT nonyyeHHble pesynsra-
Tbl, ANA peweHus TpéxamnaroHanbHbix CJTAY 60-
nee aPeEKTUBHLIM SABNAETCA NPUMEHEHUE nocre-
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[OBaTeNbLHOIO anropMtMa, a He napannenbHoro.
Kpome TOro, pesynerartbl nokasanu, YTo yCKOpeHue
BblYMCIIEHMI ObINO Bbile Afs PaBHOMEPHOW CETKU
C Yyem 4N HepaBHOMEPHOWN CETKU C .

Mpu peweHun Gonee CHOXHBIX Moaenen
BO3HMKAET HeOOXOAMMOCTb MPUMEHEHUS HESIBHbIX
CXeM, MO3BOMSKOLWMX UCMoNb3oBaTb Gonee Kpyn-
Hble LWaru no BpemeHu. NonyyeHHble HesiBHbIE pas-
HOCTHbIE ypaBHEHWS MOryT peluaTtbCs Kak npsmbl-
MW MeTodamu, Hanpumep, nocpeacTBoM pelleHus
TpéxamaroHanbHbix CJTAY, ncnonb3oBaHHOrO B Hac-
Tosien paboTe, Tak U UTEPALMOHHBIMU MEeToAAMU.
MpenmyLLEeCcTBO NPSMbIX METOA0B 3aKIM4aeTCs B X

AONOJNTHUTENbHO

UcTouyHuK pMHaHCUMpoBaHus. ViccneqoBaHue Bbl-
norHeHo npu mHaHcoson nopgaepxke MuHucTep-
CTBa Hayku W Bbicluero obpasoBaHus Pecnybnuku
KasaxcTaH (rpaHT Ne BR24992964).

KoHdbnukT uHTepecoB. ABTOpbI AeKNapupylT oT-
CYTCTBME SBHbIX W MNOTEHUManbHbIX KOH(NUKTOB
WHTEPECOB, CBSI3aHHbIX C Mybnukaumnen HacTosLwen
cTaTbu.

BnarogapHocTu. ABTOPbI BbIPaXaloT WCKPEHHIO
6narogapHocTb MWHUCTEPCTBY Haykv M BbICLUETO
obpasoBaHusa Pecnybnvku KaszaxctaH 3a nogaepx-
Ky uccrnenoBaHus, BbINOMHEHHOTO B paMKax npoek-
Ta BR24992964 «Paspabotka WHTErpvpoBaHHbIX
aHeprocbeperarLLmx TEXHOMOrMN Ans obecneyeHms
3KONOrMYECKOM YCTOMYMBOCTU M APDEKTUBHON MOP-
CKOWN AesTenbHOCTM B Ka3axCTaHCKoM cekTope Kac-
MUIACKOro MOpPS».

Bknap aBTOpOB. BCce aBTOpLI NOATBEPXKAAKOT COOT-
BETCTBME CBOEr0 aBTOPCTBA MeEXOYHapOOHbIM Kpu-
Tepusim ICMJE (Bce aBTOpbI BHECIM CYLLECTBEHHBI
BKNaa B pa3paboTKy KOoHUenuuu, npoBegeHne uc-
crnefoBaHUs M NOAroTOBKY CTaTby, MPOYnu U ofo6-
pvunu duHanbHylo Bepcuio neped nybnvkauumen).
Hanbonbwmin BkNag pacnpefenéH cregyolmm
obpasom: Kyaaikynos A.A. — KOHLENUWA 1 On3aliH
nuccrneaoBaHWsl, HanucaHue YepHoBUKa; AMaHXo-
nos T.E. — paspaboTka 4YMCNEHHbIX anropuTMOB,
nporpammupoBaHue Ha OpenCL; Anuynbl A. —
npoBedeHne pacyétoB, aHanu3 gaHHblx; Cen-
ToB A.H. — noagrotoBka rpacduyeckmx martepuanos;
AcunbekoB B.K. — koHCcynbTaummn no rugpognHamm-
ke; KynbmoxabekoB A.B. — pykoBOACTBO MPOEKTOM,
penaktuposaHue; Labunos C.M. — Bepudmkaums
pesynerartoB; baumbeTos [.6. — aganTaums k 3aga-
yam HedTAHbIX pa3nvBoB; Cbipnbl6ekkbi3bl C. — 3Ko-
norunyeckas nHtepnpertauus; Kantaes A XK. — nute-
paTypHbIi 0630p.

CMUCOK NCNOSNIb30BAHHOM JIUTEPATYPbI

BbIYMCMMTENBHOW 3(PPEKTUBHOCTM NPY NOOLIX Ha-
YanbHbIX Y FPaHNYHBIX YCIIOBUSIX.

OueHka BpeMeHWu BbluucrieHun (meHee 1 4
Ha 24-yacoBoW MporHo3) nonyveHa anst 6asoBoro
MOZeNbHOro CLueHapus 1 xapakTepusyeT BbICOKYHO
BbIYUCIIUTENBHY 3(PEKTUBHOCTL pa3paboTaH-
HOro napannenbHoro siapa. OTO AEeMOHCTpUpyeT
NepcrnekTUBHOCTb UCMONb30BaHUS MPEASOXEHHON
CXeMbl B COCTaBe OMnepaTuBHbIX CUCTEM [MApPO-
OMHAMWYECKOro MPOrHO3MPOBaHWUA Mocre e€ WH-
TerpauMm Cc MoaynsMu peanbHoW GatumeTpun
M NPOCTPAHCTBEHHO-BPEMEHHON U3MEHYMBOCTU
meTeononew.
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TpeboBaHMA K CTaTbAM Hay4HO-NPaKTUYECKOro XXypHana
«BecTHuK HecpTerazosom oTrpacnu KazaxcraHa»

1. MpaBuna ny6nukauum ctaten

B XKypHane ny6nukytoTcs Hay4Hble
cTaTtbl  pesynbTatoB  UCCredoBaHWW,  OMnbiTa
BHeApeHns  obopydoBaHWsl,  HOBOM  TEXHUKU

N TEXHOMNOIMN Ha MPOU3BOACTBEHHbIX OOBLEKTax B
pasnuuHbix obracTax HedTerasoBow oTpacnu B
cooTBeTcTBUM C pybpukamun XKypHana (reonorus,
OypeHune, paspaboTka W aKkcnnyatauusi HedTAHbIX
N Tra3oBblX MECTOPOXAEHUA, TexXHMKa W Tex-

Honornst  gobblum  HedTM M rasa, nogro-
ToBKA HedTM M ra3a, NpoeKTupoBaHue
1 0ByCTPONCTBO, 9KOHOMMKA, IKOMNOrs).

Pepakumst npuHuMaeTr Ha  paccMoTpeHue
PYKOMUCKU Ha Ka3axCKOM, PYCCKOM W aHrmui-
CKOM  63blkaX, NpUCNaHHble B  pedakuumio
yepe3 nNWYHbIN KabWHET Ha calTe XypHana
vestnik-ngo.kz, paHee He  onybnukoBaHHbIE

M He npegHasHayeHHble K nybnukauuu B Apyrux
n3gaHunsx. Pykonuck pormkHa copepxatb dann
C MOMHbIM TEKCTOM, rpaduyeckum n TabnuyHbIM
martepuanom. Pykonucb conpoBoxaaeTcsi TMCbMOM
Ha WMs [NaBHOTO pefdakTopa O BO3MOXHOCTU
ony6nukoBaHUM  CTaTbW, MNOAMNWCAHHOE  BCEMM
yYneHamu aBTopcKkoro konnektusa. [lpu nopade
pYyKOMNMCY aBTOPbI NOANMCHIBAIOT aBTOPCKWIA AOTOBOP
(obepThl).

ABTOpbl HecyT OTBETCTBEHHOCTb 3a [J0cC-
TOBEPHOCTb W 3HAYMMOCTb Hay4YHO-NPaKTUHECKMX
pe3ynsTaToB U akTyarnbHOCTb HAayYHOro CoAepXaHus
pykonucei. He gonyckaetcs nnarvat — He3aKoHHoe

MCNoMb30oBaHNE  MaTepuanoB  OnybnMKoBaHHbIX
paboT: cTateil, MoHorpachuii, NaTeHToB W Ap.,
SABNSAWUXCA NpegMeTOM  YyXXOro  TBOPYECKOro

Tpyaa.

PelieHne o nybnukauum npuHMMAaIOT rMaBHbIN
penakTop 1 pefakLMOHHas KONIerus xypHana nocne
paccMOTpeHnst pykonmucy, NPOBEpKW Ha nnarvat
N Crenoro peLeH3VpOBaHWs, YYUTbIBasi Hay4Hyto
N MPaKTUYECKYD 3HAYUMMOCTb W aKTyarnbHOCTb
npeacTaeneHHbIX Matepuanos. Pegakums xypHana
ocTaBnser 3a coboy npaBo Bbibopa peueH3eHTa,
a TakKe e€ro 3aMeHbl npu HeobxoguMOCTW.

Pykonuch, nonyyvBluas HEAOCTaTOMHO BbICOKYHO
OLEHKY MO MWTOraM pPacCMOTPEHUS, OTKIOHSETCSH
KaKk  He  COOTBETCTBYIOLIAA  YPOBHIO  UNu
Tematuke nybnukaumii xypHana. OTKINOHEHHbIe
pykonucu NOBTOPHO He npuHUMatoTCS
1 He paccMaTpuBaloTCs.

Ecnn  pykonuck otobpaHa Kk onybnu-
KOBaHWIO B onpeaeneHHoM BbIMycKe
XypHana,  pegakuusi  NpOM3BOAUT  BbIYUTKY
maTtepuana, NmTepaTypHoe  pedakTupoBaHwue,
a Takke npoBepsieT OdOpMIIEHME  PYKOMUCK
Ha COOTBETCTBME  HacTosAWMM  TpeboBaHUAM
K cratbsMm.  OTpegakTMpoBaHHas  PyKOMUCb

" https://classinform.ru/udk.html
2 https://grnti.ru/

HanpaenseTcs aBTOpam Ha [opaboTky
B COOTBETCTBUM C KOMMEHTapusaMU pedakuum
nocpeacTBoM caiTa kypHana. [opa6oTaHHas
aBTOpaMM PYKOMUCb AOMKHa OblTb HanpasneHa B
3afaHHble pefakuMell CPOKM Ha calTe XypHana.
Pykonucb cuMTaeTcs NPUHATON Mocre ycTpaHeHust
aBTOpaMM BCEX 3aMeYaHunii peaakLumm u peLieHseHTa.

2. Tpe6oBaHuA K cTaTbAM

PyKOI'IVICb AOoImKHa ObITb B TEKCTOBOM
penaktope (MS Word, OpenOffice, LibreOffice),
davin gormkeH MMeTb pacwimpeHue *.doc, *.docx,
*.rtf.

CTpyKTypa pyKONWCU [OMKHA BKIOYaTb B
cebs:

1. YOK', MPHTW?,  tun  ny6nukauum,
Ha3BaHne, PO aBTOpOB, MecTa paboTbl aBTOPOB
(HaumeHoBaHMsA opraHusauui 6e3 ykasaHus top.
dopM, ropod, CTpaHy), aHHOTauuio, KrtoveBble
CrnoBa — B OJHY KOJOHKY Ha Tpex s3blkax (PpyCCKuUi,
aHIMUNCKUI, Ka3axCKWUI) Ha OTAENbHOW CTpaHuLe Ha
KaXX[OM Ssi3blKe.

2. TekcT cTatby — B ABE KOJOHKW Ha Si3blke
opurmHana. TekcT pormxeH ObiTb  norvvecku
CTPYKTYpUpPOBaHHbIM. PeKOMeHAyeTCANCNONb30BaTh
criepytolime Moas3aronoBku: BBeAEHWEe, OCHOBHast

YyacTb, pacyeTHasi u4acTb, 3KCMepuMeHTarnbHas
yactb, pesynstatel U obcyxaeHwe, BbIBOAbI
1 3aKrnodeHmne.

3. PucyHku, Tabnuubl — B OgHYy uMmu

OBe KOMOHKM B 3aBMCMMOCTM OT pa3mepa, C
Ha3BaHUSAMK, OBO3HaYEHUSAMU, MOAPUCYHOYHBLIMU/
noaTabnuyHbIMKM  HaAMUCAMKU, NPUBEOEHHbIMM  Ha
A3bIKe OpUrMHana c nepeBoAOM Ha aHTTMACKUIA A3bIKS,
Kaxablhn pucyHOK criegyeT pasmMellaTtb Ha cante
B BMAE OTAENbHOro AOnonHuTenbHoro danna B
opurMHansHoM Buge B dopmarte jpg, gif, jpeg, tiff,
anarpammbl — B dopmate excel.

4, [ononHuTenbHble cBedeHuss 06  uc-
TOYHVKE  (PUHAHCMPOBAHUSA, KOHMMUKTE  UHTe-
pecoB W BKnage aBTOpPOB — B [BE KOMOHKK
Ha A3blKe OpUrMHana n Ha aHrmMUINCKOM Si3blKe.

5. Cnucok MCMoNb30BaHHOM nure-
patypbl  (spgebuietrtep  Tisimi, references) —
B OZHY KOMOHKY.

6. MogpobHyw  WHpopmauuo 06  aB-
Topax (y4eHble 3BaHUSl, Y4YeHble  CTEneHw,
ORCID, Scopus SPIN-kog, email u np.
npu  HeobxogMMOCTM) — B [Be  KOMOHKU

Ha s13blke OpUrMHana n Ha aHrMNCKOM A3bIKe.

7. YkasaHue aBTopa, OTBETCTBEHHOIO
3a nepenucky (corresponding author),
nop 3HakoM «*» — B Of{HY KOSTOHKY.

CTpYKTYpHblE 3MEMEHTbI pyKOMuCK crepyeT
odopMnATb cregyroLLmMm obpasom:

3 3pecb n panee B cryyae, ecnu A3bIKOM opuUrMHana sBNAeTCs aHIMUINCKUIA, NepeBoA Ha ApYyrue A3blkn He TpeﬁyeTcn.
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1. YOK (UDC, 90X), MPHTU (CSCSTI,

FTAXP) 3apatotca  nponucHelMu  BykBamu,
wpudptom Arial, pasmep 14, HauyepTaHue -—
NONy>XMpHOE, BblpaBHVBaHWE - cnesa,
6e3 oTCTyna, MeXOYCTPOYHbIA  WHTepBan —
MHOXUTENb, 1,15.

2. Tun nyb6nukauum 3agaetcs nocne
YOK, MPHTW, wpudtom Arial, pasmep 12,
HayepTaHWe — MOMyXWpHOoe, BbIpaBHNBaHWE —

cneBa, 6e3 oTCTyna, MeXayCTpOYHbIA MHTEpBan —
MHOXUTEnNb, 1,15.

3. 3aronoBok pykonucu [JormkeH ObiTb
KOpPOTKMM U MHGOpMaTuBHBIM, 6e3 abbpeBuatyp,
3agaH wpudTtom Arial, paavep 14, HauepTaHue —

NOYy>XMPHOE, BblpaBHMBaHWE - cnesa,
6e3 oTCTyna, MeXOYCTPOuHbIA  WHTepBan —
MHOXUTEnNb, 1,15.

4. ®UO aBTOpOB npvBogsATcs nog,

3aronoBKomM, WpndT Arial, pasmep 14, HauepTaHne —
nony>vpHoe, BbipaBHNBaHWe — crnesa, 6e3 oTcTyna,
MEXOYCTPOYHbIN WHTepBan — MHoxwutenb, 1,15.
WHnumansl nuwytca 4depe3 Touky 6e3 npobena
BHYTPM.

5. MecTta paboTbl aBTOPOB (HaUMEHOBaHUS
opraHusauui 6e3 ykasaHus top. ¢opm, ropoa,
ctpaHa) npusogsTca nog PO asTopos, wpudTArial,
pasmep 11, HauyepTaHue — KypcuB, BblpaBHUBaHNE —
cneBa, 6e3 oTCTyna, MeXayCTpPOYHbIA MHTEpBan —
MHOXuTEnNb, 1,15.

6. AHHOTauum pykonucen TMna
«OpUrMHanbHble WCCNeaoBaHWUs» [OMKHbI MMETb
criepylolylo  CTpyKTypy: OBOCHOBaHWe,  Lenb,

matepuansl U MeToabl, pe3ynbTaTbl, 3aKIoYeHue.
O6bem aHHOTauMm — He OGonee 300 cnos.
Meped TEKCTOM aHHOTaUMM 3a4aéTcsl 3aronoBOK

«AHHOTALMA» («ABSTRACT»), wpudt Atrial,
pasmep 11, otctyn 0,75 cM, MEXCTPOYHbIN
uHtepean - 1,15, [Ona Tekcta aHHOTauum

ucnone3yetca wpndT Arial, pasmep 10, otctyn 0,75,
MEXCTPOYHBIN MHTepBan — 1,15.

7. KnwoueBble cnoBa nuwytca  noj
aHHOTauuen, Yepes oBoeToune, He bonee 10 cnos
unu cnosocoyeTaHun, wpudTtom Arial, pasmep 10,
KypcuB, otctyn 0,25, MEeXCTPOYHbIi WHTEepBan —
1,15. Obobuwatowee cnoeocoyeTaHve «Knoueble
cnoa:» («Keywords», «TyiiH cesgep») cnegyet
BbIAENUTb CUHUM LIBETOM, aKLeHT 1.

8. TekcT pykonucu [OMKEH HayYMHaTbCH
C HOBOM cTpaHuubl, wpudT Arial, pa3vep 11,
BblpaBHMBaHWe - cnesa, otctyna 0,75 c¢wm,

MEXAYCTPOYHBIN MHTEpBan — MHoXuTenb, 1,15.

9. 3aronoBku TekcTa pykonucu («Bse-
neHve», «OcHOBHass 4acTb», «3aKrouyeHue»
w ap.) 3apatotca wpudptom Arial, pasmep 11,
BblpaBHMBaHMe — cneea, otctyn 0,75 cwm,
MEXAYCTPOYHBIN MHTEpBan — MHOXuTenb, 1,15.

10. Hymepauua pucyHkoB 1 Tabnuu
JomkHa ObiTb  nocnepoBatenbHon (1, 2, 3
1 1.4.). Tabnuubl U PUCYHKM HE AOIMKHBI ObITh B3SATHI
u3 Opyrux matepuanoB 6e3 yka3aHusi MCTOYHMKA.
Moanucn pUCYHKOB M Tabnuy [JOMKHbl ObITb
nornHeiMu, 6e3 cokpatyeHun («PucyHok 1», « Tabnmua
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2», «Figure 3», «Table 4»), 3agaHbl ¢ nMponucHon
OykBbl. HasBaHusA pUCYHKOB M Tabnuy OOMXKHbI
ObITb KPaTKMMKU, HO MHADOPMATUBHBLIMW, OTAENEHbI
OT MoANuUCK TOYKOW ¢ Npobenom, nepeoe CroBo — C
nponucHown BykBbl, 3agaHbl WwWpudTom Arial, pasmep
11, nonyxvpHbIN, BblpaBHWBaHWE — MOcCepeauHe,
6e3 oTcTyna, MeXCTpOuYHbln uHTepBan — 1.
Moanucb n HaseaHve Tabnuubl NULIETCA CBEpXy
Tabnuubl, noANMMCb W HasBaHWe pUCYHKa —
nog pucyHkoMm. [locne HasBaHus Touka He
craButcs. Ecnu pucyHok cogepxuT nepevncreHve,
OoTMeuYeHHoe BykBamu unu ungpamu (a), 6), B)...; 1),
2), 3)...; a), b), c)...), Takne obo3HayYeHUs NULLYTCS
nof Ha3BaHWeM pucyHKa, 3agarTcs wpudTom Arial,
pasmep 10, HayepTaHue — KypcuB, BblpaBHUBaHUE —
nocepeavHe, Ges oTcTyna, MEXCTPOYHbIV
nHTepBan — 1.

11. NoapucyHouYHbIe n noarabnuuy-
Hble Hagnucu  cogepxaTr  pacludpoBKy
obo3HayeHun, 3agawTcs  wpudptom  Arial,

pa3mep 10, BblpaBHWBaHWe — crnesa, 6e3 oTcTyna,
MEXCTPOYHbIN MHTepsan — 1.

12. TekcT Ha pucyHkax M B Tabnuuax
3apgaétca  wpudtom  Arial, pasmep or 8
0o 12. TekcT pomkeH MMeTb nepeBoq C s3blka
opurMHana Ha aHImMUACKUIA  A3blK, UCKITIOYEeHne
cocTaBnsaT CKPVHLLIOTbI, maTtepuvansl,
BbIPY>EHHbIE U3 NPOrpaMMHbIX NPOAYKTOB, U UHbIE
BMAblI rpacuyeckoro n TabnuyHoro matepuana B
HepegakTpyemom gopmare.

13. YNnoMuHaHMsE B TeKCTe PUCYHKOB U
Tabnuy crnegyeTt opopMNATb Tak Xe, Kak U TeKCT,
MCNonb3ys Npu 3TOM KpaTkyto OpMy MOCTOSIHHON
4YacTu Has3BaHus («puc. 1», «Tabn. 2»).

14. Cnucok ncnonb3oBaHHOMN nure-
patypbl  (apebuerrep  Tidimi, references)
OOMKeH cofepxaTb ToMbko Te nybnukauunm,
Ha KoTopble eCTb CCbinkn B TekcTe. CCbinku
3agaoTca  nocnegosatensHo  ([1],  [2], [3]
M T.A.), B COOTBETCTBUM C [AaHHbIM MOPSAKOM
WUCTOYHUKM  [OOSDKHbI  pacrnonarateCid B CNUCKe
Mcnonb3oBaHHOW nutepatypbl. CNMCOK He AOMKEH

npesblwatb 30 MNYHKTOB AN OpUrMHanbHbIX
uccriegoBaHun, He 6Goree 60 — Ang  HayYHbIX
00630poB, npeanoYTUTENbHO COBPEMEHHbIX

n3gaHni. Kaxabli UICTOYHWK YNOMWHAETCH B CnUC-
ke 1 pas, BHe 3aBMCMMOCTM OT TOrO, Kak 4acTo
Ha Hero genaercs ccbinka B TekcTe paboTbl. Cebinku
Ha HOMep MCTOYHMKA B CMUCKe B TeKCTe cnegyet
npvBOAUTbL B KBagpaTHbIX ckobkax. OdopmreHve
CMNCKOB UCMOSMb30BAHHON nNWUTepaTtypbl Ha pyc-
CKOM U KasaxckoM sisblkax nposoautcs no NOCT
P 7.0.5-2008, Ha aHrmMNCKOM A3blke — CTUNEM
AMA (Vancouver). lMogpobHee o03HaKOMUTLCSH C
npasunamu oopMIEHNS CCbINIOK Ha onpeaeneHHbIe
BUAbI ny6nukaumn MOYXHO no CChbINKe:
https://journals.eco-vector.com/index/pages/view/
references_split.

15. UHdopmaumsa 06 aBTOpax [OMKHa
cogepxate ®NO aBTOPOB MOMHOCTBI, YYeEHbIE
3BaHusl, y4yeHble cTenenu, ORCID, Scopus
SPIN-kog, email u wvHble cBegeHus npu



HeobxoaMmocCTy. OdopmnisieTcs wpudpTom
Arial, pa3wvep 12, BblpaBHMBaHWE — CIeBa,
6e3 oOTCTyna, MEXCTPOYHbIN  MHTepBan  —
MHoxuTenb 1,15, Baronosok «MHO®OPMALMA
OB ABTOPAX (-E)» («ABTOP(-NAP) TYPAIbI
AKMAPAT», «AUTHORS'(-'S) INFO») 3apaétcs
nponucHbIMU BykBamu 1 BblOENSETCS NOMY>XMUPHbBIM
HayepTaHnem. ®VO aBTOpOB TakkKe BbIOENSHOTCA
NOMYXVPHBbIM  HadyepTaHneM. 3Be3godkon  («*»)
cneea ot PO oTMme4vaeTcs aBTOpP, OTBETCTBEHHbIN
3a nepenucky (xabap anmacyfa xayanTbl
aBTop, corresponding author). [MosicHstowas
CTpoKka «*ABTOp, OTBETCTBEHHbIN 3a Mepenuncky/

Corresponding author» («*Xabap anmacyfa>xayanTbl
aBTop/Corresponding author») npuBoguTcs nocne
pasgena «MHdbopmaLuus o6 aBTopax».

Mons CcTpaHULbI OOIKHbI nMeTb
cnegylolime napameTpbl: BepxHee W HukHee —
2 cm, neBoe — 3 cm, npaBoe — 1,5 cm. Pa3amep
ctatb — He 6onee 10 cTp. ONA opurMHanbHbIX
nccriegoBaHun, He 6onee 20 cTp. ANA HayYHbIX
0630pOB U WHBLIX TUMOB pykonucen. Onsi Habopa
CNOXHbIX MaTemMaTnyeckux opmyn ucnonbayercs
cTaHdapTHbIM pegakTtop Equation Editor dpopmyn B
nporpamme Word.

Requirements for submitting articles for the publication
in the “Kazakhstan journal for oil & gas industry”
Journal of Research and Practice

1. Rules for publishing articles

The Journal publishes scientific articles on the
research results, experience in the implementation
of new equipment and technologies at the production
facilities in various areas of the oil and gas industry
in accordance with the Journal sections (geology,
drilling, development and operation of the oil and
gas fields, equipment and technology for the oil and
gas production, oil and gas treatment, design and
development, economics, ecology).

The editorial board accepts for consideration
the manuscripts in Kazakh, Russian and English,
sent to the editorial office through a personal
account on the Journal website vestnik-ngo.kz,
previously not published and not intended for the
publication in other editions. The manuscript should
contain a file with full text, graphics and Tables.
A letter addressed to the editor-in-chief on a
possibility of publishing the article, signed by all
members of the authors’ team, should be attached
to the manuscript. When submitting a manuscript,
the authors sign an Authorship Agreement (offers).

The authors are responsible for the reliability
and significance of the scientific and practical results
and the relevance of the scientific content of the
manuscripts. Plagiarism is not allowed, i.e. illegal
use of the materials of the published works: articles,
monographs, patents, etc., which are the subject of
someone else's creative work.

The decision to publish is made by the editor-
in-chief and the editorial board of the Journal after
reviewing the manuscript, checking for plagiarism
and blind peer review, taking into account the
scientific and practical significance and relevance
of the submitted materials. The editorial board of
the Journal reserves the right to choose a reviewer,
as well as to replace the latter, if necessary. The
manuscript, which has received an insufficiently high
rating on the basis of the reviewing results, is rejected

' https://classinform.ru/udk.html
2 https://grnti.ru/

as not corresponding to the level or subject of the
Journal's publications. The rejected manuscripts are
not re-accepted and will not be considered.

If the manuscript is selected for the pub-
lication in a particular issue of the Journal, the
editorial board makes proofreading of the material,
literary editing, and also checks the design of the
manuscript for the compliance with the present
requirements for the articles. The edited manuscript
is sent to the authors for the revision in accordance
with the editorial comments via the Journal's
website. The manuscript, finalized by the authors,
should be sent within the deadlines set by the
editors on the Journal's website. The manuscript is
considered accepted after the authors eliminate all
the comments of the editors and the reviewer.

2. Requirements to the articles

The manuscript should be in a text editor (MS
Word, OpenOffice, LibreOffice), the file should have
*.doc, *.docx, *.rtf extensions.

The structure of the manuscript should include:

1. UDC', CSCSTI?, type of publication,
title, full name of the authors, places of work of
the authors (names of the organizations without
specifying the legal forms, city, country), annotation,
keywords — in one column in the three languages
(Russian, English, Kazakh) on a separate page in
each language.

2. Text of the article — in two columns in
the original language. The text should be logically
structured. It is recommended to use the following
subheadings: introduction, main part, calculation part,
experimental part, results and discussion, summary
and conclusions.

3. Figures, Tables — in one or two columns,
depending on the size, with titles, symbols, figure
and table captions, provided in the original language
with the translation into English. Each Figure should

155



be posted on the site as a separate additional
file in its original form in jpg, gif, jpeg, tiff format,
diagrams — in excel format?.

4. Additional information on the source
of funding, conflict of interests and the con-
tribution of the authors — in two columns
in the original language and in English.

5. References (cnucok unCnonb3oBaHHOW
nuTepatypbl, aaebueTTep Tisimi) — in one column.

6. Detailed information about the au-
thors (academic titles, academic degrees,
ORCID, ScopusSPIN code, email, etc.,
if necessary) — in two columns in the original
language and in English.

7. Indication of the author, responsible for the
correspondence (corresponding author), under the
sign “*”.

The structural elements of the manuscript
should be formatted as follows:

1. UDC (YAK, 80X), CSCSTI (MPHTW,
FTAXP) are set in capital letters, Arial font, size
14, style — bold, alignment — left, no indent, line
spacing — multiplier, 1.15.

2. The type of publication is set after
UDC, CSCSTI, Arial font, size 12, style — bold,
alignment — left, no indent, line spacing -
multiplier, 1.15.

3. The title of the manuscript should
be short and informative, without abbreviations,
set in Arial font, size 14, style — bold, alignment —
to the left, no indent, line spacing — multiplier, 1.15.

4. The full names of the authors are given
under the heading, font Arial, size 14, style — bold,
alignment — left, no indent, line spacing — multiplier,
1.15. the initials are written with a dot, without a
space inside.

5. The places of work of the authors
(names of the organizations without specifying the
legal forms, city, country) are given under the full
names of the authors, font Arial, size 11, style — italic,
alignment — left, no indent, line spacing — multiplier,
1.15.

6. The abstracts of the manuscripts
of the “original research” type should have the
following structure: rationale, purpose, materials
and methods, results, conclusion. The volume of the
abstract is no more than 300 words. The text of the
abstract is preceded by the heading “ABSTRACT”,
Arial font, size 11, indent 0.75 cm, line spacing —
1.15. The abstract text is set in Arial font, size 10,
indent 0.75, line spacing 1.15.

7. The key words are written under
the abstract, separated by a colon, no more
than 10 words or phrases, in Arial font, size
10, italic, indent 0.25, line spacing - 1.15.
The generalizing phrase “Keywords” (“KntoyeBble
cnoea”, “TywiHce3sgep”’) should be highlighted
in blue, accent 1.

8. The text of the manuscript should start
on a new page, font Arial, size 11, alignment —

on the left, indent 0.75 cm,
multiplier, 1.15.

9. The headings of the text of the
manuscript (“Introduction”, “Main Part”,
“Conclusion”, etc.) are set in Arial font, size
11, alignment — on the left, indent 0.75 cm,
line spacing — multiplier, 1.15.

10. The numbering of the Figures and
Tables should be consecutive (1, 2, 3, etc.).
The Tables and Figures should not be taken
from the other materials without indicating the
source. The captions of Figures and Tables
should be complete, without abbreviations
(“Figure 17, “Table 27, “Figure 3”7, “Table 4”),
set with a capital letter. The names of Figures
and Tables should be short, but informative,
separated from the caption by a dot with a space,
the first word should be capitalized, set in Arial
font, size 11, bold, alignment — in the middle, no
indent, line spacing — 1. The caption and the name
of the Table are written above the Table, the caption
and name of the Figure should be below the Figure.
There is no dot after the name. If the Figure contains
an enumeration marked with letters or numbers (a),
b), ) ...; 1), 2), 3)...; a), b), c)...), such designations
are written under the name of the Figure,
set in Arial font, size 10, style — italic, alignment —
in the middle, no indent, line spacing — 1.

11. The sub-Figure and sub-Table
inscriptions contain deciphering of designations,
set in Arial font, size 10, alignment — to the left,
no indent, line spacing — 1.

12. The text in Figures and Tables is set
in Arial font, size from 8 to 12. The text should be
translated from the original language into English,
with the exception of screenshots, materials
downloaded from the software products, and other
types of graphic and tabular material in a non-
editable format.

13. References

line spacing —

in the text of the Fi-
gures and Tables should be formatted
in the same way as the text, using the
short form of the constant part of the name
(“Fig. 17, “Table 2”).

14. References (cnucok mcnonb3oBaHHOM
nutepatypbl, apebuetTep Tisimi) should contain
only those publications, which are referenced in
the text. The references are given sequentially
([11, [2], [3], etc.), in accordance with this order, the
sources should be placed in the list of references.
The list should not exceed 30 items for the original
research, no more than 60 for the scientific reviews,
preferably modern publications. Each source is
mentioned in the list 1 time, regardless of how often
itis referred to in the text of the work. The references
to the source number in the list in the text should
be given in square brackets. Drawing-up of the lists
of the used literature in the Russian and Kazakh
languages is carried out in accordance with GOST
R 7.0.5-2008, in English — in the AMA (Vancouver)

3 Hereinafter, if the original language is English, the translation into other languages is not required.
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style. You can learn more about the rules for
formatting refernces to certain types of publications
at the link: https://journals.eco-vector.com/index/
pages/view/references_split.

15. Information about the authors should
contain the full name of the authors, academic
tittes, academic degrees, ORCID, Scopus SPIN
code, e-mail and other information, if necessary.
Set in Arial font, size 12, alignment — on the
left, no indent, line spacing — multiplier 1.15.
The heading “INFORMATION ABOUT THE
AUTHORS” (“‘M’H®OOPMALIMA OB ABTOPAX’,
ABTOP(-NNAP) TYPANbI AKMNAPAT” is written
in capital letters and highlighted in bold.
The authors' names are also highlighted in bold.

(]

An asterisk (“*”) to the left of the full name marks
the author responsible for the correspondence
(aBTOp, OTBETCTBEHHbLI 3a nepenucky, xabap
anmacyra xayanTtbl aBTop). The explanatory line
“*Corresponding author” ("*Corresponding author/
ABTOp, OTBETCTBEHHELIN 3a nepenucky”’) is provided
after the “Information about authors” section.

The page margins should have the following
parameters: top and bottom —2 cm, left— 3 cm, right—
1.5 cm. The article size — no more than 10 pages for
the original research, no more than 20 pages for the
scientific reviews and other types of manuscripts.
For a set of complex mathematical formulas, the
standard editor EquationEditor of formulas in the
Word format is used.

«KasakcTaHHbIH MyHal-ra3 canacbiHbIH XabapLlbICbI»
FbINbIMU-NPAKTUKATbIK XXYPHanbIHbIH MaKananapbiHa
KOMbINaTbIH TananTtap

1. Makananappabl xapusnay epexenepi

KypHanga XKypHangbiH, argapnapbiHa
celrikec (reonorus, Oypfbinay, urepy >XoeHe My-
Hal »>koHe ra3 KeH OpblHAapbiH nanganaxy,

MyHa MeH ra3 eHAipyAiH TexXHuWKacbl MeH Tex-
HOMOrMSChI, MyHaW MeH rasgbl favibiHaay, xobanay
XKOHe >XannacTblpy, 3KOHOMMKA, IKOMOrus) MyHawi-
ra3 eHepkacibiHiH apTypni cananapbiHAaFbl eHAipic
HblcaHAapbiHAa 3epTTeynepain HaTUXenepi,
XabablkTapApl, >kaHa TEXHUKa MeH TexHonorusnapaebl
eHrizy Texipubeci Typanbl fblbIMM Makananap

XapvsinaHagsbl.

Pepakuus vestnik-ngo.kz KypHanbliH-
Oafbl  Xeke  kabuHeT  apkeinbl  pedakuusra
XibepinreH, OypbIH XapusnaHbaraH

xoHe backa GacbinbiMaapga XapusinayFa apHarn-
MafaH KasaK, OpbIC XOHe afblllWbIH TingepiH-
peri komkasbanapabl  kapayFa  kabblngangpl.
Komkaszbaga Tomblk MaTiHI, rpadukacbl XeHe
kectenepi 6ap dann 6onybl Tuic. Komkasbara
aBTopriap YXKbIMblHbIH,  Gapnblk  MyLuenepi Ko
KOWFaH MakanaHbl xapusnay MyMKiHAir Typanbl 6ac
penakTopAblH aTbiHa KasblfFaH xaT Koca Gepinegi.
KomxasbaHbl Tancblpy kesiHge aBTopnap aBTOprbIK
Kenicimre (odepTanapra) Kon kosabl.

ABTopnap FbINbIMU-MPaKTUKanbIK HaTU-
XernepaiH ~ ceHiMAainiri  MeH  MaHbI3AbiNblFbiHA
XeHe KomkasbanapgpblH fblIbIMM  Ma3MYHbIHbIH
e3ekTiniriHe >xayan 6epepi. [lMnarvatka pykcat

Gepinmengi — 6Gacka OGipeyaiH LblFapMallbibIK
XKYMbICbIHBIH ~ HbICaHackl ~ 6onbin  TabbinaTtbiH
XapusinaHFaH — KymbICTapAblH:  MakananapapiH,

MOHorpadusinapablH, NaTeHTTEpPAIH xaHe T.6. maTe-
pvangapblH 3aHCbI3 nanganaHy.

XKapusnay Typanbl wWwewimMai KypHangbliH
bac  pepakTopbl MeH pedakumsi  ankachbl
KorpkasbaHbl KapacTbipFaHHaH, nnarvart neH Cokbip

' https://classinform.ru/udk.html
2 https://grnti.ru/

peLeH3usnayabl TeKCEpreHHeH KewiH, YCbIHbIFaH
MatepvangapablH  fblIbIMU - XK8HE  MpaKTUKanbIK
MaHbI3AbINbIFBl  MEH ©3EKTiMiriH eckepe OTbIpbIM
Kabblnganapl. XKypHangbiH penakumschbl
peLeH3eHT TaHOdayFa, XeHe [fe kaxeT bonfaH
Xafdanaa OHbl aybICTbipyFa Kykbinbl. KapacTbipy
HaTWxenepi OoWbIHLWIA XKETKINIKCi3 >Kofapbl 6Gara
anfaH Komkasba >KypHan apusinaHbiMOapblHbIH,
[OeHreliiHe HeMece TakblpblOblHa CallKkec eMec aen
KkabbingaHbangpl. KabbinpaHbaraH komkasbanap
KanTa kabbingaHbanabl xxeHe KapacTblpbliMaiabl.
Erep «komkasba xypHanablH Genrini  6ip
HeMipiHAe >XapusnaHy YLWiH TaHganca, pegakums
Matepuangbl okuabl, 8aebwn  pepakuusanaybl
Xy3ere acblpafbl, COHbIMEH KaTap Kormka3baHbiH,
pecimgenyiHiH Makananapfa KoWbINnaTblH — OCbl
TanantapFra CoNKecTiriH Tekcepeai. PegakunsinanraH
Kormkasba XypHanablH CalnTbl apKbinbl peaakuusnbik
TYCiHiKTEMenepre cevikec aBToprapfa Ty3eTyre
xibepinegi. ABTopnap pfaWblHOaraH KomxkastaHbl
XypHangplH, canWTblHOAa pepakumsa  GenrinereH
Mep3imae xibepy Tuic. ABTOpnap pepakums MeH
peLEeH3eHTTIH 6apnblk ecKepTynepiH >XOWFaHHaH
KeniH kormkasba kabblnaaHabl Aen ecenTeneni.

2. Makanafa KonbInaTbliH Tanantap

Komka3ba maTiHAik pepaktopga 6Gonybl Tuic
(MS Word, OpenOffice, LibreOffice), channpa *.doc,
*.docx, *.rtf 6onysl THic.

KomxasbaHblH
Kypanybl TMic:

1. B0X', FTAXP?, 6acbinbiM Typi, TakblpbIObl,
aBTOprapablH,  TOMblK — aTbl-XeHi, aBToprnapabliH
XYMbIC OpblHAaPbI (3aHAbl HbiCAaHAAPbIH KepceTnen
yibIMaapablH ataynapel, kanachbl, en), aHHoTauus,
Herisri cesgep — yw Tinge 6ip GafaHga (opbic,
afbINwblH, KasakLwa) ap Tinge 6enek betre.

KypbinbIMbl  KenecinepaeH
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2. Makana MaTiHi TynHycka Tinge exi
baraHga. MaeTiH norukanbelK KypbinbiMAbl  6onybl
Tvic. Keneci Takblpbinwanapabl — nawganaHy
yCbIHbINaAb!: Kipicne, Herisri 6enim, ecentey Genimi,
3KCMEPUMEHTTIK Genim, HaTuXenep MeH Tankeinay,
KOpbITbIHABINAP.

3. CypeTtep, kKecTernep —  KemnemiHe
kapai Oip Hemece eki GaraHga, ataynapbiMeH,
GenrineynepimeH, arbinwbiH TiniHe® aygapmacbiMeH

TynHycka Tinge OepinreH cypeT  acTbl/kecte
acTbl xa3banap. Opbip cypetTi jpg, gif, jpeg, tiff
dopmaTTapbiHaa, Avarpammanapgbl  — - excel

dopmMaTbiHAa TynHycka TypiHOe 6enek KocbiMLia
hanin peTiHae canTka OpHanacTbipy KaXeT.

4. KapxbinaHgpipy Ke3si, Myaaenep
KaKTbIfbICbl XoHe aBToprapAblH KOCkaH yYIneci
Typanbl KOCbIMLLA aknapar — TynHycka Tinge »eHe
aFbINWbIH TiNiHOe eki baraHaa.

5. TManpanaHbinFaH apebuetTtep
(epebuetTep Tizimi, references) — 6ip baraHaa.

6. AsTOpnap Typanbl TOMbIK  aknapat
(FoINbIMK a@TakTap, foinbiMu gapexenep, ORCID,
Scopus SPIN-kog, email xsHe T.6. Kaxer
Xafganga) — TYMHYCKa TiNAe XaHe afbinblH TiniHae
eki baraHpa.

7. Xat anmacyra xayanTbl aBTopabl KepceTy

Tizimi

(corresponding author), «*» ©GenriciveH — 6ip
baraHaa.
KomkasbaHblH  KypbIbIMABIK  3NeMeHTTEpI

Kenecigewn pecimaenyi Kaxer:

1. 90X (UDC, 90X), FTAXP (CSCSTI,
FTAXP) 6ac opintepmeH GenrineHeni, Arial
wpndTi, enwemi 14, keckiHi — kapanay, Typanay —
confa, LWeriHicci3, konapanblk UHTepBan —
kebenTkiw, 1,15.

2. Xapusnanbim TYpi O0X, FTAXP
KemiH, Arial wpwudTneH, enwemi 12, KeckiHi —
Kapanay, Typanay — Corfa, LeriHicci3, )onaparblk
WHTepBan — kebenTkiw, 1,15 opHaTbINaabl.

3. KomkasbaHbIH TaKbIpbIObl KbiCka >XoHe
Ma3MyHAbl, KbiCKapTynapcbl3, Arial wpudTimeH,
enweMi 14, keckiHi — Kapanay, Typanay — cornfa,
LeriHiccis, )onaparnblk MHTepBarn — kebentkiw, 1,15
6onysbl THiC.

4. ABTtopnapabiH ATbI-)KOHI Takbipbin ac-
TbiHAa, Arial wpndTi, enwemi 14, KeckiHi — Kapa-
nay, Typanay — confa, LUEriHiCCi3, onapanblk WH-
TepBan — kebentkiw, 1,15 xasbinagbl. bacraybiw
apinTep iwiHae 60C OPbLIHCI3 HYKTEMEH Xa3blnaabl.

5. ABTOpnapAablH XYMbIC OpbIHAApPbI
(yMbimaapablH - ataynapbl  3aHAbl  HbiCaHOApPbIH,
Kanacbl, eniH kepceTnew) asTopnapgblH ATbl-
YKOHI actbiHaa, Arial wpndTi, enwemi 11, keckiHi —
Kapanay, Typanay — Corfa, LUeriHicci3, )onaparblk
uHTepBan — kebenTkiw, 1,15 xasbnagbl.

6. «TynHycka 3epTTeynep» ynrigeri
Komkasbanap aHHOTaUMACHI Keneci KypblnbiMaa
6onybl TWic: Heriageme, makcat, matepuangap MeH
aficTep, HaTwxenep, KOpbITbIHABI. AHHOTaUMA
kenemi 300 ces3meH acnanabl. AHHOTaUMSA

MaTiHiHIH angbiHga «AHHOTAUWA» TakblpbiObl
Konbinaabl, wpndt Arial, enwemi 11, werinic 0,75
cM, onapanblk uHTepBan — 1,15. AHHOTauus
MaTiHiHAe Arial WpundTi nargananbinagbl, enwemi
10, werinic 0,75, xxonapansblk nHTepsan — 1,15.

7. Heri3ri cesgep aHHOTauusi acTbliHa KOC
HyKTe apkbinbl, 10 ce3aeH Hemece €e3 TipKeCiHeH
acnawiTblH, Arial WwpudTimeH, enwemi 10, KypcuBneH,
0,25 werinicneH, 1,15 >xonapanblk WMHTEpBanIMEH
xasbinagel.  «Herisri  cesgep:»  xannbnaylubl
Tipkeci («Keywords», «Heri3ri ceagep») kek TycneH
GenrineHyi Kaxer, ekniH 1.

8. KomkasbaHblH MOTiHi xaHa ©OeTTeH
6acranybl Tvic, wpudrT Arial, enwewmi 11, Typanay —
con akTa, werinic 0,75 cm, xonaparnblk MHTEpBan —
kebenTkiw, 1,15.

9. Komkasba MaTiHIHIH TakbipbinTapbl
(«Kipicne»,  «Herisri  6enim»,  «KopbITbIHObBI»
xoHe T.6.) Arial wpudrTimeH, enwemi 11, Typanay —
con xakra, wwerinic 0,75 cMm, xonapanblk UHTepBan —
kebenTkiw, 1,15 xasbinagpl.

10. CypeTtTep MeH kecTenepaiH HomipneHyi
nanekTi 6onybl Tnic (1, 2, 3 xaHe T.6.). Kectenep
MeH cypeTTepai nOepekkesdi kepceTnen 6Hacka
MaTepuangapaaH anyra 6onmangel. CypeTrep MeH
KecTe TakblpbinTapbl Tonblk, abbpesuaTypachi3
(«1 Cypet», «2 Kecte», «Figure 3», «Table 4»),
b6ac opinneH xa3binybl THic. CypeTTep MeH
KecTenepaiH aTaynapbl kbicka, 6ipak MasMyHAbl,
TakblpbinTaH 00C OpbIHMEH HYKTEMEH OGeniHreH,
OipiHWi ce3 — 6Gac eopinneH, Arial wpudTiMeH
GenrineHreH, enwemi 11, kapanay, Typanay -—
opTacbiHAa, LIeriHicci3, xonapanblk nHrepsan — 1
6onybl THic. KecTeHiH xa3banapbl xaHe artaybl on
KeCTeHiH >Ofapfbl XafblHOa, CypeTTiH »asbackl
MeH TakblpblObl — CypeTTiH acTbiHAa >Xasbinagbl.
TakplpbINTaH KewiH HykTe KowblmMangpl. Erep
cypetTe  opinTepMeH Hemece  caHpapMeH
GenrineHreH Ti3im 6onca (a), 6), B)...; 1), 2), 3)...;
a), b), c)...), myHaan 6enrineynep Arial wpudTiMeH
GenrineHreH cypeTTiH acTbiHga, enwemi 10,
CTUIb — KypCUB, Typanay — opTacbiHAa, LLETiHiCCi3,
xonapanelk HTepsan — 1 xasblnagbl.

11. CypeT neH KeCTeHiH acTbiHAAFbI
Xas6anapbiHaa Genrineyai  TonbiK  kasy
KamTbinagbl, Arial wpudTiHae, enwemi 10,
Typanay — COM XakTa, LeriHicci3, »onaparnblK
nHTepBan — 1 6onagabl.

12. CypeTtTep MeH Kecteneppgeri MaTiH Arial
wpudTiHae, enwemi 8-geH 12-re geniH Gonagbl.
MaTiH TynHycKa TinAeH afbinLwbIH TiNniHe aygapbinybl
TUic, CKpUMHWOTTapabl, 6araapnamanblk eHimaepaeH
XKYKTenreH Martepuangapibl XeHe eHAeNMeWnTiH
dopmaTTarbl rpadukanblk XaHe KecTenik Ma-
TepuanapiH 6acka TypnepiH kocnaraHaa.

13. CypetTtep MeH KecTtenep MOTi-
HiHAgeri eckepTnenep artayablH, TypakTbl
OeniriHiH ~ Kbickalla TypiH KomJdaHa  OTbIpbiM,
maTiHgerinen  pecimgenyi  kaxeT  («1  cyp.»,

«2 KecTey).

3 BypaaH api TynHycka Tini aFbinwbIH Tini 6onca, 6acka Tinaepre aynapma Tanan eTinmengi.
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14. NanpanaHbinFaH apebuertep Tisimi
(opmebuertep  Ti3iMmi, references) MoaTiHae
cinTeme >acanfaH 6GacbinbiMaapabl faHa KamTybl
Tvic. Cintemenep navpanaHbiiFaH aaebuetTep
TisimiHae aepekkesnep peTiHe cavikec ([1], [2], [3]
xoHe T.6.) xacanagbl. Ti3iM TymHycka 3epTTeyrnep
ywiH 30 TapmakTaH, fbifbiIMU LIOMYNap  YLUiH
60-TaH acnaybl Tuic, 3amaHayu 6GacbinbiMaap
GornFaHbl )akcbl. Opbip Aepekkes XKyMbIC MaTiHIHAe

KaHWanbIKTbl  XWi  anWTblIifaHblHA ~ KapamacTaH
Tisimge 1 per aranagbl. MaTiHgeri Tisimaeri
Gactankbl HeMipre cintemenep TepTOYpLILTHI

Xakwapa 6epinyi kaxet. KongaHbeinfaH agebunettep
TisimaepiH pecimaey opbIC XeHe Kasak TingepiHae
MEMCT P 7.0.5-2008 coiikec, afbiflbIH TiniHae —
AMA (Vancouver) cTuniHge »ysere acblpbinagpl.
XapusinanbimpapgblH ~ Genrini 6ip  TypnepiHe
cinTemenepgi pecimaey epexernepiMeH Tonblfbipak
MblHa cinteme 6oWbiHWa 6ine anacwi3: hitps:/
journals.eco-vector.com/index/pages/view/
references_split .

15. ABTopnap Typanbl aKnapartTa
aBTopnapabiH TONbIK ATbI->XXOHI, FbINbIMKU
aTakTapsbl, fbinbiMu aspexenepi, ORCID, Scopus
SPIN kogpbl, email xaHe KkaxeT OonfaH xargamoa

backa ga manimertep 6onybl Tvic. Arial wpndTtiMeH
pecimgenegi, enwemi 12, Typanay — con XakTa,
LieriHiccis, xonapanblk WHTEpBan — kebenTKiw
1,15. «<ABTOPJIAP TYPAJbl AKMAPAT» («ABTOP
(-TAP)  TYPANbI  AKMAPAT», «AUTHORS’
(-'S) INFO») Takpipbibbl Hac epinneH xasbinagbl
XoHe Kapanay wpudpTneH 6enrineHeni,
astopriapabiH  ATbI->KOHOEPI pe  kapanay
WwpncTneH GenrineHegi. Xat anmacyfa xayanTbl
aBTopabl ATbI-KOHIHIH con xafbiHaa »)ynabi3wa
(«*») apkbinbl 6enrinenai (aBTop, OTBETCTBEHHBIV 33
nepenucky, corresponding author). TyciHaipme >xonbl
«*Xabap anmacyra xayantbl aBTop/Corresponding
author» («*ABTOp, OTBETCTBEHHbIA 3a nepenucky/
Corresponding author») «ABTOp Typanbl aknapar»
GenimMiHeH KeliH kepceTinesi.

Bet XuekTepi keneci napametprnepre wue
Bonybl TUIC: YCTiHFi XXeHe TeMEHT i Xafbl — 2 CM, COn
Xafbl — 3 cM, OH Xafbl — 1,5 cm. Makana kenemi —
TYNHycKanblk 3epTTeyrnep ywiH 10 6eTTeH ken emec,
FbINbIMK  LLIOMYNap XaHe KormkasbanapablH 6acka
Typriepi ywiH 20 GeTTeH acnaybl kaxeT. Kypgeni
mMareMaTtukanblk opMynanap KMbIHTbIFbI  YLUiH
Word GargapnamacbkliHgarbl ctanHgaptTbl Equation
Editor pegakTopbl KongaHbinaabl.
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