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MOPCbKI/II7[ TA BHYTPIIIIHIN
BOAHVM TPAHCIIOPT

YIK 621.4 DOI https://doi.org/10.33082/td.2026.2-29.01

BUBIP MATEPIAJIY JJIA TEIIVIOAKYMVYJIIOIOYUX CUCTEM
EHEPITETUYHHUX YCTAHOBOK CYJAEH HA OCHOBI
IHTETPAJIbHUX KPUTEPIIB

I'.B. Ky3neunos
acriipanT HaBuasibHO-HAyKOBOTO LIEHTPY MOPCHKOI iH(PACTPYKTYpH,
Hayionanvuuii ynisepcumem xopabaedyoysanns imeni admipana Makaposa,
Muxonais, Yxpaina
ORCID ID: 0000-0002-1028-4102

Anomauisn

Memoro pobomu € niosuwenns enepeemuyHoi ma exono2iuHoi egpekmugHocmi cyo-
HOBUX eHep2emUYHUX YCIMAHOB0K 8I0N06IOH0 00 npasuit Mixchapoonoi mopcvkoi opea-
HI3ayii Waaxom payioHanbHO20 UKOPUCTNAHHA NATUSHUX PEeCYPCi8 13 3aCMOCYS8AHHAM
mMamepianie i3 CyKynHiCmIO payioHAIbHUX MeNnIoDI3UYHUX Ma eKCHIyamayiliiHux énac-
mugocmeti y menioakymyuoouux cucmemax. OOIpYHMOBAHO BUDIp MENI0AKYMYIIO-
10U020 Mamepiany Ha OCHO8I MYIbMUNIIKAMUBHUX [HMeSPATbHUX Kpumepiis, uo 8io-
nogioaroms IEPApxXivHuM pIGHAM: Mamepiai, MenioaKyMyIamop i menioaKymyaonid
cucmema y ckiaodi enepeemuyHoi ycmanosxku cyona. Oyinka payionaibHocmi eubopy
Mamepiany menioaKymyuo4ol cucmemu niomeepo#ceHd 8iOHOCHOK eKOHOMIEI NAJlU-
8a ma iHOeKCcoOM eHepeoeqheKmMuUeHOCmi NpPoeKmy CYOHa. Busmauenmns menioaxymy-
J0I0YUX Mamepianie i3 ¢azoeum nepexooom 0ns pi3HUX MeMnepamypHux pieHie oae
3102y eheKMUBHO BUKOPUCMOBYBAMU 8 CYOHOBUX eHePeeMUYHUX YCMAHOBKAX CKUOHY
Meniomy HU3bK020 NOMEHYIany 3 Pi3HOI IHMEHCUBHICMIO 8i0 8iONPAYbOBAHUX 2a316,
OXONI00JCYBALHOL PIOUHU MA MACMULA, WO OAE 3MO2Y POUUPUIMU (DYHKYIOHATbHI
MOdHCIUBOCII 3aDe3neueH s NOMpPeb 20108HUX 08ULYHIB, OU3Eb-2eHEPAMOPI8, eKINaXCy
ma nacadxcupie. Buxopucmanus eusnauenHux mamepianie 3 ypaxy8aHHsaM CYKYRHOCMI
ix xapakxmepucmuk: menioQizuuHux — memnepamypu nideleHHs, NUMOMOi MAco8oi
MenioeEMHOCII, NUMOMOI meniomu hazo8020 nepexody, 2ycmuuu ma Koepiyienma
MenionpogiOHOCMI;, KOHCMPYKMUBHUX — MOBWUHU WAPY U eKCNIyamayitiHux — 4acie
CMOAHKU MaA X00Y 8IONOGIOHO 00 eKCHIYAmMAayiiHo20 YUKy — 0ae 3Mocy 3abe3nequmu
ehekmusHi NOKA3HUKY MenI0aKyMYIoUuoi cucmemu y ckiadi cyOHOB0I eHepeemuy-
HOI YyCMAaHo8KU. 3a payioHanbHUMU CXeMHUMU DIUEHHAMU MEeNna0aKyMyaioyoi cuc-
memu ma cnocobamu aKymynayii meniomu 3 pazo8um nepexooom 6i0 pizHux oxcepei
meniomu — 8iONPaYbOBAHUX 243168, MACMUIA Tl OXOIO0HCYBATbHOI PIOUHU, A MAKONC 3
VPAXy8aHHAM YMO8 pOOOMU OBUSYHIE 3a eKCNIYAMAYIHUMU YUKIAMU BUSHAYEHO, U0

© Kysnenos I'.B., 2026
CrarTsi MOLIMPIOETHCS HA YMOBaX JineHs3ii Bigkpuroro noctymy (CC BY 4.0) m
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3a0e3neyents Cnodjicu8ayis CyoHa aKymymibO08aHoK Meniomor 0ac 3mMo2y 3MeHUUmu
sumpamy naiuéa OONOMINCHUX Komaig 6i0 5 0o 64 % 3anedcno 6i0 ckiady cyOHO80I
eHepeemuyHOl YCMAano8KY Ma NPU3HAYeHHs CYOHA, A MAKOJC 3a0e3nedumu 3HUICeHH s
3HAYEHb IHOCKCY eHepeoeheKmMUEHOCI RPOEKMY CYOHA 6 cepednbomy 00 2 %.

Kniwouosei cnosa: ymunizayis meniomu, enepeoeghekmugnicms, mamepianu 3 ¢aszo-
BUM NEPexo0oM, Menio6i 08USYHU, 3a2aIbHOCYOHO8I ma nodymoei nompeou.

SELECTION OF MATERIALS FOR THERMAL ENERGY STORAGE SYSTEMS
IN MARINE POWER PLANTS BASED ON INTEGRAL CRITERIA

H.V. Kuznetsov
Phd Student of Educational and Scientific Center of Marine Infrastructure,
Admiral Makarov National University of Shipbuilding, Mykolaiv, Ukraine
ORCID ID: 0000-0002-1028-4102

Abstract

The aim of the study is to improve the energy and environmental efficiency of
marine power plants in accordance with the regulations of the International Maritime
Organization through the rational use of fuel resources by applying materials with
a set of rational thermophysical and operational properties in thermal energy
storage systems. The selection of a phase change material is substantiated based on
multiplicative integral criteria corresponding to the hierarchical levels of material,
thermal energy storage unit and thermal energy storage system within the marine
power plant. The rationality of selecting the material for the thermal energy storage
system is confirmed by the relative fuel savings and the Energy Efficiency Design
Index. The determination of phase change materials for different temperature levels
makes it possible to efficiently utilize low-potential waste heat of varying intensity from
exhaust gases, cooling fluid and lube oil in marine power plants, thereby expanding
the functional capabilities for meeting the demands of main engines, diesel generators,
crew and passengers. The use of selected materials considering the combination of their
characteristics — thermophysical properties, including melting temperature, specific
heat capacity, latent heat of phase transition, density and thermal conductivity, design
characteristics, including layer thickness and operational characteristics, including
berthing and sailing times according to the operational cycle — makes it possible to
ensure efficient performance of the thermal energy storage system as part of a marine
power plant. Due to rational design solutions of the thermal energy storage system
and methods of latent heat accumulation from various heat sources — exhaust gases,
lube o0il and cooling fluid — as well as considering engine operating conditions under
operational cycles, it has been determined that supplying vessel consumers with
stored thermal energy makes it possible to reduce the fuel consumption of auxiliary
boilers by 5—64%, depending on the composition of the marine power plant and the
vessel purpose, as well as to reduce the values of the Energy Efficiency Design Index
by an average of up to 2%.

Key words: heat recovery, energy efficiency, phase change materials, heat engines,
ship service and domestic demands.
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IMocTanoBka mpo6JjeMH y 3arajbHOMY BUIVISIAI Ta ii 3B 30K i3 BaKJIUBUMU
HAYKOBHMHU 4YHM MPAKTHYHUMH 3aBIAHHAMHU. 3 OISy HA MacIITaOM Ta €HEepProeM-
HICTH CBITOBOTO (IJIOTY CaMe CYITHOTUIABCTBO CTA€ OHIEIO 3 KITFOYOBHX Tally3eH, Ha SIKy
CTIPSIMOBAHI Cy9YacHi HAyKOBO-TEXHIUHI iHIIIATUBH IS JOCSITHEHHSI BUIUX ITOKA3HUKIB
eHepro3oepexeHHs. Bumorn MixkHapoaHoi Mopchkoi opraizartii (IMO) crocyroTbest
3HIKCHHS BUTPATH TaJMBa, OOMEKEHHS BUKHIIB TTAPHUKOBUX Ta3iB Ta IiABUIICHHSI
eHeproe)eKTUBHOCTI CyTHOBHUX €HEPTreTHIHNX ycTaHOBOK (CEY).

OnHUM 3 aKTyaabHUX HapSIMIiB 3HIDKCHHS BUTPATH ITAINBa 1 OOMEXCHHS BUKHUIIB
ITApHUKOBUX Ta3iB € YTUITI3allis TETUIOTH 13 3acTocyBaHHAM y ckiani CEY temmoakymy-
morounx cucreM (TAC) Ha 6a3i TEIT0aKyMYIIATOPIB 13 (a30BUM TEPEXOIOM, IO JAFOTh
MOXKITUBICTD 3a0€3MEUNTH NIEPEIITyCKOBY MiATOTOBKY nBUTYHIB CEY, 3araibHOCYTHOBI
Ta MOOYTOBI MTOTPEOH IS 3HIDKCHHS CKCIUTyaTamliifHOTO HaBaHTa)KCHHS Ha JOTIOMiXKHI
JIBUTYHH Ha XOJy Ta TIiJl 9aC CTOSHKHU B TIOPTY.

AHami3 ocTaHHiX [gocTaiTKeHb 1 myOdikamiii, y SIKHX 3amM04aTKOBAHO
Po3B’si3aHHA Li€i mpo0JeMu, i BUAiJIeHHsI He BUPilIEHUX PaHilIe YaCTHH 3arajJbHoOi
npodaemu. Bukoprucranuio TAC 3 pa3oBUM mepexomoM Ta IHITUX CHCTEM aKyMYITio-
BaHHS TETJIOTH B CYTHOBUX, TPAHCTIOPTHHUX 1 CTAIlIOHAPHUX EHEPTETUYHIX YCTaHOBKAX
TIPUCBSYCHO 3HAUYHY KUTBKICTH JOCIIHKEeHB. Y po00Ti [ 1] 3ammponoHoBaHo 3aCTOCYBaHHS
BEJIMKO0O’ €MHUX TEILIOAKyMYIATopiB 06’emom 1000-2500 M3 st yTurimizartii TemIoT
BiJIMTPaIbOBaHMX Ta3iB y CKJIa/li eHepreTHIHO] YCTaHOBKH TOPToBeIbHOTO cyaHa. [loka-
3aHO, 10 3aJICXKHO Bi 00’ €My aKyMyJIsATOpa Taka CHCTEMa MOXE 3MEHIIUTH BUTPATH
najuBa AOMOMDKHOTO KoTaa Ha 60-90% Ta 3a0e3meunTy piyHui eKOHOMIYHHHA e(eKT
omu3pko 0,25 mita gomapis CHIA.

ITepcnexkTuBu Bukopuctanus TAC Ha Kpyi3HHX CymHaX PO3TISIHYTO Y pobo-
Tax [2—6]. OCHOBHY yBary MpHaiJICHO 3aCTOCYBAaHHIO TETUIOAKYMYITIOIOUNX MaTepi-
aniB (TAM) nns 3a0e3medeHHs TOTped rapsaoro BomonocTadanus, cucteM HVAC
Ta BUKOPHUCTAHHS CKUIHOI TETUIOTH il Yac CTOSHKU cymgHa. Y poOoTi [2] ekcriepu-
MEHTAJIPHO ITATBEPKCHO 301TBIIIEHAS CHEPTOEMHOCTI CUCTeMH 3 Tpuom3HO 20 10
moHax 35 kBr-rox/m® 3a Bukopucranus riopuaaoi TAC 3 TAM o06’emom 0,1 M3,
Pesynbraté moCHimpKeHh MIATBEPIKYIOTh MOXKIHBICTH 3TMIAJDKYBAaHHS TIKOBUX
TEIJTOBUX HABAHTAKEHb 1 3MEHIICHHS CIIOKUBAHHS MalliBa JOTIOMIKHIUMH €Hepre-
TUYHAMH 3aCO0aMU.

[Iutanus cTBopeHHS KOMIaKTHUX MOAYNbHUX TAC Aiist CyTHOBHX YMOB JIOCIHIIPKEHO
B pobotax [7; 8]. Po3misHyTO 3acTOCYBaHHS TUIOCKO-TNIACTHHYIACTHX TETUIOAKYMYIISITO-
piB i3 TAM miis yTwitizartii TeTUIOTH BiAmpanboBaHuX raziB. OTpuMaHi 3HAYCHHS TTUTO-
MOi eHeproeMHOCTI Ha piBHI 45-46 kBr-rom/m® cBiguaTh MpO MOMITBHICTE BUKOPHC-
TaHHS TakuX KOHCTPYKHii y CEY, nme BaXIMBUMHU € 0OMEKEHHS 32 Macoro, 00’eMOM
1 KOMIIOHOBKOIO MAIlIMHHOTO BiTiIEHHS.

IaTerpoBani cUcTEMH YTHIII3AMil TETUIOTH i3 3aCTOCYBaHHSIM TEIUIOAKYMYJISTOPIB
y CKJIaJi KOMOIHOBAaHHMX CHEPreTHYHUX YCTAHOBOK IOCHTiKeHO B pobotax [9; 10].
Y pob6orti [10] ekcriepumenTanbHO mociimkeHo cuctemy SE-ORC-TES mis kpyizaux
CylEH, yV SKif BeNMWYWHA aKyMyJIhOBAaHOI TEIJIOTH CTaHOBWIa Onm3pko 8,7 kBT-TO,
o BiamoBigano 7,7 % 3aradbHOTO €HEPTOCTIOKUBAHHS MMajiBa, a CyMapHa TeHepartis
enexktpoeneprii ycranoBkamu ORC Ta Stirling mocsirana 6mmssko 1 % eneprii nanmsa.
ITokazano, mo moegHanas TAC 3 iHmmMMH 3aco0aMu yTHITI3Amil CKUTHOI TETUIOTH
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MOKE IMIJBHIIUTH 3arajibHy €(EKTHBHICTh CHEPIreTUYHOI YCTAHOBKHU Ta 3a0e3MeunTH
YaCTKOBE MOKPHUTTS TETUIOBUX MOTPeO cyaHa 0e3 J0JaTKOBOTO BUKOPUCTAHHS TOTIOMIXK-
HUX KOTJIB.

CymixHi ocmipkenHs y cdepi Tpancnopty [ 11] migrBepKyOTh TOMiTbHICTH BUKO-
PHUCTaHHS TEIIOAKYMYJIATOPIB JUISI CKOPOYCHHSI TPUBAJIOCTI MPOTPIBY JABHUIYHIB IMiCIIs
crostHkH. [TokazaHo, 110 BUKOPUCTAHHS TEIJIOAKYMYJISATOPIB Ia€ 3MOT'Y CKOPOTUTH 4ac
nocsraenHs remneparypu 70°C npubnusno Ha 24,4 % micns 4-TOAMHHOTO TIPOCTOIO
JIBUTYHA, [0 CTIPHsIE 3MEHIICHHIO BUTPAT MaJliBa Ta TEIIOBUX BUKH/IIB.

Jist crarioHapHUX 1 IPOMUCIIOBHX TEIUIOCHEPTETUYHHUX CUCTEM Y podoTax [12, 13] po3-
DJISIHYTO ONTHMI3allil0 PEXKUMIB 3apsIKH Ta PO3PAJIKU TEIIOAKYMYISTOPIB, a TAKOXK
3aCTOCYBaHHS BUCOKOTEMITEPATYPHUX CUCTEM aKyMYIIIOBaHHS TEIUIOTH. Y pobori [12] mo-
Ka3aHo, 1110 J1alITHBHE KepYBaHHsI PKUMaMHU pOOOTH MapoOBUX aKyMYIISITOPIB JJa€ 3MOTY
3MEHIIUTH HEOOXiTHUI 00’ €M Terutoakymyisitopa Ha 15-25 %. Otpumani pe3ynsraru
€ BaXIMBUMHU JJIs1 BUOOpY pexumiB pobotn TAC Ta omiHIOBaHHS iX €(EKTHBHOCTI
B YMOBaX 3MiHHOTO TETJIOBOTO HABAHTAKEHHS.

OynnamenrtanbHi nutanas Bubopy TAM, ¢opmymoBanHs 3a1ad (a3oBoro nepe-
XO[ly, iIHTeHCH(iKallii Terionepeaadi Ta npakTHIHoro 3acrocyBanHs TAC y3araibHEeHO
B poborax [14-16]. ¥ mux gocimipkeHHSIX pO3TIISTHYTO opraHivHi i Heopraniuni TAM,
OCOOJIMBOCTI MPOIECIB IUIABJICHHS Ta KPUCTAJi3allii, a TaKOX METOIM MOKpaIleHHS
TEeTIonepeaadi 3aB/sIKu OpeOPEHHIO, IOPUCTHM CTPYKTYPaM, BUCOKOTEIIIONPOBITHUM
MaTpPHISIM 1 KOHCTPYKTUBHIN ONTHMI3aIli] TeII000MiHHOT ITOBEPXHI.

He3paxkaroun Ha 3HaYHY KUIBKICTb JOCHIKCHB, MUTAHHS KOMILICKCHOI IHTEerpaii
TAC y cxiani CEY 3 ypaxyBaHHSIM €KCIUTyaTal[lifHOTO MUKy Cy/IHA, CTPYKTYPH CIIO-
JKMBAYiB TETJIOTH, PEKUMIB CTOSHKH Ta PyXy, @ TAKOXK OCOOIUBOCTEH BHKOPHCTAHHS
CKMJIHOT TEIJIOTH 3aJIMIIAI0THCS HEJJOCTAaTHRO ONpaiboBaHuMU. Lle 00ymoBitoe HeoO-
X1IHICTh TIOABIIOTO A0CHTiKeHHS edexTuBHOCTI 3actocyBanHsi TAC y CEVY 3 ypaxy-
BaHHSM PEaJTbHUX YMOB €KCILTyaTallii.

@opmy/JIOBaHHST METH CTaTTi, MOCTAHOBKA 3aBAaHHs. METOI JOCIiHKCHHS
€ MIJIBUIICHHS CHEPreTUYHOT Ta eKkoyioriuHoi edektuBHocTi CEY BignoimHo 10 mpa-
Bl IMO 1uisixoM paiioHaJIbHOTO BUKOPUCTAHHS MaJMBHHUX PECypCIB i3 3aCTOCYBaH-
M y TAC marepiaiiB i3 (a30BUM MEPEXOIOM, IO BiMOBIIAIOTh CYKYITHOCTI pailio-
HAJILHUX TEIUIO(I3UYHUX, KOHCTPYKTHBHUX Ta EKCIUTyaTalliiHUX BIACTUBOCTEH.

JIi1st mocsATHEHHS 1i€] METH BU3HAYEHO TaKi 3aBJIaHHS:

1. Po3poOutn MeTox BUOOPY TEIUIOAKYMYITIOIOUMX MaTepialiB i3 (a3oBUM mepexo-
JIOM JUIsl PI3HUX TeMIIEpaTypHHUX Jiala30HIB IIJISIXOM KBaHTHU(IKallii METH Ta BHU3HA-
YEeHHS MYJIBTHILTIKATUBHUX IHTETPaJbHUX KPUTEPiiB BUOOPY MarepiaiiB Ha OCHOBI iX
Tero(i3MYHUX, KOHCTPYKTUBHUX Ta €KCILTyaTal[ifHUX BJIaCTHBOCTEH.

2. OOrpyHTyBaTH JIOUIJIBHICTh 3aCTOCYBaHHS MYJIBTHILTIKATUBHHX IHTETPabHUX
KpPHUTEPiiB BHOOPY TEIUIOAKYMYIIIOIOUMX MarepiajiB, IO BiJIOBIAAIOTh i€papXiyHUM
PIBHSIM: Marepiai, TeII0aKyMyJIsITop 1 Teruioakymyiotoda cuctema st CEVY.

3. BukoHaTH OIIHKY palliOHAJILHOCTI BHOOPY MaTepiany TEIJI0aKyMyJIFOKY0i CUC-
temu B ckiani CEY uuisixoM oOrpyHTyBaHHS BITHOCHOKO €KOHOMIERO TIAJIMBA Ta 1HICK-
COM €Heproe()eKTHBHOCTI POEKTY CY/IHA.

O06’exToM JOCIIKEHHS € Tiporiecu eHepro3oepexenHs B TAC Ta ix BIUIMB Ha eHep-
reTuuHy i ekosoriuyny eexkruBHictb CEY.
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[IpeameToM AOCHTIPKEHHS € TIOKa3HUKH CHEPro30epeKeHHs 3 YpaxyBaHHSIM TerlIo-
(hi3MYHUX BIACTHBOCTEH, KOHCTPYKTUBHHUX CXEM Ta €KCIUTyaTalliiHUX XapaKTePHUCTUK
TAC, 110 3a0e31e4yoTh CKOHOMIIO MajiuBa JomoMiKHUX eeMeHTIiB CEY 1 3HmKeHHs
iH/IeKCY eHeproe()eKTHBHOCTI MPOEKTY CYIHA.

MeTonu AOCHIKCHHS. — CUCTEMHMI aHaJli3 Ta OaraToKpuTepiajibHa ONTHMI3allis
3 MYJIBTHIUTIKATHBHOIO TTOOY/IOBOIO 1HTETPAIbHUX KPUTEPITB.

Bukaax marepianay JociikeHHS 3 NOBHHUM OOIPYHTYBAHHAM OTPHMMAHUX
HaykoBHuX pe3yibratiB. KomriekcHa edekruBHicth CEY BH3Ha4a€Thesi TOBHOTOIO
3aJI0BOJICHHSI €HEPTETHYHHMX IOTpeOd CylHa, WOro eKimaky Ta MacaKHpiB 32 YMOBH
oOMekeHHs1 BUTpaT eHepropecypcis. [Ipu npomy Oinbin epextuHa CEY 3a dikcosa-
HUX eHepropecypciB 3abesmneuye nmorpedu B Outbiiomy oo6csi3i. Lle MOKIMBO IUISIXOM
3a0e3MeYeHHs MIUPIIOi CYKYIMHOCTI MOTped OKpeMHUX IIiieH, BU3HAYCHUX KBaHTU(IKa-
niero. Take MOCIIIOBHE BUOKPEMJICHHS MIIICH Jla€ 3MOry OTpUMAaTu OaraTtopiBHEBY
iepapxiuHy cTpykTypy eiemenTtiB CEY 3 BiIIOBiIHUMH TOBHUMH HaOOpaMK BUXITHUX
JIAHUX JUIS 1X 3aJI0OBOJICHHS.

Tos10BHOIO 0COONUBICTIO EHEPIETHYHKX PECYPCIB Ha CYJ/IHI € TXHSI aBTOHOMHA 00OMe-
eHicTh., KibKICHUM BHpa3oM Ili€] OOMEXEHOCTI € yMOBa MaKCHMAaJIbHOT €HEpro-
emuocti EE y Burisizi

E
EE=;—>max,

ne  E — cymapHa eHepris mpkepen (IaliMBoO, €JIEKTPOCHEepris, TerioTa), V — obcsr
JDKEpeIl eHeprii.

CrocoBHO i-ro eneMenTa akymytoBanHs Teruiotd B CEY 3HaueHHs] eHeproeMHOCTI
BUPAKAETHCS SIK

.'mi
= % =¢;'p;, > max,
f

Jie §, — TUTOMA KiJIbKiCTh TEIIOTH, /71, — Maca, p, — I'yCTUHA MaTepiaiy,
4 = Cppg AT, +7+Cpiorirs - AT, — CyMa 3MIHU €HEpril BHYTPIIIHBOTO Ta (ha30BOrO Iepe-
X011y, C, — TATOMA 1306apHa TeIIIOEMHICTB, 7' — ITHTOMA TEIIOTa (ha30BOro MEPEXOy,
AT =T, -T, — TeMmueparypHuii nepenai, T, — Temmeparypa jkepena, I — Temre-
parypa (a3oBoro nepexomy, IHIECKCU: meé — TBEPIUH, pi0 — piAWHA, 11 — TUIABJICHHS,
0o1c — IKEPETIo.

Ockinbky 1HTEHCHBHICTH Terutonepeaadi B TAM BU3Ha4a€eTbcs BEIUYUHOIO
AT—max, y pasi oOMexenHs 3Hauenns 7, Benuuuna 7 —min.

Bpaxxaroun yMoBy BUOOPY KpHTEPiaIbHOI JOCKOHAIOCTI YMOBOIO «4UM OiJIbIIIe, THM
Kpaiie», BUpa3 KpUTepito BUOOPY TEII0aKyMYITIOI0UOTO MaTepiary MOKHA 3alHCaTH SIK

4qi " Pi

TAMI = —> max .

nai

Pesynbrary y3aranbHeHHS TpecTaBieHi (pyHKI[IOHATHHOO 3aJIeKHICTIO IHTETpaIb-
Horo KpuTepito TAM Bix TemmneparypHoro nepenany Ha puc. 1. Marepianu 3 pazoBum
MIEPEXOIOM 3a TEeMIIepaTyporo IUIABICHHS OyiH TOJUIEHI Ha TP TPYNH — HU3BKOTEM-
reparypHi, cepelHbOTEMIIEPaTyPHI Ta BUCOKOTEMITEPATYPHi, IO Ja€ 3MOTY BHUKOPHC-
TOBYBAaTH 1X JIJIsl aKyMYJTFOBaHHSI TETJIOTH OXOJOKYBAIBHOI PiTUHM, MACTHIIA Ta BiJ-
MpaIbOBaHUX Ta3iB.
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©® OxTajieKaH ® ['iapodocdar Hatpiro ® TiocynbdiT HaTpitO T()»/(»_an K
® [inpokcuy 6apiro ©® Xopun Marniio A Eputpuron
ATloieTnieH BUC. TUCKY Mawirton A anakpupon
ALINO3 ANaNO3(18.5)-81.5NaOH ALiCl(37)-63LiOH
ANaNO341-(59)NaOH ANaNO2 ANaCl(7.8)-6.4Na2C0O3-85.5NaOH
ENaOH BMgCl2(63)-22.3NaCl-14KCl Li2C0O3(31)-35K2C0O3-Na2CO3
BKOH BLiF(20)-80LiOH BNaCl(50)-50MgCl12
EmLiOH WLi2CO3(47)-53K2C0O3 BWNa2CO03(56)-44Li2CO3

BNaCl(33)-67CaCl2

Puc. 1. 3anesxcnicmo inmezpansrozo kpumepiio K, - 6i0 memnepamypnozo nepenady
0N MenIoaKymyniolouux mamepianie ® — nuzbkomemnepamypui (T, = 273-380 K),
A — cepemmboremneparyphi (T = 273-545 K),
m — BucokoremneparypHi (T = 273-763 K)

Ha nepmomy iepapxiduHoMy piBHI AOCIHIPKEHHS BUOIP TEMI0aKyMYTFOI0Y0T0 MaTepi-
aJly 3a iHTerpajbHUM KPUTEPiEM Ko\ 3M1HCHIOETHCS BIAMOBIIHO 10 TAKHUX HOT0 TEINIO-
(hi3UYHMX XapaKTepUCTUK: TEMIIEpaTypH IJIaBICHHS, TUTOMOI MacoBOi TETNIOEMHOCTI,
MUTOMOT TETIOTH (Pa30BOTO MEPEXOAy Ta TYCTUHH.

st qpyroro iepapXivyHOro PiBHS TEIUIOOOMIH Y TEIJIOAKyMYJISTOPI 3/I1HCHIOEThCS
Yyepe3 TEIUIONPOBIAHICTh, IHTEHCHBHICTH SIKOT OOCPHEHO MPOTOpLiHA TEIIOBOMY
omopy. Jlyist mpoiieciB Terioo0MiHy 3 (a30BUM MEPEX00M 3arajibHH TCILIOBHIA OIip
CKJIaJIa€ThCs 3 TEIUIOBUX OMOPiB TBepaoi Ta piakoi daz

0, 80
RT B Kme * %pi() ’

Ie 0, A — BIAMOBiAHO TOBIIMHA Ta KoediuieHT Teronposignocti TAM, §=3,,+3,,
Ta TOPIBHIOE KOHCTPYKTHBHIN TOBILMHI [Iapy MaTepialy B KalcCyii TErI0akyMyJsiTopa,
10 HaBeJeHa Ha puc. 2 BUI A.

Ockinbku 3Ha4eHHs KoedilieHTa TermaonposiaHocti TBepAoi pazu TAM e Oinbiunm,
HDK aHaJoTi4He 3HaYeHHs UIs piIKkoi ¢a3u, a TOBIIMHA 1Iapy 3MiHIOEThCS, 3aJIeKHICTh
3araJlbHOr0 TEPMI4HOTO OTOPY Bij piakoi macoBoi yactku TAM HaBeneHo Ha puc. 3.
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Tenacuocii

i.m TR R e e TR T

Puc. 2. Cxema mennoaxymynsmopa 3 gpazosum nepexooom TAM

0,14

0,12

0,00
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

B(T)

Maniton —&—NaNO2 —&—LiCl(37)-63LiOH —@—Bapiii rinpokcuy —— Epurpurosn

Puc. 3. 3anesxcnicmo R, 610 piokoi macoeoi uacmxu

Buxomstau 3 1poro, min yac ontuMizaiii Termodiznyanx BiactuBocted TAM st
BU3HAUCHHS MacorabapuTHHUX MOKA3HHKIB TEIIOAKYMYJISITOPIB MOLIIBHO 3aCTOCOBY-
BaTU MYJILTUIUTIKATUBHU IHTETPaTbHUN KPUTEPIil TAKOTO BUIIIS LY

K. = KTAM
TA — ’

RT
3aJIeKHICTh SKOTO BiJ| TeMIIEpaTypHOrO TMepernaay 3a TodarkoBoi ToBmMHH TAM
0 =40 MM 1oka3aHo Ha puc. 4.

Ymou Buxopuctanus TAC sk migcucremu CEY BH3Ha4aloThCS YMOBaMH €KC-
IHTETPaJILHOTO KPUTEPil0 ONTHMI3allil Ha bOMY i€papXiyHOMY piBHI MOBHHEH Bpa-
XOBYBAaTH HE JIMIIE MOTYKHICTh TOJIOBHUX JBUTYHIB, IU3€Ib-TEHEPATOPIB 1 JOTIOMiK-
HUX KOTIIB, sIKi BU3HAUAIOTh PiBEHb YTHII30BaHOI TETUIOTH, ajie W CHiBBITHOLICHHS
IHTEepBaJiB Yacy iX eKcIuTyaraiii Ha XOZOBUX PEeKUMaXx 1 Tijl 4ac CTOSHKY BiJIIOBiTHO
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® OKTajIcKaH ® ['igpodocdar HaTpiro ® TiocynbdaT HaTpitO
® ['ipokcun Hapito @ X10pHJ MarHiro A Eputputon
A JloJieTHIICH BUC. THCKY Masiron A ["anakpupon
ALINO3 A NaNO3(18.5)-81.5NaOH A LiCI(37)-63LiOH
ANaNO3(41)-59NaOH A NaNO2 A NaCl(7.8)-6.4Na2C0O3-85.5NaOH
EBNaOH B MgCl2(63)-22,3NaCl-14KCl Li2C0O3(31)-35K2C0O3-Na2CO3
BKOH B LiF(20)-80LiOH m NaCl(50)-50MgClI2
ELiOH B Li2C0O3(47)-53K2C03 mNa2C03(56)-44Li2C0O3

mNaCl(33)-67CaCl2

Puc. 4. 3anesxcnicmo inmezpanvroz2o kpumepiio K, 610 memnepamyprnoz2o nepenady

JI0 eKCIuTyaTamiiHoro mukiy. llel nukia B y3araapbHEHOMY BHIVISAII MOXKHA IONATH
y BUTJISAL BUPA3y

T, =T, Ty + Ty + Ty + Ty + Ty + T, + T,
Jle 7, — BUXiJl CyJIHa 3 MIOPTY; T, — TIEPEXiJ 10 PaHOHy IUIABaHHSA; T, — PyX 3 EKOHOMIY-
HUM XOJIOM; T,, — PyX i3 MaKCHMMallbHAM XOJIOM; T,, — NepeOyBaHHs CyaHa B aperdi;
7,, — BUKOHAHHS IIBAPTOBHUX OMEPALil; 7, — 3BOPOTHUI MEPEXi 10 KiHIEBOTO TOPTY;
T, — 3axijl CyJHa B MOPT.

BpaxyBaHHs CIiBBiIHOLICHb 1HTEPBAJIB Yacy POOOUMX PEXKUMIB 1 CTOSHOK Xapak-
TEpU3y€ CIIBBIJIHOIICHHS Yacy HAKONMHMYEHHS Ta Biajadi Teruiotu cnoxuBadam TAC.
BB ciiBBiAHOIICHHS Yacy HAKOTIMYEHHS Ta Bija4l TEIIOTH B IHTETPajJbHOMY KpH-
tepii TAC BpaxoByeThCSl BHPA30M

T, .
cmi
K, - p—

K

14C =
X001

A€t Tat, . — BUIIOBIIHO YaC CTOSHKM Ta 9ac PyXy BIANOBIIHO JIO I-T0 €Tary eKCILTy-
aTaliifHOTO UK.
Xapakrepuctuku K, . 3a CHIBBIIHOIIEHHS 7, /T
LUKy CyIHa HAaBEIEHO Ha PuUC. 5.
CyKynHiCTh 3alPOIIOHOBAHUX TPHOX IHTETPAJIbHUX KPUTEPIiB Ja€ 3MOry Ha eTami

HAyKOBO-JIOCITITHIX poOiT BuOpaTn HasBHI TAM abo ckiacTu TexXHIYHE 3aBIaHHS Ha

, = 0,17 nms excruryarariitHoro
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PO3pOOKY HOBUX MaTepiaiiB i3 3aIaHUMH TEIUIO(I3MYHUMHY BJIACTUBOCTSIMH, a Ha eTaIli
JIOCIITHO-KOHCTPYKTOPCHKUX po0OiT BuOparu TAM anst nmpoexToBaHUX ab0 MOJIEPHI30-
BaHHMX CHEPTeTUYHUX YCTAHOBOK CYJICH.

OTtpumani pe3ynbTaT JOCIKeHb Jal0Th 3MOTY YTOUHHTH MacorabapHuTHi Ta Tep-
MOTa30IMHAMIYHI XapaKTePUCTUKU TEIUIOAKYMYJISITOPIB SIK oKpeMux ejeMeHTiB TAC,
Tak 1 camoi cucremu B cknani CEVY.

Inrerpanshi mokazuukun TAM i temmoakymynstopa TAC 1St TOTOBHUX CYTHOBUX
JIBUTYHIB y CUCTEMI ra30BUXJIONY HaBEJICHO B TAOHIII 1.
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4 o
— 5000 £
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A
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[ ni

Maniton ANaNO3(41)-59NaOH ANaNO2 ATanakpipon ALINO3 ANaNO3(18.5)-81.5NaOH

Puc. 5. 3anexcnicmo inmeepanvrozo kpumepiio K, . 610 nepenady memnepaniyp
BIONPAYLOBAHUX 24318, WO 8IONOBIOAIOMb NOMYHCHOCTI eHepeemudHoi YCMaHo8KU,
weuoxocmi xo0y ma niaenenns TAM na Oinanyi ekcniyamayiiino2o yukiy,
oe tcm/rmo =017

Ha ocHOBI X pallioHaJIbHUX 3HAYCHb MPOBOAMTHCS OI[IHKA MOKA3HUKIB BiTHOCHOT
eKOHOMIT manuBa Ta iHjaekcy eHeproedekruBHocTi npoekty cynHa (EEDI), siki HaBe-
JICHO B Tabmuii 2.

3a palioHaJIbHUMU CXEMHUMH PILICHHSIMH TEIIOAKyMYJIIOI0U0T CUCTEMHU Ta CIOCO-
0aMu akyMyJIsiii TerIoTH 3 (Pa30BUM TIEPEXOJIOM BiJl 11 pi3HUX JUKepes — BinparboBa-
HUX ra3iB, MacTUIa i OXOJIO/PKYBAIBHOT PiJIMHHM, a TAKOXK 3 YPaxXyBaHHSIM YMOB poOOTH
JIBUTYHIB 3a €KCIUTyaTallliHUMHU [IMKJIAMHA BU3HAYCHO SKOHOMIIO TMaJMBa JOMOMIXHHUX
enementiB CEY 3 Bukopucrannsm TAC. 3 ypaxyBanHsM 3a0e3nedeHHs Teriororo TAC
CIIOXKMBAYIB HA CY/[HI €KOHOMIS IaJIMBa JOMOMIKHUX KOTJIIB 3aIe:KUTh BiJ ckiany CEY
Ta MPU3HAYCHHS CY/[HA 1 MOYKE CTAHOBUTH BiJl 5 710 64 %.

3riJiHO 3 KOHIIEMIIIEI0 HeOOXiTHOTO MOKa3HHUKA 1HJCKCY CHEProeeKTUBHOCTI MPO-
€KTY CyIHA, KoeQiIlieHTa 3HUKCHHS, TPAHUYHUX 3HAUCHb Ta €TaIliB BUKOHAHHS BUMOT
Ha niepion 2025-2030 pokiB BIAMOBIIHI 3HAYCHHS JIJIsl TUITIB CYJICH — KPYI3HUH JlaiiHep,
Oankep, TaHkep — ctaHoBIATH 1,02; 0,37; 0,28 [17]. 3a pe3yasratamu po3paxyHKiB, 1110
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HaBesieHl B Tabnuili 2, BrupoBapkeHHs TAC Ha HHX CyJlHaX MOXE 3a0€3MEUNTH 3HU-
JKCHHSI 1H/IEKCY eHeproeeKTUBHOCTI PoeKTy cynHa 1o 2,2 %, 1,1 % ta 1,8 % Biamo-
BiJTHO 3aBJISIKM 3HHUKCHHIO 3arajJlbHOTO BUKOpUcTaHHs najiuea B CEY.

Tabmnms 1
InTerpanbui nokazuuku TAM i Temnoaxkymyssitopa TAC
MoTenuian
JBuryn Tennoakymy.Jio- Ko .
MAN 4nii Marepian Ko, K;H)K Kbk  Br aﬁﬁﬂ?ﬁg
M -K M -K M -K ’
maniton C,;H (OH), 1749 17218 7,86-10°
HITPUT HATPIIO .

30/44 9L NaNoO, 3395 75443 1,09-107

cimp LiCI(37)— 107

63LiOH 3088 75480 1,20-10

maniton C;H,(OH), 1771 23069 7,12:10°

S60ME-C8.5 epurpurol 1829 39432 7,27-10°
C H.(OH), ’

Gapiii TizpoKcu 106

Ba(OH),-8H,0 2496 121106 9,57-10

waniton C;H,(OH), 1771 23069 8,35-10°

6G60ME-C9.5 eprIphTot 1829 39432 8,60-10°
C H.(OH), ’

Gapiii rizpokcun 17

Ba(OH),-8H.0 2496 121106 1,11-10

Tabmaurs 2

Ioxa3HukM BigHOCHOI eKOHOMII MauBa Ta iHaeKe eHeproegeKTUBHOCTI
NMPOEKTY CyIHA JAJI BUOPAHUX THIIB CyleH

BixnocHa 3nauenns EEDI
. . Maauso, .
KinbkicTb €KOHOMIs
3eKo-
Tun nepconany Ha | . HOMUIEHE najnuBa .
cyiHa | cyaHi mix gac ™C | i yae | AOTOMIKHIX HeoOXin- | jocsr- | o i
CTOSIHKH, %o ei“llc . KOTJIB 32 HUH HyTHH
peucy, peiic, %
7379 0,530 44,52-29,68 10,146-10,145
Kpyisunii _ 32333
naiinep 50-75 0,740 | 60,70-41,26 | 1587 | 10,16 | 10,140-10,139
32349 0,810 64,77-45,32 10,139-10,138
11079 0,354 9,72-9,69 3,7170
Bankep 18937 | 0,362 9,94-6,81 3,94 3,72 3,7169
75-100 58163 0,472 12,96-8,88 3,7161
9662 0,461 7,41-5,48 2,8062
Tanxep 16516 | 0,474 7,63-5,64 3,64 2,81 2,8060
50725 0,614 9,88-7,31 2,8049
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BucHoBkn

1. 3ampormoHOBaHO METOJ BHOOPY TEINIOAKYMYIIOIOUMX MarepiamiB i3 (a3zoBum
TIePEXOIOM JI Pi3HUX TEMIICPaTypPHHUX PIBHIB, SKUH Na€ 3MOTYy paIlioOHaJIbHO BHKO-
PHUCTOBYBaTH B CYOHOBHX €HEPreTHYHUX YCTAHOBKAX CKHJIHY TEIUIOTY Pi3HHX TOTEH-
IiaJIiB BiJl BiANPAIlbOBAaHUX Ta3iB, OXOJIOMKYBAIBLHOT PiUHHU Ta MACTHIIA, IO Ta€ 3MOTY
po3mupuTH (HYHKITIOHATBHI MOYKIIMBOCTI 3a0€3MeUeHHsT TIOTPed TONOBHHUX JIBUTYHIB,
TIU3eITb-TeHEePaToOPiB, 3aTAIbHOCYTHOBUX CHCTEM, CKIITaXKy Ta MacaKupiB.

2. OOTpyHTOBAHO 3aCTOCYBAHHS TEIUIOAKYMYITIOIOUNX MaTepiajliB IS TEIUI0AKyMy-
JIFOI0Y0i CHCTEMH Y CKJIaJli CYIHOBOI €HEPreTHYHO! YCTAHOBKH 3 YpaxXyBaHHSIM TaKHX
XapaKTEPUCTHUK: TEIUIO(QI3UIHUX — TeMIepaTypH TUIABICHHS, MTUTOMOI MacOBOi TETJIO-
€MHOCTI, TUTOMOI TETUIOTH (pa30BOTO TIEPEXOY, TYCTHHH Ta KOoe]iIlieHTa TEeTIOMPOBiI-
HOCTI; KOHCTPYKTUBHUX — TOBIIMHH APy ¥ eKCIUTyaTaIlifHAX — 9acy CTOSHKH Ta XOAY
3TiIHO 3 €KCIUTyaTallifHAM ITUKJIOM Ha IJICTaBi OTPUMAaHWX OIIHOK TMOKAa3HWKIB BiJl-
HOCHOT €KOHOMI1 IaJIMBa Ta iHAEKCY CHeProe(EKTUBHOCTI MPOEKTY CyTHA.

3. 3a parioHaJTbHIMH CXEeMHUMH PIMIEHHSAMH TEIJI0OAKYMYJTIOI0Y0] CHCTEMH Ta CTI0-
cobaMu aKyMyJIAIlii TETIOTH 3 (Da30BUM TIEPEXOIOM Bifl pi3HUX HKEpEs TEIUIOTH — Bifl-
MparboBaHUX Ta3iB, MACTHJIa M OXOJOKYBAJIBHOI PIAMHM, a TaKOX 3 ypaxyBaHHSIM
YMOB poOOTH JBUTYHIB 3a €KCILTyaTaIlliiHUMHU ITHKJIaMH BU3HAYEHO, IO 3a0e3TeUeHHS
CTIOKMBAYiB CyAHA aKyMyJhOBaHOIO TEIIOTOIO JAa€ 3MOTY 3MEHIINTH BUTPATy TaliuBa
JOTIOMI>KHUX KOTIIB Bix 5 10 64 % 3anexno Bix cxiany CEY Ta mpusHaueHHS Cy/iHa,
a TaKoX 3a0€3MEUNTH 3HIKEHHS 3HAYCHD 1HIEKCY €Heproe(PeKTUBHOCTI MPOEKTY CYTHA
B cepeaHpoMy 110 2 %.
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Summary

Nowadays, there has been a significant increase in the speed of loading and discharging
operations in ports, as well as in ship speeds at sea. This trend leads ship managers
to attempt to reduce the time spent on non-commercial operations. Inspections carried
out by Port State Control (PSC) or Flag State Control (FSC) are typical examples of
such operations. Although these inspections do not generate profit, they are essential for
ensuring maritime safety and therefore cannot be shortened without compromising safety.

However, certain procedures may be optimised through the application of modern
information technologies. One such procedure is the verification of ship documents for
authenticity.

Purpose: The purpose of this article is to propose a conceptual model for IT solution
that facilitate the verification and validation of the ship documentation. The assessment
includes the identification of the gaps, formalisation of the requirements based on
the available enterprise architectures, and analysis of several of the most effective
industry-standard technologies applicable to PSC and FSC procedures according to
these requirements. These technologies were subsequently analysed in terms of their
advantages and disadvantages, based on their implementation in various domains, as
well as their adaptability to maritime procedures.

Results: As a result of this research, the conceptual model of the IMO ship's
certificate system is proposed. The study consistently and convincingly demonstrates
the compliance of the proposed model with the formal criteria and satisfaction of the
initial requirements for the formulated problem.

Conclusions: Based on the findings, a new conceptual interaction model is proposed,
based on the ePhyto system that is already implemented within certain United Nations
agencies. This model is efficient, reliable, and requires minimal adaptation compared
to alternative solutions. Given that the International Maritime Organization (IMO) is
also a United Nations agency, this approach represents a cost-effective and practical
solution for improving document verification procedures.

Key words: IT technologies, port and flag state control, document check, ship
inspection, ePhyto model, Maritime Transport, Safety, Containers, Cybersecurity,
Decision-support systems, Operational Efficiency, Reliability, Optimization, Regulatory
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Compliance, Artificial Intelligence (Al), Cargo Handling, Fuzzy Logic, Intelligent
systems, Logistics, Supply Chain Integration, Terminal management, Approximation
model, Cost minimization, Information priority, Knowledge extraction, Marine logistics,
Port operations, Process description, Professional development, Project management,
Semantic classification, Standardization, Transport automation, User competence.

KOHUENTYAJBHA MOJEJb PO3NOALIEHOI IH®@OPMALIIHOL
CUCTEMMH J1JIs1 OBPOBKH CYJHOBUX CEPTU®IKATIB

. A. SIkumenkos!, O. 1. Caraiizax?
'ekcniept IMO, acmipanT
Ooecwkuil HayioHanbHUll MopcoKuil yHisepcumem, Odeca, Yrpaina
ORCID ID: 0009-0001-1527-0236
ZnokTop (imocodii, excrrept IMO, crt. BuKIagau Kadeapun HKC
Ooecwvruil HayioHanbHuli Mopcokull yHisepcumem, Odeca, Yrpaina
ORCID ID: 0000-0002-8294-8828

Anomauis

Bemyn. YV naw uac cnocmepizacmuvca sHauHe 30inbUleHH WUBUOKOCTI 8AHMANCHO-
PO3BAHMANCYBANLHUX ONEPAyill Y NOPMaAx, a makoxtc weuokocmi cyoen y mopi. 1l
MeHOeHYIA 3MYULYE MeHeoHcepis CyOeH HAMA2amucs CKOpOMUMmMU ydac, 8UmMpaieHutl
Ha Hekomepyilni onepayii. Tunosumu npukiadamu maxux onepayii € incnexyii, wo
nposoo0smMuCsl opeanamu Koumponto oepocasu nopmy (PSC) abo konmponio depoicasu
npanopy (FSC). Xoua yi incnexyii ne npunocsamos npubymxy, 80HU anCIU8L 01 3a0e3-
neyentst Oesnexu Ha MOpi, Momy ix He MOJACHA cKopomumu 6e3 wKoou 0l Oe3nexu.

IIpome Oeski npoyedypu MON*CHA ONMUMIZY8AMU 3d OONOMO20I0 CYUACHUX iHpopma-
yivnux mexnonocitl. QOHI€0 3 MaKux npoyeoyp € nepesipka cyoOHo8ux 0OKYMeHmie Ha
CNPABIHCHICD.

Mema: mema yiei cmammi nonsgeae 6 momy, oo 3anponoHy8amu KOHYEenmyaibHy
mooenw IT-piwenns, sike nonecuiums nepesipKy ma 8anioayilo cyoHo8oi 00KymMeHmayii.
Oyinka 8KIIOUAE BUABLEHHA NPOLANUH, (DOPMANI3AYII0 UMO2 HA OCHOBI HAABHUX KOD-
NOPAMUBHUX apXimeKmyp ma aHdli3 KilbKoX HAtuOilbwl eqheKmusHux 2anry3eeux Cmam-
oapmHux mexnonoei, 3acmocosnux 0o npoyedyp PSC i FSC 6i0nogiono 0o yux eumoe.
32000m yi mexnonoeii 6yau NPOAHANiz308AHI 3 MOUKU 30pY IXHIX nepesae i HedONIKi8 Ha
OCHOBI IX 8NPOBAONCEHHS 8 PIZHUX 001ACMSX, d MAKOMIC IX a0anmosanocmi 00 mMop-
CbKUX npoyeoyp.

Pesynomamu: 6 pezynomami yb020 00CHIONCEHHS 3ANPONOHOBAHO KOHYENMYANbHY
Mmooensb cucmemu cyonosux cepmupixamie IMO. Jocrioscenns nociioosno ma nepe-
KOHAUBO QeMOHCIMPYE GIONOGIOHICMb 3ANPONOHOBAHOI MOOeNi (POPMATbHUM KPUMEPIAM
ma 8iONOGIOHICIb BUXIOHUM BUMO2AM 00 CHOPMYILOBAHOIL NPpoOIeMLL.

Bucnoeku: na ocrosi ompumanux OaHUX 3anponoHOB8AHO HOBY KOHYENMYaibHY
MoOenb 83aemo0ii, 3acnosany Ha cucmemi ePhyto, axa edce enposaddicena 6 OesKux
yemanosax OOH. [ modens € egpexmusnoio, Haditinoo ma nompedye MiHIMATLHOL
aoanmayii NOPIBHAHO 3 ATLMEPHAMUBHUMU pituerHAMU. 3 0210y Ha me, wo Midxcna-
poona mopcwvka opeanizayis (IMO) makooc € yemanosoio OOH, yeii nioxio € ekono-
MIUHO e(heKmuUHUM i NPAKMUYHUM PiluerHAM OJis 600CKOHALEHHS Npoyedyp nepesipKu
O00KyMeHmis.
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Knirouoei cnosa: IT mexnonoeii, konmpons depacasu nopmy ma npanopy, nepesipra
0oKymeHnmis, iHcnekyis cyona, ePhyto modens, mopcokuil mpancnopm, besnexda, Kow-
metinepu, Kibepoesneka, cucmemu NIOMPUMKU PilieHb, ONepayiuna epexmueHiCmb,
HAOIliHIiCMb, OnMUMI3ayis, 8i0nN0gioHicms sumozam, wmyynutl inmenexkm (L), 06po6-
Ka 8anmasicig, Heyimka J102iKd, PO3YMHI CUCmeMu, J102iCmuKa, iHmezpayisa 1aHyiozie
NOCMAa4anHs, KepyeamHs MepMIHAIOM, MOOelb anpoKcumayii, MiHimizayis eumpam,
ingopmayiinuii npiopumem, UIy4enHs 3HAHb, MOPCbKA JIO2ICMUKA, NOPMOSI onepayii,
onuc npoyecy, npogecitinuil po3eUmox, YNpaeiiHHs NPOeKmMami, CeManmuyHa Kiacu-
Qikayis, cmanoapmuzayis, a8MOMAMu3ayisi MpaHCROpny, KOMIEmeHyis KOpucmysaud.

Introduction

Modern shipping is characterised by high operational speeds and increasing vessel
sizes. The number of ships has also grown significantly. The speed of port operations has
increased considerably compared to a decade ago; loading and discharging operations
that once took weeks may now be completed within hours. Consequently, the duration
of cargo operations has become comparable to auxiliary ship operations such as mooring,
bunkering, or obtaining free pratique.

In such circumstances, ship managers strive to minimise the duration of non-revenue-
generating activities. At the same time, shortening certain operations may have serious
implications for safety (e.g. mooring), while others remain mandatory for vessels calling
at ports, such as inspections by PSC or FSC authorities.

According to the United Nations Convention on the Law of the Sea (UNCLOS),
the Flag State bears primary responsibility for the safety of its vessels. This responsibility
is exercised through periodic surveys and the issuance of certificates confirming
compliance. Port States, in turn, are entitled and obliged to verify compliance with
safety and environmental protection requirements during a vessel’s port stay. [1].

Moreover, according to the Article 217 (3) of UNCLOS, Flag State must provide
all crew members of the ship, flying its flag, with the certificates (licenses), for proving
their competency.

Flag States may delegate certain responsibilities to Recognized Organizations
(ROs), including surveys and certification activities (according to the RO Code —
MSC.349(92) and MEPC.237(65)) [2]. In particular, Flag State can delegate to RO
duties on fulfilling surveys of its ships and issuing proper certificates of compliance
with the regulations.

Port State is to fulfil inspections on compliance monitoring (Article 219 of UNCLOS) [1].
According to Procedures for Port State Control, such inspections in general, to be
limited by the inspection of documents, such as certificates of the ship, issued by
Flag State and RO, and crew licenses and certificates, issued by National Authorities
of the crew and endorsed by Flag State. More detailed inspection to be initiated in case
clear grounds of non-compliance is found only [3].

In addition to regulatory inspections, vessels may also be inspected by commercial
entities, such as charterers, particularly in the tanker sector. These inspections typically
begin with document verification.

Thus, the accuracy and efficiency of document inspection are critical. Errors may
result in undue delays or, conversely, failure to identify substandard vessels. Although
inspections are often conducted in parallel with cargo operations, they impose additional
workload on crew members, who are already operating under constrained conditions.

In general, survey or inspection of the ship should not affect ship’s activity — cargo
operations and other. However, even if inspection is carrying out in parallel with cargo
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operations, ship’s crew should be engaged in it anyway. Taking into account limited
number of the crew members and their constant overload with the other tasks, inspection
affects ship’s activity in any case — it is additional workload for the crew.

It should be noticed the high importance of the timely inspection of the ship, which
is essential part of the unified system of Compliance Monitoring and, on the other
hand, can affect ship’s operations. Therefore, improving the efficiency of document
verification processes is significant for all stakeholders in the maritime industry.

This article will propose an assessment of the existing IT best practices that are present
in logistics. To achieve this goal as a first step the requirements would be formulated. Then
widely used enterprise architectures would be reviewed as a framework for such requirements
application. And as a last step, some of the best IT solutions, that are close to the requirements,
would be compared using the best matching enterprise architecture approach.

The purpose of this article is to propose a new conceptual model for interaction
between parties involved in port and flag control procedures, based on an analysis
and evaluation of best practices and approaches.

Current situation

At present, most ship and seafarer certificates are issued in paper form. Consequently,
inspections can generally only be conducted once a vessel has arrived at port. Some
administrations require scanned copies of certificates to be submitted in advance;
however, this does not significantly accelerate verification.

As usual, Flag Administration issues just a few types of certificates (usually these are
Flag Certificate, Radio Station Certificate and Minimum Safe Manning Certificate), all
other certificates to be issued by Recognized Organization.

Certificates issued by Flag States can usually be verified via official administration
websites. However, certificates issued by ROs are more difficult to verify due to the large
number of organizations and lack of standardisation. (the certificates of the TACS
members relatively straightforward to check for authenticity).

However, problem might appear even with IACS certificates — when the ship passed
some survey in time, but original certificate still not delivered on board of the ship due
to delay of the courier mail or some other reason. Absence of the certificate may lead to
the detailed inspection.

Another problem — ships of so-called “shadow fleet” — quite large number of vessels
that operate without full regulatory compliance, or ships used to circumvent sanctions,
oversight, or certification requirements. It may also refer to vessels with hidden or non-
disclosed flags, beneficial ownerships, or misrepresented registry details. The key risks
include regulatory, safety, financial, and environmental dimensions.

There are many risks associated with the operation of a “shadow fleet:

Regulatory and compliance risks

— Operating without valid or recognized certificates, or under improper flag/RO
authorization.

— Inadequate ISM audits, safety management, or crew training not aligned with
flag/RO expectations.

— Sanctions and trade restrictions that make shadow fleet operations illegal or risky.

Safety and environmental risks

— Substandard safety management leading to higher likelihood of accidents, pollution,
and crew harm.

— Inadequate maintenance and certification of safety-critical equipment (lifesaving
appliances, firefighting, pollution prevention equipment).

— Higher risk of port state detentions, leading to operational delays, cargo losses,
and reputational damage.
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Financial and operational risks

— Increased insurance premiums, non-coverage due to non-compliance, or difficulty
obtaining P&I coverage.

— Higher likelihood of port state detentions, cargo rejection, lay-up costs,
and scrapping liabilities.

— Revenue leakage and increased downtime due to lack of access to legitimate
financing, charters, or insurance markets.

Reputation and sanctions risks

— Association with illicit registries or shadow fleet practices can trigger investigations,
reputation harm, and loss of business.

— Difficulty in obtaining future charters or access to certain ports or markets.

Checking all documents of such ships (including insurance certificates / P&l
documentation) gives the opportunity to find out substandard ship easily. But it is not so
easy to do it quickly and carefully. Every ship must keep on board quite a large number
of various certificates (see as example requirements of Panama flag — Table 1).

Table 1
Example of the ship’s documents, required by Flag State
(in particular — Panama)
PANAMA
TYPE OF CERTIFICATE CONVENTION
Safety Construction Certificate SOLAS 92 I/12(a)(ii) X
Safety Equipment certificate SOLAS 92 1/12(a)(iii) X
Safety Radio certificate SOLAS 92 1/12(a)(iv) X
ILLC (66) (Intl. Load Line) LOAD LINE 66 art. 16 X
IOPP certificate MARPOL 73/78 Annex I reg.5 X
NLS/IPPC certificate (*1) MARPOL 73/78 Annex Il reg.12, 12A
ISPP certificate MARPOL 73/78 Annex IV reg.4 X
ICOF / COF chem IBC Code section 1.5 /BCH Code section 1.6
ICOF / COF gas IGC. Code section 1.5 /GC Code and GC ex Code
section 1.6
ISM — (SMC) certificate SOLAS 92 1X/4.3 X
ISM — (DOC) certificate SOLAS 92 IX/4.1 X
Document of compliance (dangerous goods) | SOLAS 92 11-2/54.3 X
ILO crew accommodation ILO 92 and 133 X
Cargo gear booklet ILO 152 art. 25 X
ITC 69 ITC 1969 art. 7 X
Carriage of grain SOLAS REG VI X
BC Code Attestation Letter BC CODE X
ISPS (ISSC) SOLAS Ch. X1-2 X
ISPS(SSP) SOLAS Ch. X1-2 X
IAPP certificate MARPOL 73/78 Annex VI Reg.6 X
EAPP certificate MARPOL 73/78 Annex VI Reg. 5 & 6 X
Passenger Ship Safety Cert SOLAS 92 /12

Exhaustive list of the certificates required could be found in the List of Certificates
and Documents Required to be Carried on Board Ships, 2022) [4].

The situation with the documents of seafarers is also inadequate: there is
a special webpage on the IMO website for this purpose. However, it is not database
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of the documents, this page leads to the links to the websites of appropriate Maritime
Administration. Each of them has own construction, structure and abilities, so check
of the documents for authenticity can take quite long time. But it is necessary to do this,
taking into account large number of fraudulent documents found every year [5, 6].

So, even if some of the scanned certificates is sent to PSC office in advance (to send
all of them is technically difficult), it will take long time to check them (if the careful
checking procedure is supposed). This labour-intensive task takes not the time only, but
resources as well. Also — there is still a room for the human error and to the possibility
to make fraud certificates.

Problem description

Paper-based certification presents several operational challenges. Sometimes, paper
certificates cannot be issued immediately on completing survey (if they are to be issued
in the head office of RO, for example). In such situation, ship manager has also to wait till
certificate will be delivered by mail — it takes additional time. Another time required for
delivering from ship manager’s office to the ship. Meantime, absence of any certificate
on board may be considered as clear ground for detailed inspection of the ship. Detailed
inspection means additional workload for the ship’s crew and possible nonconformities,
even if the ship is in good condition. It is recognized by IMO [7].

Paper certificate could be damaged or lost — almost in all such cases detailed inspection
could not be avoided and ship will have to wait till new certificate or duplicate will be
delivered. Situation with the seafarer might be even worse: in the most cases duplicate
of the License or Certificate of Competency could not be issued very quick, thus the best
solution in such situation is to replace this crew member, which is challenging, if this is
an officer (it is not so easy to find proper candidate, to arrange entry visa, book flight, etc.)

Significant part of documental inspection is checking the certificates for authenticity.
Even when verification is performed, fraudulent documents may still be difficult to detect.
Meantime, there is no common database of all seafarers’ documents or unified system
of the similar websites (each Maritime Administration develops system of documents’
check under its possibilities and wishes). Therefore, Port State Control officer might face
difficulties or even technical problems while fulfilling the procedure of checking documents.

Besides that, checking of the documents doesn’t guarantee their authenticity because
of many methods to fake them.

Last, but not least — paper documents need paper for issuing them and energy to print
them out.

Nowadays International Maritime Organization allows to issue electronic
certificates [7]. However, verification procedure still remains the same. IMO doesn’t
require any specific form or format of the electronic certificates, leaving it to national
jurisdictions (electronic certificates must comply with cyber security requirements
of the International Organization for Standardization/International Electrotechnical
Commission 27000 series standards and similar guidelines). This is traditional IMO
approach; however, absence of harmonized format and common requirements makes
use of electronic certificates more complex and slow down verification process.

Definition of the Model

Port State Control (PSC) and Flag State Control (FSC) represent distinct regulatory
frameworks with different legal bases, responsibilities, and access to information.
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FSC is responsible for certification and ongoing compliance monitoring, while PSC
focuses on enforcement through inspections of foreign vessels.

The proposed model distinguishes clearly between these roles and ensures that
access to information and authority is appropriately allocated.

Distribute Certificate

Flag State Issue / Update Certificate—»| IMO Exchange Hub — Verification —»| Port State Control

/
Verification Request

Pic. 1. Interaction Model definition

Here’s a concise, structured comparison between State Control (PSC) and Flag State
Control (FSC) in the maritime domain, focusing on legal nature, functional differences,
roles of entities, and levels of access to information.

According to the UNCLOS Convention [1] the main responsibility for the safety
of the ship lies with Flag State Control, which can delegate some authority for survey
and certification of the ship to Recognized Organization (RO). Functions of the Port
State are to fulfil duties of compliance monitoring and enforcement (CME) and to
implement appropriate regime of safety monitoring in the ports of the state.

1) Legal nature

FSC (Flag State Control)

— Legal basis: FSC is the exercise of the flag state’s duties to ensure ships registered
under its flag comply with international and national standards. This is a sovereign
obligation of the flag state to verify proper certification, crewing, safety management,
and conformity with applicable conventions.

— Relationship to international law: FSC is primarily the flag state’s own regulatory
oversight and enforcement. It uses domestic legislation aligned with international
conventions and is guided by IMO instruments and, where applicable, regional regimes.

PSC (Port State Control)

— Legal basis: PSC is a regional or international framework that authorizes port states
to inspect foreign ships calling at their ports to verify compliance with international
maritime conventions and national regulations. It is rooted in international conventions
(e.g., SOLAS, MARPOL, Load Lines, STCW) and, where applicable, regional MOUs
(Memoranda of Understanding) on PSC.

— Relationship to international law: PSC activities are state-to-state enforcement
actions exercised by a port state under its sovereign authority, supported by the ship’s
flag state obligations under international law.

2) Functional differences (purpose and focus):

FSC

— Purpose: To ensure that ships registered under the flag are maintained to
international standards and that the flag state can certify ships as compliant, issue
and renew certificates, and ensure proper crewing and safety management.

— Primary focus: The flag state’s own fleet oversight, including ship surveys,
certification (e.g., safety, pollution prevention conformity), auditing of ship management
companies, and verification of flag state compliance through recognized organizations.

— Outcome: Issuance or withdrawal of certificates, detention-related actions

ISSN 2616-7360 27



PO3BUTOK TPAHCIIOPTY
Ne 2(29), 2026

within the flag state’s jurisdiction, sanctions against non-compliant owners/managers,
and maintenance of the flag state’s register’s credibility.

PSC

— Purpose: To verify that ships calling at their ports comply with key international
safety, security, and environmental protection standards; to identify deficiencies and, if
necessary, detain or limit access to the port or cargo operations.

— Primary focus: Conditions aboard ships visiting the port, life-saving appliances,
fire safety, machinery, crewing, documentation, and overall compliance with SOLAS,
MARPOL, STCW, Load Lines, etc.

— Outcome: Issuance of deficiency lists/Detention decisions for substandard ships;
inclusion in the MOU’s PSC regime (IMOs listings) if deficiencies are serious; sunctions
to substandard ships and potential sanctions in the ship’s next port calls.

3) Roles of entities involved

FSC

— Key actors: Flag state competent authority (ROs), flag state inspectors, port state
authorities may still coordinate but FSC decisions originate from the flag state. Flag
state authorities may rely on classification societies (ROs) in audits of ship management
companies, and on-board surveys.

— Data and information: Ship certificates, survey reports, crew certifications, ISM/
ISPS, safety management system documentation, CG/Seafarers’ records, corporate
management systems, and shipyard/maintenance data. The flag state maintains the ship
registry and historical compliance data.

PSC

— Key actors: Port state control authorities as the primary decision-maker is
the port state. MOUs (e.g., Paris MOU, Tokyo MOU) provide harmonized procedures
and information-sharing.

— Data and information: Ships’ certificates, crew lists, safety manuals, maintenance
records, and inspection results. Information is shared within the MOU network to
identify non-compliant ships and to track a ship’s PSC history.

4) Levels of access to information

FSC

— Accessibility: The flag state has access to all data related to its ships: certificates,
surveys, crewing, and management. Access extends to internal registries, surveyor
findings, and enforcement records. Limited sharing with other flag states or international
bodies is possible when interoperable systems exist (e.g., ISM/ISPS verification
and mutual recognition frameworks).

— Public visibility: Certification status and major disciplinary actions may be publicly
available (e.g., via the flag state registry or IMO public records). Detailed internal audit
results are typically confidential and used for regulatory actions within the flag state.

PSC

— Accessibility: Access is typically constrained to the ship under inspection
and relevant port state authorities, plus any information shared via MOUs among port
states for enforcement and risk assessment. The ship’s inspection report becomes part
of'the ship’s PSC history and can be shared with other port states under MOU procedures.

— Public visibility: Some PSC results (e.g., detention lists) may be publicly disclosed
by MOUSs or national authorities for transparency and to inform stakeholders. Detailed
inspection reports are usually restricted to authorized authorities.

5) Interaction and dynamics — PSC and FSC interact indirectly but are distinct
functions:
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— A ship may be FSC compliant (i.e., holds valid certificates from its flag state), yet
fail a PSC inspection when visiting a port state, leading to detentions or remedial actions
under the port state’s procedures.

— Conversely, a ship flagged by a compliant flag state may still have PSC deficiencies
when visiting another port, prompting the port state to take action independent of the flag
state’s ongoing oversight.

— PSC has the obligation to inform Flag Administration about detention of the ship
and major deficiencies found. Flag State has to take remedy actions to close deficiencies
found.

— Information sharing occurs through international networks (e.g., IMO instruments,
Paris/Madrid MOUs) to enhance global safety and environmental protection by enabling
cross-referencing of ship histories and risk profiles.

6) Practical implications for stakeholders

— Shipowners and operators

— Must maintain both flag state compliance (certificates, ISM/ISPS, crew
qualifications) and readiness for PSC inspections in any port they call.

— Detentions under PSC can affect voyage schedules, insurance, and reputational
risk; FSC non-compliance can lead to certificate withdrawal, increased regulatory
scrutiny, and potential flag state sanctions.

— Port states and flag states

— PSC acts as a frontline enforcement tool in ports to ensure international standards
are met by visiting ships; FSC acts as the ongoing regulatory oversight to keep the flag
state register credible.

— Effective information systems and cooperation between PSC authorities and flag
state competent authorities are essential to minimize duplication of work and ensure
consistent enforcement.

Maritime industry has some certain specific in the issuing, verification and checking
of the validity of the certificates. Major number of certificates are issued by Flag State
or it’s Recognized Organizations (FS delegates certain survey tasks to an RO under
a formal MOA/authorization). ROs issue primary certificates on behalf of the FS (e.g.,
Safety Equipment Certificate, International Ship Security Certificate under the authority
of the FS). The ship remains under the flag; the RO’s survey reports are reviewed by
the FS for final acceptance.

Issued marine certificates are subject for periodical updates and has some certain
renewal cycles (typically certificates are typically valid for five years (subject to
intermediate/annual surveys). ROs perform the on-board surveys, including annual/
quarterly checks as mandated, but the exact cadence depends on the certificate type
and flag state instructions.

Many ships operate under a “two-issuer” cadence at times: a certificate from
the ROs (on behalf of the FS) and a separate statutory certificate still managed/resolved
by the Flag State. Some information may be consolidated in a centralized national or
regional system, but cross-checks with the FS/RO are routine.

There are several existing information systems:

—IMO DCS — the IMO ship fuel oil consumption system, consisting of requirements
for ships to record and report their fuel oil consumption with a view to inform further
IMO measures to reduce GHG emissions from ships.

— IHM (Inventory of Hazardous Materials) — assists compliance with regulation 5
of the Hong Kong International Convention for the Safe and Environmentally Sound
Recycling of Ships, 2009
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Besides that, there is several European information systems and systems of other
international organizations. Integration to these information systems at the present
moment seems to be not feasible due to increasing of system complexity and some
other reasons, not connected to technical aspects. The feasibility of such integration to
be reviewed at the next step of the research.

Thus, the only IMO system, which could be considered for the integration in this
research is Global Integrated Shipping Information System (GISIS) — comprehensive
online hub for the collection, processing and sharing of shipping-related data. It includes
a wide range of modules, including those on: (i)contact points; (ii)global SAR plan; (iii)
incidents of piracy; (iv)marine casualties; (v)ship and company particulars; and (vi)
port reception facilities. IMO called for improvement of this system; thus our aim is to
facilitate the work of it. Several aspects to be taken into account:

Data flows and typical integration points

— Flag States feed certificates, audit results, and ship registries into IMO database
(GISIS) and national maritime administration portals.

—ROs submit survey reports and certificates to the FS and, where applicable, to IMO
system (GISIS).

— shipowners/operators may access national or RO portals to obtain certificate
statuses, due dates, and renewal requirements; port State Control may query GISIS
and national systems for compliance.

Interoperability challenges

— Variability in data formats, certificate naming, and reporting standards across Flag
States and ROs.

— Delays in updating status after surveys or renewals.

— Incomplete coverage for some ships, especially those in transitional status
(e.g., newbuilds, re-flagging).

Practical implications

— For operators: need robust document management to track certificate validity,
renewal windows, and RO/FS dependencies.

— For regulators and port controls: potential friction if data is not synchronized — risk
of delays.

Mitigation strategy for the “shadow fleet”

—Maintain a single authoritative, auditable record of certificates, with clear ownership
and expiry dates.

— Use unified document management system (GISIS would be the best suitable) that
tracks RO issuance, FS approvals, and IMO submissions.

— Implement standardized data formats for certificates (e.g., use EDI or API-based
integration with RO/FS portals and GISIS where available).

— Establish automated alerts for renewals, re-surveys, and status changes.

Such system will allow to vet flags, ownership chains, and RO/FS legitimacy before
entering charters or leasing ships. As additional function — monitoring of sanctions lists,
flag-state credibility, and RO accreditation status.

Purposes of the research: general tasks to be fulfilled

The high-level requirements for the system of world ships and crew’s documents
could be form like in the Table 2:
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List of system requirements

Table 2

ID Requirement Description Category Priority Rationale

RQ-01 System must provide easy Accessibility & Hich Ensures users can reach

access for users. Usability g the system without obstacles.

System must offer a simple Balances usability and secu-
RQ-02 | but secure authorization Securit High rity to prevent unauthorized

y g y
method. access.
: System must support fast . Improves user efficiency

RQ-03 operation and responsiveness. Performance High and experience.

System must allow con- Enables high throughput in
RQ-04 | current processing of many Performance High document handling.

documents.
RQ-05 System must provide a user- Accessibility & Hich Reduces training needs

friendly interface. Usability g and user errors.

System must store large vol- Performance & Ensures archival and histori-
RQ-06 |umes of data for an unlimited Scalabili Medium | cal access.

time. calability

System must be accessible P . Enables remote and distrib-
RQ-07 globally via the internet. Accessibility High | ied work.

System must ensure strong Protects confidential data.
RQ-08 | protection against unauthor- Security High

ized access.

System must prevent alter- . Ensures document integrity
RQ-09 | ation of already uploaded Sec‘frrllt;y ff Data High and legal compliance.

documents. grity

System must offer protection . . Protects system from external
RQ-10 against cyber-attacks. Security High threats.

System must include robust . . Minimizes malware risk from
RQ-11 virus protection mechanisms. Security Medium uploaded files.

System should require mini- e Increases automation
RQ-12 | mal operator interference for Usability & Effi- Medium |and reduces human error.

P cienc

operation. y

System should be independ- Enhances resilience and con-
RQ-13 | ent (self-contained, minimal | System Autonomy | Medium | trol.

external dependencies).

System must remain stable Ensures business continuity.

and operational during power P .
RQ-14 | failures (e.g., via backup Reliability High

systems).

System should be separate . Reduces risk of dependency
RQ-15 | from general internet tools/ Securltzrﬁa Auton- Low or cross-contamination.

platforms. y
RQ-16 g?l\lfieﬂlcﬁrgesrétu Irlélésst engage Cost Efficiency Medium Controls development costs.

System must incur minimal . . Ensures sustainability
RQ-17 operating costs. Cost Efficiency High of the system.
RQ-18 System must require minimal Maintenance Medium Reduces ongoing support

maintenance.

efforts and costs.

Possible solutions
To address such requirements, several international IT standards for the enterprise
architecture were considered, including:
— The Open Group Architecture Framework (TOGAF 10) [9]
—ISO/IEC/IEEE 42010 — Systems and Software Architecture [10]
— SABSA — Security Architecture [11]
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— NIST Enterprise Architecture Model [12]
— ArchiMate (Standard Modelling Language for EA) [13]
Coverage of the requirements is shown in the next table:

Table 3
Comparison table of the requirements coverage by EAs
Requirement Group TOGAF ISO 42010 | SABSA | NIST EA | ArchiMate
Accessibility & Usability Yes Yes Partial Yes Yes
Performance & Scalability Yes Yes Partial Yes Yes
Security & Data Integrity Yes Partial Yes Yes Yes
System Autonomy & Reliability Yes Yes Yes Yes Yes
Cost Efficiency & Maintenance Yes Yes Partial Yes Partial

The complete coverage of all listed requirements is supported by TOGAF 10
and NIST EA. Further TOGAF will be used as an open standard. The next table maps
the 18 identified system requirements to the respective architecture domains defined in
the TOGAF framework. TOGAF divides enterprise architecture into four main domains:
Business, Application, Data, and Technology. This mapping supports structured solution
development and ensures coverage of both functional and non-functional needs.

Table 4
Mapping of the system requirements to the TOGAF domains
Requirement Description TOGAF Domain(s)
RQ-01 Easy access Application, Technology
RQ-02 Simple, but secure authorization method Application, Security (cross-domain)
RQ-03 Fast operation Application, Technology
Opportunity to process many documents L
RQ-04 at the same time Application, Technology
RQ-05 User-friendly interface Application
Possibility to keep huge volume of informa-
RQ-06 tion for unlimited time Data, Technology
RQ-07 Accessibility from any point of the world Technology
RQ-08 Strong protection from unauthorized access | Security (cross-domain), Application
Strong protection from change of the docu- . .
RQ-09 ment, already uploaded to the system Data, Security (cross-domain)
RQ-10 Strong protection from cyber-attacks Security (cross-domain), Technology
RQ-11 Maximum virus protection Security (cross-domain), Technology
RQ-12 Minimal interference of operators Business, Application
RQ-13 System to be independent Technology
System to be stable and not dependent on
RQ-14 possible power failure Technology
RQ-15 System to be separate from other internet Technology, Security (cross-domain)
instruments
RQ-16 Minimal resources to be engaged for devel- Business
opment

RQ-17 Minimal operation costs to be involved Business, Technology
RQ-18 Minimal maintenance to be required Technology

The TOGAF system architecture can be represented as layered structure:

32
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Pic. 2. Diagram:

Busineas Architecture
Capabilities, processes,
rales,

Fovenanca, atakeholders

l

Appication Architecture
i

TOGAF Architecture layers

To facilitate the analysis of possible IT solutions to cover the requirements for
the system, that are listed before, the requirements could be grouped by these architecture
layers. As a result, an exhaustive list of criteria for analysis is produced:

and communi-
cation

REST APIs) allow
seamless interaction
between national systems
and the central hub.

Fault Tolerance
(partial)

Retry mechanisms, state-
less services, and mes-
sage buffering allow

the system to recover
from transient failures.

Local Independence
(reinforced)

National systems can
be built using local
platforms, as long as
they respect global data
exchange interface con-
tracts.

Table 5
Criteria derived from the TOGAF Architecture layers
TOGAF Derived
L. . >
Layer Definition Characteristics Explanation Why?
Business Defines roles, | Local Independence | Each country defines TOGAF separates
Architecture | responsibili- and governs its own business capabilities,
ties, business processes. System sup- enabling national
processes, ports national procedures |autonomy within
governance, within a harmonized global exchange
regulations international model. models.
Decoupling (partial) | Business processes are
modular and can be
mapped to independent
system components
Application |Defines Decoupling Apps are designed as TOGAF promotes
Architecture | applications, loosely coupled modules | service orientation
components, Interoperability Defined service interfaces agd loose cou-
services, APIs, (e.g., XML messages, pling for flexibility
workflows, and autonomy.
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Continuation of table 5

TOGAF
Layer

Definition

Derived
Characteristics

Explanation

Why?

Data Archi-
tecture

Defines struc-
ture and seman-
tics of informa-
tion used across
the system

Interoperability

Standardized schemas
(e.g., UN/CEFACT SPS)
ensure semantic align-
ment.

Security

Controlled access to
data fields, validation
of digital signatures,
and ensuring document
integrity rely on consist-
ent data semantics.

TOGAF advocates
canonical data
models and shared
vocabularies to sup-
port integration.

Technology
Architecture

Defines
infrastructure,
hosting, net-
works, storage,
and runtime
environments

Distribution

Components are deployed
in various regions —
national servers, hubs,
cloud services — and inter-
act through secured
networks.

Scalability

Use of containerized
services or cloud-native
platforms allows the sys-
tem to scale up/down
based on demand (e.g.,
certificate surges).

Fault Tolerance

Failover mechanisms
(e.g., backup queues,
alternate hubs), retry
logic, and monitoring
ensure continuity of ser-
vice.

Security (reinforced)

Network-level protec-
tions (firewalls, VPNs),
endpoint hardening,

and DDoS protection are
implemented at infra-
structure level.

TOGAF models
physical and virtual
infrastructure,
emphasizing avail-
ability and perfor-
mance.

Security
(Cross-
layer)

Integrated
across all layers
to enforce trust,
access control,
and data pro-
tection

Security

Ensures authentication
of actors, encryption

of messages, validation
of certificate signatures,
and access control.

Fault Tolerance

Trust does not depend
on the internal workings
of other national solu-
tions — only on message
format and digital proof.

Decoupling

Ensures no data tam-
pering during failover;
fallback must be secure.

TOGAF and SABSA
recommend embed-
ding security archi-
tecture in all phases
and layers.

Modern IT technologies propose several architecture templates for implementing
such kind of IT system. Furter the best use-cases listed for the systems, used in logistics.
These systems demonstrate examples of the best practices in highly distributed IT
solutions, tailored for the digitalisation of the international trade and transport.

— UN IPPC ePhyto;
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— EU eFTI;

— Maersk/IBM Tradelens.

To formalise analysis of these systems, the 7 listed above criteria are to be used for
comparation of each of these solutions and conclusions.

Analysis, general overview of the IT systems analysed

This review examines three representative initiatives: the UN IPPC ePhyto solution
for phytosanitary certification, the EU electronic Freight Transport Information (eFTI)
framework, and the blockchain-based TradeLens platform. Each provides insights into
distributed architectures, data governance, and computational requirements in cross-
border contexts.

1. UN IPPC ePhyto

The ePhyto certificate (ePhyto) [14] is the electronic version of the traditional
paper phytosanitary certificate, ensuring that plant consignments comply with import
standards. Its architecture is composed of national systems, the Generic ePhyto National
System (GeNS) for countries lacking infrastructure, and the central ePhyto Hub, which
routes and validates messages. Certificates are XML-based, conforming to the UN/
CEFACT SPS data model, with mandatory security measures including encryption
and digital signatures.

Governance is provided by the IPPC Secretariat with UN International Computing
Centre (UNICC) [17] hosting the hub. The system enables developing countries
to participate through GeNS while supporting integration with national Single
Window environments. Benefits include reduced fraud, greater efficiency, and global
interoperability with frameworks such as EU TRACES. Computationally, the ePhyto
system emphasizes asynchronous communication, persistent queuing, and stateless
endpoints to achieve scalability and resilience [18,19].

2. EU eFTI

The EU eFTI Regulation (EU) [23] 2020/1056 establishes a legal and technical
framework for electronic communication of regulatory freight transport information.
Its federated architecture [24] includes economic operators, certified eFTI platforms,
eFTI gates for secure authority access, and national authorities as consumers. Data
is decentralized and accessed through harmonized interfaces based on UN/CEFACT
semantic models.

The system’s design principles, derived from TOGAF methodology, emphasize data
sovereignty, interoperability through open standards, trust, and scalability. Governance
is coordinated by the European Commission through designated national authorities
and certified platforms. eFTI aims to reduce administrative burden by enabling authorities
to access once-only datasets across multimodal transport chains. The architecture relies
on service-based integration, federated infrastructure, and robust identity management
mechanisms, ensuring computational efficiency while accommodating diverse
stakeholders.

3. TradeLens

TradeLens[26], developed by IBM and Maersk, illustrates the potential and challenges
of blockchain in logistics. Although decommissioned in 2023, it remains a valuable case
study. Built on Hyperledger Fabric, TradeLens provided a permissioned blockchain [27]
where carriers, ports, customs, and shippers shared trusted data through cryptographic
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verification and smart contracts. Events and documents such as bills of lading were
stored on the distributed ledger, ensuring immutability and auditability.

The architecture mapped naturally to TOGAF layers: decentralized infrastructure
for distribution and fault tolerance, smart contracts and APIs for decoupling,
and standardized data models for interoperability. Governance was consortium-based,
with participants operating their own blockchain nodes. Computationally, TradeLens
demonstrated the benefits of distributed trust and resilience, though it faced adoption
and governance challenges that limited sustainability.

Research

Mapping of the IT systems characteristics

The three solutions represent distinct but converging approaches to global data
exchange. ePhyto emphasizes centralized coordination with distributed participation,
ensuring interoperability and scalability through XML messaging and stateless design.
eFTI promotes a federated model anchored in EU regulations, focusing on data
sovereignty, semantic consistency, and governance aligned with policy frameworks.
TradeLens demonstrates a blockchain-based trust infrastructure, offering immutability
and resilience but with high governance and adoption complexity.

From a computational perspective, all solutions address key qualities: distribution,
decoupling, interoperability, security, scalability, fault tolerance, and sovereignty.
ePhyto achieves these through message queues and hub-based validation, eFTI through
federated platforms and harmonized standards, and TradeLens through blockchain
consensus and cryptographic identities. Each provides lessons for future systems
balancing efficiency, inclusivity, and trust.

Table 6
Mapping of the IT systems characteristics

Topic

ePhyto (IPPC)

eFTI (EU)

TradeLens (IBM/Maersk)

Architecture
of the System

Central hub with national
systems and GeNS for
inclusivity

Federated platforms,
gates, and authorities

Permissioned blockchain
(Hyperledger Fabric)

Architecture
Compo-

nent Roles

and Descriptions

NPPOs manage national
systems; UNICC runs
hub; GeNS supports small
states

Operators (data provid-
ers), platforms (hosts),
gates (access points),
authorities (consumers)

Shippers, ports, customs,
and operators each run block-
chain nodes

How the System
Works

Certificates generated,
validated, transmitted via
hub

Data stored on eFTI
platform; accessed by
authorities via gates

Events/documents recorded
on blockchain; accessed via
smart contracts

and Integration

retariat; integration with
Single Windows

Data Model XML certificates, UN/ Semantic models based | UN/CEFACT, GS1, WCO,
CEFACT SPS model on UN/CEFACT CCL | EPCIS event models
System Require- | Security, digital signatures, | Trust, data sovereignty, | Distributed trust, smart
ments traceability, compliance interoperability, eIDAS | contracts, audit logs, cryp-
with ISPM integration tographic verification
Governance Governed by IPPC Sec- EU Commission coordi- | Consortium governance

nation; national certifica-
tion of platforms

(IBM, Maersk); integration
via APIs or nodes

Benefits
and Global Inter-
operability

Fraud reduction, devel-
oping country inclusion,
WTO-SPS compliance

Reduced burden, harmo-
nized access, multimodal
interoperability

Trusted data sharing, immuta-
bility, cross-border compli-
ance
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Options analysis

This comparison highlights the differences and similarities between the ePhyto, eFTI
and Tradelens system architectures, based on the enterprise architecture characteristics
formulated above. The main focus is on the systemic benefits, global interoperability,
and dominant data flow directions between Economic Operators (EOs) and Authorities.

1. Comparative Analysis of Benefits and Interoperability

Table 7
Comparative analysis of benefits and interoperability

Characteristic ePhyto eFTI TradeLens Comparison Insight

Distribution Hub + NPPO | Federated EU Decentralized | TradeLens and ePhyto
national platforms per ledger with emphasize global coverage;
systems MS global node eFTI is EU-specific.

network

Decoupling Loose coupling | Certified APIs | Smart contracts | All systems enforce modu-
via hub & XML | with metadata and channelized | larity; TradeLens achieves

exchange event flow highest technical decoupling.

Interoperability UN/CEFACT |UN/CEFACT + |CEFACT, GS1 [All leverage international
SPS CCL EU profiles EPCIS, WCO | models; TradeLens has

broader event semantics.

Security XML Signature | Access control | Ledger immuta- | eFTI and TradeLens have
and PKI via certified bility, ACLs, platform-level access; ePhyto

Gates smart contracts | uses document-level trust.

Scalability Global hub Expandable with | Add new block- | TradeLens is designed for
access national gate chain nodes global horizontal scale; eFTI

deployments is more localized.

Fault Tolerance Hub fallback, |Queueing Multi-node TradeLens is more fault-tol-
retry mecha- and status sync | consensus erant due to blockchain
nisms and replication | architecture.

Local Independ- | Full NPPO Member States | Each stake- All support local control;

ence autonomy operate plat- holder operates | TradeLens provides strong

forms independent node autonomy.
node

2. Dominant Data Flow Patterns
Below is a comparison of the main data flow direction between Economic Operators

(EOs) and Authorities:
Table 8
Dominant data flow pattern
System Main Flow Direction Flow Trigger Implication
Push by NPPO to Hub, Pull by . Data is proactively shared via
ePhyto importer NPPO Issuance of certificate a central hub
Pull by authority using dataset | Inspection or customs EO gives access token;
eFTI :
reference control authority pulls when needed
TradeLens Push from event originator, pull Supply chain events Real-time dec.entr.ahzed
by subscribers event publication

This analysis shows that while ePhyto and eFTI are primarily regulatory reporting
tools, TradeLens also covers supply chain event streaming. Each system demonstrates
a different level of distribution, autonomy, and interoperability.
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The ePhyto model supports proactive data sharing and centralized availability via
a global hub, suitable for pre-declaration and coordination. In contrast, eFTI operates on
demand with access managed by dataset references, suitable for regulatory access control
and reducing data exposure. Tradelens is focused on operational B2B integration, while
it was intended to work with real-time events, high delays of the underlying blockchain
infrastructure makes this critical. The complexity of the blockchain together with its
high latency limits the use of such kind of solution.

Adaptation of the ePhyto system to the conceptual model

Considering the distinguishing the roles of the PSC and FSC based on their legal
nature, goals, subjects of control, levels of access to information and legal consequences
of decisions made, it is important to highlight that the proposed Model supports two
clearly demarcated operating modes:

—the Port State Control mode, which provides read-only access to validated certificate
data for the purpose of inspection;

—the Flag State Control mode, which provides the issuing and surveillance authorities
with the ability to manage the life cycle of certificates.

The roles of the PSC and FSC are clearly mapped to the matching roles in the ePhyto
system:

Table 9
Mapping the roles within Models
PSC/FSC Roles in Maritime Model Roles in ePhyto model
Central IMO Exchange Hub (CleH) Central ePhyto Hub (CeH)
FSC/RO National certification organizations National Plant Protection Organization
(NCO) (NPPO)
Port State Control | Certificates consumers Certificates consumers

Following the approach, proposed by the ePhyto, the NCO can use own IT solution
(National System —NS) to connect to the CleH, or utilize the Generic Vessels’ Certificates
National System (GeNS), that should provide minimum valuable functionality for
the countries, that have no NS.

Such separation of the roles clearly shows that the proposed architecture discloses
differences in user roles, access levels and legal consequences of relevant actions:

— does not grant PSC authorities the powers inherent in the FSC;

— makes it impossible to “mix roles” between the port state, the flag state
and recognized organizations (ROs).

It is important to mention here, that proposed Model is fits perfectly the maritime
certificates, taking into account the specifics of maritime transport, in particular:

— the dynamics of port calls (port call timeline);

— a significant number of certificates and a plurality of issuers (Flag State, RO);

— high criticality of vessel delays;

— risks associated with document falsification, particularly among vessels operating
within the so-called “shadow fleet”.

All these items have the same valuable roles in the plant protection workflow
and are successfully implemented in the ePhyto model based on the UNICC computing
resources.

38 ISSN 2616-7360



PO3BUTOK TPAHCIIOPTY
Ne 2(29), 2026

Extending the Interaction Model (Figure 1), the business components roles are also
derived from the ePhyto system. They are:

— central IMO Exchange Hub,

— national certification organizations — NCO (NPPOs in ePhyto model):

— the Generic Vessels’ Certificates National System (GeNS),

— national systems for countries with IT capabilities.

— certificates consumers — Port State Control

Adaptation of the ePhyto system for the vessel certificates purpose should also
include data model of the certificate extension to support the vessel’s certificates. Due
the ePhyto data model is based on the UN/CEFACT data models hierarchy, that is also
used for the IMO data modelling, particularly, IMO FAL Compendium, such extension
is feasible.

SpecificDocumentModel

\v

VesselCertificate

CertificateID
CertificateType
IssueDate
ExpiryDate
Status

TN

Vessel IssuingAuthority DigitalSignature

SPSCertificate

Pic. 3 Vessel Certificate Data Model

Detailed adaptation plan is subject for development as a separate project, that should
also cover the functional and technical requirements of the IMO IT infrastructure
landscape.

Conclusions

The analysis of the reviewed solutions, that represent best practices for global trusted
IT systems in logistics, demonstrates the feasibility of the IMO maritime certificates
extension concept. IMO commenced major revision of the existing GISIS system. Some
steps are made already on this way, mainly on interface and data visualization.

This article proposes a trustworthy enterprise architecture model for interaction
between parties involved in port and flag state control procedures which provides
a solution capable of offering quite seamless and reliable access to the marine certificates,
that meets all major requirements and adds value to the efforts already done [28].
The formal assessment on the criteria, derived from the enterprise level architecture
demonstrates advantages of the UN IPPC ePhyto solution as a reference implementation
for this purpose. Still the proposed conceptual model requires some adaptation for

ISSN 2616-7360 39



PO3BUTOK TPAHCIIOPTY
Ne 2(29), 2026

the specific requirements of the IMO and the task scope, the key advantage is operational
trusted distributed architecture, that is based on clear requirements and data format. All
components of this architecture (requirements, data model, deployment landscape for
the central hub) are managed by UN body. Given its compatibility with existing UN
frameworks, this approach represents a practical and scalable solution for the future
development of maritime information systems. Considering that IMO is affiliated with
UN, this approach can be scaled to IMO, including data model and system architecture.
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Anomauisn

Y ecmammi oocniooceno yughposizayito mumnoi OisibHOCMI SAK CmMpameiuHul
HANpAM MOOepHI3ayii cucmemu MidCHApOOHOT Mop2ieni 8 YMOBAX IHMEHCUBHO20 PO3-
eumxy ingopmayitinux mexuonoziu. Ha ocno8i ananizy cyuachux Haykogux nioxooie
YMOYHeHo cymuicms nowsams digitization i digitalization, a maxooic susHaveno ix 6niue
Ha Mpancoopmayiro 0epicagHoco Cexmopy, 30Kpemda MUMHO20 AOMIHICIPYBAHHSL.
Obrpynmosano, wo yugpposizayis MUmHUYb UCMYNAE KTTOYOBUM THCINPYMEHMOM Ni0-
BULEHHS e(heKMUBHOCI (DYHKYIOHYSAHHSA MIDCHAPOOHUX MOP2OSETbHUX NOMOKIE ma
3abe3neyents eKOHOMIYHOI be3neKu 0epicasu.

Cucmemamu308ano OCHOBHI YUPPOBI MEXHON02I], WO BUKOPUCHOBYIOMbC 6
Mumnit cghepi, exkaouno 3 6azosumu cucmemamu (e-Customs, Single Window, Smart
Customs, NCTS, EU Customs Data Hub, CDS, €AIC) ma oonomisxxcuumu incmpymeH-
mamu (wmyunum inmenexmom, Big Data, blockchain, Internet of Things, xmapnumu
mexnonoeismu, EDI/API). Ilposedeno ix kracugixayiio 3a pieHem 6npo8aAONCEHHsL Y
C8IMOB8Y MUMHY NPAKMUKY (8UCOKULL, cepeOHill, HU3bKULL), U0 OaN0 3M0O2Y BU3HAUUMU
cmyninb iHmezpayii yupposux piwieHn, ix QYHKYIOHATbHI MONCIUBOCTNT 1 OOMENCEHHSL.

Hogedeno, wjo enposadoicenns yughposux mexnono2itl CHpUse agmomMamu3ayii mum-
HUX npoyedyp, NIOBUUEHHIO WBUOKOCMI 00pOOKU OaHUX, YOOCKOHANEHHIO CUCmeM
VAPAGNIHHS PUSUKAMU, MIHIMI3QYIl 6NAUGY HOOCHKO20 (aKmopy ma 3HUINCEHHIO PIGHS
Kopynyiunux pusuxie. Kpim moeo, yughposizayis sabesneuye popmysanus €0uHo2o
iHhopmMayitino2o cepedosunya Mide MUMHUMU OP2AHAMU, OI3HECOM Ma THUUMU YHACHU-
KamMu 306HIUHbOEKOHOMIYHOL OISIbHOCHIT, WO CNPUSIE NIOSUWYEHHIO NPO30POCMI Ul e(heK-
MUBHOCMI MIJHICHAPOOHOI MOpeiéii.

Boonouac suznaueno kno4o6i npooiemu ma pusuxu 6nposad’cents yughposux mex-
HOMO2IU Y MumHitl chepi, ceped siKuUX — 3HaA4HI PIHAHCOBI BUMPAMU HA BRPOBAONCEHHS

© Kopooxosa O.M., I'ibao A.O., Kopooxosa 3.C., 2026
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ma niOmMpumKy IHHOBAYIIHUX CUCMEM, HEPIBHOMIPHICIb PI6Hs YUpPOB020 PO36UMKY
PI3HUX KpaiH, He0OCMamHus a0anmayis HOpMamueHO-npagosoi 6asu 00 MexHON02iYHUX
3MIH, Oeiyum BUCOKOKEANIPIKOBAHUX KAOPIS, d MAKONC 3pOCMAlOYL 3a2po3u Kibep-
oesnexu. OOIPYHMOBAHO HeOOXIOHICMb KOMIJIEKCHO20 Ni0X00y 00 yugposoi mparc-
dopmayii mumnux opearis, ujo nepedbauae 2apmMoHi3ayilo 3aKOHO0ABCMEd, PO3BUNOK
IHCMuUmMyyilino2o cepedosuwya, ineecmuyii y yughposy ingppacmpykmypy i inmespayiro
IHHOBAYIUHUX MEXHONO2ILL.

Kniouosi cnosa: yughposizayis mumuuyi, cmMapm-mwumnuys, e1eKmponHa MUmHuysl,
Yupposizayis MumHuUX npoyecis, asMoMAmu3ayis MUMHO20 0QOPMIAEHHS, eleKMPOHHe
0eKIapy8aHus Moeapis, YNPAaGLiHHA MUMHUMU PUSUKAMU, WIMYYHUL IHMeLeKm ) MUum-
HUYI, ONMUMI3ayiss MUMHUX NPOYeoyp.
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Summary

This article examines the digitalization of customs activities as a strategic direction
for the modernization of the international trade system in the context of the rapid
development of information technologies. Based on an analysis of contemporary
scientific approaches, the study clarifies the essence of the concepts of “digitization”
and “digitalization” and determines their impact on the transformation of the public
sector, particularly customs administration. It is substantiated that the digitalization of
customs serves as a key instrument for enhancing the efficiency of international trade
flows and ensuring the economic security of the state.

The main digital technologies used in the customs domain are systematized, including
core systems (e-Customs, Single Window, Smart Customs, NCTS, EU Customs Data Hub,
CDS, and integrated automated information systems) and supporting tools (artificial
intelligence, big data, blockchain, the Internet of Things, cloud technologies, and EDI/
API). These technologies are classified according to their level of implementation in
global customs practice (high, medium, and low), which makes it possible to determine
the degree of integration of digital solutions, as well as their functional capabilities and
limitations.

1t is demonstrated that the implementation of digital technologies contributes to the
automation of customs procedures, increases the speed of data processing, improves
risk management systems, minimizes the influence of the human factor, and reduces
corruption risks. Furthermore, digitalization ensures the creation of a unified information
environment among customs authorities, businesses, and other participants in foreign
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economic activity, thereby enhancing transparency and efficiency in international trade.

At the same time, key challenges and risks associated with the implementation
of digital technologies in customs are identified, including significant financial
costs for implementation and maintenance of innovative systems, uneven levels
of digital development across countries, insufficient adaptation of the regulatory
framework to technological changes, a shortage of highly qualified personnel, and
increasing cybersecurity threats. The necessity of a comprehensive approach to the
digital transformation of customs authorities is substantiated, including regulatory
harmonization, institutional development, investment in digital infrastructure, and the
integration of advanced technologies.

Key words: digitalization of customs, smart customs, electronic customs, digitalization
of customs processes, automation of customs clearance, electronic declaration of goods,
customs risk management, artificial intelligence in customs, optimization of customs
procedures.

IMocTanoBka mpoodeMu. Y CydyacHHX YMOBaX PO3BHTKY CBITOBAa EKOHOMIKa Jieaaii
OinbIne HaOyBa€e 03HAK IHTETPOBAHOI CUCTEMH, Y MEKaX K01 BC1 Cy0’ €KTH 3MYILIEH] Orie-
PATUBHO aanTyBaTHUCS JI0 JTUHAMIYHUX 3MiH 30BHIIIHBOIO CEPEIOBUINA. YCKIIAIHECHHS
MIXKHapOJIHOT B3aEMO/Ii1, 3pOCTaHHS 00CSITiB MI>XHAPOIHUX TIEPEBE3CHb 3yMOBHUIIH TIPH-
CKOPEHHI PO3BUTOK IH(POBUX TEXHOIOTIH y pi3HHUX cdepax CycrniibHO-eKOHOMIYHOT
JUsUTbHOCTI. MUTHA CHUCTEMA, SIK HEBiJl'€MHHUH €JIEMEHT MIKHAPOIHOT TOPIiBIIi, TAKOK
3a3Ha€ CyTTEBUX TpaHCPOpMALii, 1110 00YMOBICHO HEOOXIAHICTIO OIIEPATHBHOIO BUPI-
IICHHS CKJIaJ{HUX 3aBJIaHb, SIKI BUHUKAIOTh Y MPOIECi MHUTHOTO 3a0e3leveHHs TpaH-
CIIOPTHHX TIPOILIECIB.

3a TakuMX yMOB OCOOJIMBOI aKTyaJIbHOCTI HaOyBa€ HEOOXIAHICTh KOMILJICKCHOIO
JOCHIJKEHHSI CYyTHOCTI nU(poBUX TpaHchopMaliil y MUTHINA cdepi, a TaKoK BU3HA-
YeHHsl 1X (QYHKIIIOHAJIBLHOTO MPU3HAYCHHS Ta MPAaKTHYHOI 3HAYYHIOCTI B MHTHOMY
3a0e3redenHHi TPaHCIOPTHHX MporeciB. OiHIOBaHHS PIBHS BIPOBaKEHHS MU(PPOBHUX
CHUCTEM Y JiSUTbHICTh MUTHUX OPTaHiB JIa€ 3MOTY HE JINIIEe CHCTEMaTu3yBaTu cepu ix
3aCTOCYBaHHS Ta PO3MEKYBaTH (PYHKIIOHAJIBHI 30HU BIAMOBIAAILHOCTI, aJie i BUSBUTH
KJIFOUOB1 TpoOIemMu i oOMexeHHs ix BuKopucTtauus. Lle, 31 cBoro 60Ky, CTBOPIOE MiJI-
IpyHTsl Ui (POPMYBAHHSI CTPATETIYHUX HAIPSIMIB TOAATBIIOTO PO3BUTKY IH(POBUX
TEXHOJIOTIH Ta BAOCKOHAJICHHsI MEXaHI3MIB MOJICPHI3allii MUTHOI AisIbHOCTI B YMOBax
IUPPOBOT CKOHOMIKH.

OrisiA ocTaHHIX MOCHiIKeHb i myouikamiil. AHami3 MmomnepeaHix A0CIKEHb
JOIUIBHO pO3MoYaTd 13 3apyObKHUX Ipallb, SIKi pO3MISLAand MHTAaHHA LUPPOBI-
3amii sIK 3arajibHOi TEHJEHINI CBITOBOIO PO3BUTKY. 30Kpema, y HayKoBiii poOoTi
Gradillas M., Llewellyn D.W. [1] HamaHO NOSCHEHHS Ta PO3MEKOBAHO IOHSTTS
digitization i digitalization, JOMOBHEHO II¢ BiI0OPaKEHHSIM KOHIICIITYaIbHOT MOJICII X
B3a€MO3B’sI3Ky Ta il BIUTMBY Ha CBITOBY iHTErpaiito. 3i cBoro 0oky, aBropu Haug N.,
Sorin D., Mergel 1. 30cepemkytoTs yBary Ha JIOCIIKCHH] BIUTUBY HU(POBUX TpaHC-
(dopmaliiit Ha iepKaBHUN CEKTOP.

Oxpemuii HarpsiM JTOCII/KEHb CTAHOBUTH BHCBITJIICHHSI 3aCTOCYBaHHSI KOHKPETHUX
IUPPOBHUX TEXHOJIOTIH y MUTHIH cdepi. Tak, y npamsx [3—5] po3risaaroTbes 0coOu-
BOCTI BITPOBA)KEHHSI IEBHUX TEXHOJIOTTYHUX THCTPYMEHTIB 3 aBTOMATH3aIlil MPOIECiB,

ISSN 2616-7360 45



PO3BUTOK TPAHCIIOPTY
Ne 2(29), 2026

YIpaBIiHHS PU3UKOM, 30€PEIKCHHS i aHaANi3y JIaHHUX, EIEKTPOHHOTO JOKYMEHTOOO0ITy
B PI3HMX Taly3siX Ta MUTHiH cepi BiOBITHO.

Yumanio BITYM3HSAHUX POOIT OYJIO MPHUCBSYCHO BUCBITICHHIO HEOOXimHOCTI mu-
poBoi MonepHizanii mutHuib. [BanoBa T. B., ITerpenko K. B., CxopobararoBa H. €.
[6] Ta HaykoBui Manenonceka H. B., Kosanenko B. B., llltedan JI. b. ananizyrors
y [7] BrumB 1 posib u(poBizallii Ta TEXHOJIOTTYHUX HOBOBBEJICHD Y MPOILIECH MUTHOTO
odopmiteHHs i 00JIIKY BIIMOBITHO JI0 MIXKHAPOAHUX cTaHaapTiB. Kpim Toro, y mparsix
[9-12] nomaTkoBO OMUCaHO pi3Hi CIIOCOOM PO3BUTKY MUTHOI CIIPaBU 3 BUKOPUCTAHHSM
UPPOBHUX TEXHOJIOTIH.

OTxe, aHalli3 HAyKOBHMX IIpallb TOKa3aB JOCIHITHHUIIBKY 3alliKaBJICHICTh y IHUTaH-
HSIX YIPOBAJUKCHHS HUPPOBUX TEXHOJOTIH y MUTHY JisUTbHICTB. BogHOUYac po3BUTOK
TEXHOJIOTI BUMarae MmocTiHOTO OHOBIICHHSI 4Yepe3 MIBHIKUI XapakTep 3MiH. Takum
YMHOM, Hapasi HeJJOCTAaTHBO JIOCII/PKEHb, Y SIKMX Oyso O TMpOBEACHO MOTOYHY OLIHKY
OCHOBHHX IU(PPOBHX TEXHOJOTIH BIIMOBITHO JI0 PiBHS 1X YNPOBa/PKCHHS B MUTHIN
coepi. Lle macTb MOXKITUBICTD HE JIMIIE y3aralbHUTH CYYacHUM cTaH U(POBOTO PiBHS
MUTHOI CIPaBH, aJie ¥ BUJIIJIUTH KIOUOBI MPoOIeMu X poOoTH.

DopMyaTOBaHHS Hijel craTTi. MeTa 10CIiHKeHHS TOJIsIrae y BU3HAYCHHI 1IUpo-
BOTO CTYIICHSI PO3BUTKY MUTHHUI[b HA OCHOBI CHCTEMATH30BAaHOT'O OITUCY TU(PPOBHUX TEX-
HOJIOTiH 32 piBHEM X BIPOBAJKCHHS y CBITOBY CUCTEMY, & TAKOXK BUJIIJICHHI TOJIOBHUX
npobiem ix peaizarii. HeoOXiHI KpOKH JUIss BUKOHAHHS BU3HAUCHOT METH:

1. OGrpyHTYBaTH BaXXJIMBICTh Ta POJIb MU(POBi3allii MUTHOI CIIpaBH Y CBITi.

2. Cucremaru3yBary Ta HAIaTH OMTUC OCHOBHUM ITU(PPOBUM TEXHOJIOTISIM, SIK1 BUKO-
PHUCTOBYIOTBCS B OINEPALiAHIN JISTTbHOCTI MUTHHUIIb.

3. OuiHuTH piBeHb BIPOBA/DKEHHS Ta 3aCTOCYBaHHS CY4YacHUX HH(POBUX
IHCTPYMEHTIB.

4. BuainuTy OCHOBHI POTAJIMHY BIIPOBAKCHHS IU(PPOBUX TEXHOJOTIH.

BukJiag ocHoBHOTo Marepiasty. Bumora BrpoBapKeHHs [U(POBUX TEXHOJIOTIH y poOOTYy
MHTHHX OpPTaHiB MPOJUKTOBAHA HU3KOK (haKTOPIB Cy4aCHOTO CBITOBOIO PO3BUTKY [3]:

— HEOOXITHICTIO Mi/IIAMITOBYBATUCSI ITi]] MIHJIMBY 30BHIIIHIO Ta BHYTPIIIHIO CIHEIIU-
¢biKy MKHAPOTHHX BIJIHOCHH;

— mI00aIbHUM 301IbIICHHSIM 00’ €MiB MIXKHAPOJIHUX TOPTOBENBHUX TOTOKIB;

— TOTPUMAHHSIM 1 3aXUCTOM HaI[lOHATbHUX €KOHOMIYHUX 1HTEpECiB CBOET KpaiHu Bij
TPAHCKOPJIOHHHX Ta BHYTPILTHBOJICPKABHUX 3arpo3;

— BUIIPABJAHHAM OUiKyBaHb Oi3Hecy Ta cy0 exTiB 3E/] y mpHIBHIIIEHH] i ONTHMI-
3aiii piBHS HaJJaHHSI MUTHUX TIOCIYT.

OTxe, BUXO/ISUH 13 3arajibHOCBITOBUX TEHACHIIIN 1 TOCBIAY, MOKHA BUJIIJTUTH OCHO-
BHI TIepeBary BIPOBa/KCHHS IU(PPOBUX TEXHOJIOTIH, SKi BiJIIIOBIIal0Th BUIIE3TalaHUM
YMOBaM i HAOyBarOThCS MiJ] Yac iX yIpOBaXKCHHSI.

[Mo-nepie, cripoleHHs MPOIeCciB MUTHHUX TPOLEIYp 3aBISKA aBTOMAaTH3allil ore-
pamiiHUX MPOIECiB, Je TOJIOBHA TepeBara Mojsrac y 3MeHIIeHHI 4acoBuX 1 (inaHco-
BUX BHUTPAT, @ TAKOXK Y ITiJIBUILCHHI 3aIliKaBICHOCTi Cy0’€KTIB 30BHINTHHOECKOHOMIUHOT
JisutbHOCTI [12].

[Mo-ppyre, neHTpamizaiiss MUTHOI iH(popMaIii 3 BikpuTuM goctynom. Lle Gesmo-
CepeIHbO BIUIMBAE HA TOKPAIICHHS aHATITUYHOI Ta MMyOniyHOi 3BITHOCTI 13 3a0e3rie-
YEHHSIM Kpalllol ONTUMI3allil TOUHOCTI i TOCIII0BHOCTI poOOTH MUTHUX OpraHiB [12].
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[To-Tpere, ynoCKOHATIEHHS! CHCTEMH MHTHOTO KOHTPOIIIO ¥ yIpaBIiHHS PU3HKAMHU.
Bukopucranas 1udpoBUX TEXHOJOTIH BiJKpHUBAE AOCTYH JO0 aBTOMATH30BAaHHX CHC-
TEM aHallizy, 00poOKHU JaHMX, 3BIiTiB, MOHITOPUHTY iH(OpMaIlii 1 TaHUX I0A0 TOBAp-
HUX TIOTOKIB MIXK JIEpyKaBaMH, 31 CBOr0 OOKY, 1€ J1a€ MOXKJIUBICTh BUSIBIISITH 3a3/1aJICTib
NOTEHIIIANbHI TOpyIIeHHs Ta Hebeaneku [11].

[To-ueTBepTte, 3Be/IcHHs TPOOIEMATHKH JIIOACHKOTO (hakTopa a0 MiHiMymy. Lndpo-
Bi3allisi 3HAYHO 3MEHIIY€ PiBEeHb IMOBIPHOCTI KOPYIIIIii, HeOakaHOTO BTPYYaHHS B MUTHI
MIPOIIeIypH Ta CIIpHsi€ AOTPUMaHHIO MUTHUX ripaBui [12].

[To-m’siTe, 3maromyKeHa ajjanTailisi B3a€MOJIIT MUTHUX OPTaHiB 3 JIOTICTUYHUMHU MPO-
necamu 0i3HeCy B yMOBaxX MPUCKOPEHHs MiXKHAapoaHOT Toprisii. Taki nudposi iHCTpY-
MEHTH, SIK CJICKTPOHHUI OOMIH JaHUMH, MOOUIBHI OAaTKH, iH(GOPMAIliliHI CUCTEMH,
CTBOPIOIOTH €JIMHE iH(pOpMaIliiiHe Toje, MO JIa€ 3MOTy e(EeKTHBHO CITiBIpAIIOBaTH
3 yciMa y4acHHUKaMH MHTHHX TPOLECIB, BPaXoByIouH ix morpedu [13].

TakuM 4MHOM, HOBI IUQPOBI TEXHOJIOTII MPSIMO UM OMOCEPEIKOBAHO CIPUSIOTH
CTIPOLICHHIO U MiJBUICHHIO e(DEKTUBHOCTI B IEpecyBaHHI TOPrOBEIBHUX IMOTOKIB,
CTBOPIOIOYH TIPU [[LOMY CHPHUSTIHBI Ta 3py4Hi YMOBH JUIsSi OCHOBHHX YYaCHHKIB CBITO-
BO1 TOPTIBIII.

Sk Oyno 3a3Ha4yeHO, IIBWAKHN PO3BUTOK iH(MOPMAIIHHHX CHUCTEM 1 TEXHOIOTIH
Ta BIAMOBIHUX TNIOOANI3AifHUX MPOIECIB CIIOHYKAE€ MUTHI CITy)KOW IITyKaTH 3aMiHy
3acTapiiuM croco0am BEJICHHSI CBOET AIsIHOCTI Ta BIPOBAHKYBAaTH HOBI METO/IHU, 100
BIJINIOBIJIaTH TIPOJMKTOBAaHUM BUMoram Harmioro 4acy [14]. Otxke, Ha ocHOBI [3—12]
Ta 3a MOTPeON B PO3YyMiHHI CyTi iHPOPMAIIHUX TEXHOJIOTiH 3pOOHUMO PO3IOILT ITU]-
POBHX TEXHOJOTIH pi3HUX KpaiH Ha JIBI TPYyNH: OCHOBHI Ta JIOTOMIXKHI iHCTPYMEHTH
JUSUTBHOCTI MUTHOT CITPaBH.

Jlo ocHOBHOi rpymu BimHeceMo came Ti IHCTpyMeHTH (iHdopmarliiiHi cucTemu,
porpamMu), siki po3poOieHi CreliajbHO JJIi MUTHUX opraHiB. EJeKTpoHHa MUTHUIIS
(e-Customs) € pynnamenTom 1udpoBoi Tpanchopmarlii Mi>kHapoHo1 Toprisii. [lepexin
1o konuentii «Enextpornoi mutHuil» (e-Customs) € HalBaXKIMBILIUM eTaroM pedop-
MYBaHHSI CUCTEMH MDKHapogHol Toprieii. Lle cTBOpeHHsI iHTErpoBaHOTO IHTEIEKTY-
ILHOTO CEepEIOBHIIA, JIe B3a€MOisi MK OI3HECOM 1 JIep)KaBOIO BiIOYBAETHCS MHUTTEBO
Ta 0€3KOHTAKTHO. TaKMM YMHOM, CHCTEMA MOEAHANA B cO01 OCHOBHI Cy4acHi BUMOTHY TeX-
HOJIOTIYHOTO PO3BUTKY MUTHHIIb, 33/I0BOJILHSIOUN TIOTPEOH Y CIIPOILEHH] TPOXOIKESHHS
MUTHOTO KOHTPOJTI0, 00OMiHY JaHuMH Mixk cy0’ektamu 3EJ] 1 MuTHuIsiMuE [3].

Cuctema Single Window (€a1He BiKHO) J1a€ 3MOTY KOPUCTYBady 3HaYHO CIIPOCTUTH
MPOXO/PKEHHSI MUTHOTO KOHTPOJIO 3aBJISIKA aBTOMaTH30BaHOMY MEXaHI3MY «3a 3aMOB-
YyBaHHAM» YIPOAOBK 4 TOIWMH, 3MEHIIYE BUTPATH 4acy Ha (opMalbHI MpolenypH
4yepes MOAaHHs i OTPUMaHHS HeOOX1THUX JOKYMEHTIB B €JICKTpOoHHOMY BUDIsAi [9, 10].

Smart Customs crana npogoBKeHHSIM Ta YIOCKOHAJIEHOIO BEPCIEI0 €IeKTPOHHOT MUT-
Hutll. [0JIOBHUM HOBOBBEJICHHSIM CTaJIM 3aKJIaJICHI B OCHOBI 11 pOOOTH JOMIOMIXKHI Mexa-
Hi3MH, 1110 BUKOHYIOTh MUTTEBI 3a]1adi aHaJi3yBaHHS 1 PO3POOKH IPOTHO31B 3 TPHUHSTTSIM
BIZIMOBIIHUX ONTUMaIbHUX pimieHb [10]. Takum 4rMHOM, Ha 0a3i OCHOBHHMX MPHHIIUIIIB
MoOy/IOBH cMapT-MUTHHUII (IHTEJEKTyallbHa CUCTEMa PU3HKIB, €IMHUN MOPTAN HaJTaHHS
JO3BUTGHUX JIOKYMEHTIB, €JCKTPOHHE JICKJIApyBaHHS, aBTOMaTW30BaHHH BHITYCK,
MOCTMHUTHUH KOHTPOJIb 1 TOCTAyAWT, YIPABIIHHS Ta KOHTPOJIb HAJl BCIMa JIAHIFOTAMH
ITOCTaBOK TOII[0) Oy110 c(hOPMOBAHO BUCOKOIHTETPOBAHY CUCTEMY MUTHHUX TPOIIECiB [15]
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Texnonoriuna po3podka €C — NCTS (New Computerized Transit System) siBiisie
c000I0 KOMIT FOTEPU30BaHy CHCTEMY PEXKHMY CIIUIBHOTO TPAH3HUTY, SKOK MOXYTh
KOPHCTYBATHCS JIMIIE KpaiHW, mo parudikysain KOHBEHIIIIO PO MPOUEAypy CIUIb-
HOTO TpaH3uTy. 3a ii BUKOPUCTAHHS BiJIOyBA€ThCS 3HAYHE CIPOIICHHS MOJAHHS EJeK-
TPOHHUX MUTHHX JICKJIAPALlil JJIsl CIUILHOTO OOMIHY JaHUMHU MK MUTHUMH OpraHaMu
PI3HUX KpaiH IiJ] yac CiIbHOTO TpaH3uty [9, 16].

Bu3HauaisHUM KPOKOM y IIbOMY HampsiMi CTalio mpueaHaHag Ykpainu y 2022 pori
no KonBeHmii nmpo nporeaypy CIiIBHOTO TPaH3UTY, MO 3a0€3MEUHII0 BIPOBAHKCHHS
enekTpoHHol Tpan3utHoi cuctemMd NCTS Ta cTBOpuIio nepeayMoBH Uit (QyHKIIOHY-
BaHHS CIUTLHOTO TPAH3UTHOTO PEXKUMY 3 KpaiHamu €Bporericbkoro Coro3y.

EdexruBHicTh ynpoBa/pkeHHX IH(POBUX pillleHb MIATBEPIKYETHCS 3POCTAHHIM
00CSTiB BUKOPUCTAHHS €JICKTPOHHHUX TPAH3UTHHX IMPOIEIYyp. 30KpemMa, 3HaqHe 301IThb-
HICHHS KUTBKOCTI OQOPMIICHUX TpaH3UTHUX JAeknapaniii y cucremi NCTS cBigunth
PO aKTUBHE 3aJTy4eHHS Cy0 €KTIB 30BHIIIIHBOCKOHOMIYHOI AISUTBHOCTI Ta MiABUILECHHS
PIBHSI IOBIpH JI0 €NEKTPOHHUX 1HCTPYMEHTIB MUTHOTO aJIMiHICTPyBaHHS.

Buxopucranas GMS (Guarantee Management System) sk ckinagoBoi NCTS nepen-
0avae aBTOMAaTHU30BaHWH MpOIeC MOAAHHS, PEeECTpallii Ta MOHITOpPUHTY (piHAaHCOBUX
rapaHTiil y 30BHIIIHbOCKOHOMIYHIN AismbHOCTI [17].

Tpanchopmallisi y BUDISAI BIPOBAKEHHS MUIOTHUX cHcTeM, sik-0T EU Customs
Data Hub, 1110 € crnijibHUM IIEHTPOM JaHux 27 HalllOHAJIBHUX €BPOTCHCHKHUX 0a3, Jie
Oy/ie HaJaHa 3Mora MojJaBaTH OMH U(PPOBHI MakeT iHQopMaIlii, aBToMaTuyHa nepe-
BipKa IMIIOPTHUX JIeKJIapariii 3 000B’SI3KOBUM PH3HMK-aHai30M (32 JJOMOMOTOI0 MITYyY-
Horo iHTenekry) [11].

CDS (Customs Decisions System) — 11¢ aBToOMaru3oBaHa cucTeMa poOOTH 3 pillieH-
HSMU MUTHHX OPTaHiB, sSiKa BUJA€ CUCTEMHI pillIeHHs 10 Bianoiauux 3as8 C3E]] cto-
COBHO MPUHHSATTS aBTOPH3allii, peecTpallii un HaJaHHi 1o3Boy [14, 18].

€AIC (€nuna aBToMaTH3oBaHa iH(opMaliiiHa cHCTeMa MUTHUX OpraHiB) — Oara-
TO(QYHKI[IOHAJIbHA IHTEIPOBAaHA aBTOMATH30BaHa CHUCTEMa, SIKa CTAHOBUThH CYKYITHICTh
B3a€MOIIOB’sI3aHKUX 1H(POpMAaiHUX, eIEKTPOHHIX KOMYHIKaliiHUX Ta iH(pOopMaIiitHO-
KOMYHIKaI[IfHUX CHUCTEM, 1110 3a0e3Me4yoTh QYHKIIOHYBAaHHS €JICKTPOHHHX 1H)OpMa-
ITHUX pecypciB MUTHHUX OpPTaHiB i3 METOIO 3/1MCHEHHST MHTHOI CIIpaBH, 1 3ac00iB iX
3abe3neueHus [9, 18].

JlonomixkHi THCTPYMEHTH, 31 CBOTO OOKY, BUCTYIAIOTh SIK CKJIQJI0Ba OCHOBHOI TPYIH
Ta € CBOEPITHAMHU MOMIYHUKAMH X 3JIaro/KeHol Ta eeKTHBHOI poOoTH 3pocTaHHS
KUIBKOCTI BHUKOPUCTAHHS CIIEI[iaJli30BaHUX MOOIIBHMX JIOJATKIB Ta BEOMOpTAIiB
(E-borders, CBP One, Traces NT, mutHuUIst B cMapT(oHi TOIIO) CIPUYMHEHO 1X 3py4-
HICTIO, TOCTYITHICTIO T2 KOMIIAKTHICTIO OCHOBHHUX IMPHUCTPOIB, Ha SIKUX BOHU ITPALIOIOTh,
i 6araro(hyHKIIIOHAJIBHICTIO 3B SI3KIB 3 THITMMH CUCTEMaMH Ta NU(PPOBUMHU TEXHOJIOTi-
sMu. Hanpukian, BUKoprcTaHHs Ha BeOmopTali «CqiuHe BIKHO JUIsl MiXXHAPOIHOT TOp-
riBi» B po3aii «JloBigkay Ha cTopiHili «PaxyHKu juis criaty MUTHUX TuiaTexiy KEIT
g Q-KOj1y, 3a JIOTIOMOTOIO SIKOTO CHCTEMa MOYKE aBTOMATHYHO BIJIKPUTH OaHKIBCHKY
TUIATDKHY OPMY ISl TOTIOBHEHHST aBAHCOBOTO 1 BHECEHHSI JIETIO3UTHOTO PaXyHKY MHUT-
HUIII, CIJIATH MUTHUX OOPTiB 1 miarexis [17].

st udpoBoro 0OMiHy JaHUMU, SIKUH € B OCHOBI pOOOTH Maiike BCIX MUTHHX CHC-
TEM, BUKOPHCTOBYIOThH Pi3HI MeTonu oOMiHy naHumu, 3okpema EDI (Electronic Data
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Interchange) un API (Application Programming Interface), nepima nporpama BucTymae
SIK CTaHJapT OOMiHY 013HEC-IOKYMEHTIB, a Jpyra BKe € CyYacCHIIIOK BEPCIE0 Ta BUKO-
PHUCTOBY€ETBCSI /I MOHITOPUHTY i iHTerparii 3 iHmumu cucremamu [11].

Takox orepaTiBHa poOOTa Cy4acCHUX KOMIT IOTEPH30BAaHUX CHCTEM HEMOXKIIHBA 0e3
XMapHUX TEXHOJIOTIH, 10 30epiraroTh JaHi Ha CBOIX CepBepax, PO3IIMPIOIOYU 30HY
JOCTYITY JIO HUX, 1 JAF0Th MOJKJIMBICTh 3MEHIINTH BUTparu Ha [ T-indpactpykrypy [11].

IoT (Internet of Things) Ha3UBaOTh B3a€MOIIOB’sI3aHy CUCTEMY y BUTJISII (iznd-
HUX 00’€KTIB, sIKi 00JIa{HAH] BIJMOBIIHUMHU CECHCOPAMH, JJaTYMKAMHU Ta MPOTPaAMHUM
3a0e3nedeHHs M, 30uparoTh HeoOXiaHy 1H(OpMaIlito, sika, 31 CBOTo OOKY, BiJoOpaxa-
€ThCS HA KOPUCTYBAIbKUX iHTepdericax mpucTpoiB. Y MUTHIM AISUTBHOCTI ISl TEX-
HOJIOTisl BIAITIOBIZIa€ 3a 3BITYBaHHS CTaHY TOBApiB y peajbHOMY 4aci, 3HAYHO ITOJIeT-
HIYIOYH Tpoliec poOOTH BHIE3raJlaHuX CHCTEM JUIS MPOXOJKCHHS MHTHOTO KOH-
TPOJIO 3aBISIKM CBOEYACHOMY (PIKCYBaHHIO 3MiH, SIKI MOXYTh CHPHYUHHUTH IOPY-
meHHss MUTHUX TipaBun [10, 19].

3a BusHaueHHsM Big Bata ciij Ha3uBaTH BeIMUYE3HHHA OOCST CTPYKTYpOBaHUX UH
HECTPYKTYPOBAaHUX JaHUX, OTPUMAHHUX 3 Pi3HHUX JKepes. Baxxko mepeoiiHuTH piBeHb
YIPOBAKCHHS I1i€1 TEXHOJIOTIT y MUTHY JiSUTBHICTb, /Ke came Ha 1 OCHOBI (pyHKIIiO-
HYIOTh KIIFOUOBI efleMeHTH nu(poBizamii MUTHUX opraniB — Smart Customs, ACMO,
Data Hub ta NCTS, e TeXHOIOTisi BAKOPHCTOBYETHCS JUISI 3BIPKH i aHANi3y BEJIUKUX
MacwuBiB iHpopmarii [20, 11].

Takum ynHOM, BHKOpUCTaHHs TexHouorid Big Data 3a0e3neuye MOXIIHBICTh iHTE-
rpaiii, 00poOKkH i aHANITUYHOI iHTEepHpeTallii BeTMKUX MacuBiB iHpOpMaIii, 1o Jae
3MOTY TJIBUIIMTH TOYHICTh MPUUHATTS YIPABIIHCHKUX PillIeHb, YIOCKOHAIUTH MeXa-
HI3MHU YIpaBIiHHS pU3UKAMU Ta 3a0e3NeYnTH e(QEKTUBHUA MOHITOPHHT TOBapHUX
i ¢inaHcoBuX MOTOKiB. KpiM TOro, 3acTOCYBaHHS aHANITHYHHX MOJENieil HAa OCHOBI
BEJIMKUX JaHUX CIIPHSE BHSBICHHIO 3aKOHOMIPHOCTEH, TPOTHO3YBAHHIO IMOTCHITIHHNX
MOpYIIEHb MHTHOTO 3aKOHOJIABCTBA Ta IMiJIBUIICHHIO 3arajibHOT €)eKTUBHOCTI (PYHKITi-
OHYBaHHSI MUTHHUX OpPTaHIiB y CHCTEMI MIX>KHAPOJTHOI TOPTiBIIi.

Blockchain-TexHoJiorii, BiIIOBIIHO 0 CBOET Ha3BH, Iepe0avae 30epeKeHHsI JaHUX
y BHUDIAAI OJIOYHOTO JIAHIIOTA, SKHH YHEMOXIMBIIOE (anbcudikamio iHpopmarii,
3MiHH i1 moctdakTym. Lle rapanTye 3axuCT i MPO30PICTh MUTHUX TPAH3AKI[iH Ta TAaHHUX.

Bukopucranns blockchain-rexHonoriit y MUTHIH cdepi cripusie miIBUIIEHHIO PiBHS
JIOBIpHM MK y4aCHUKAMH 30BHINIHLOCKOHOMIYHOT MisJIHOCTI, 3a0e3reuye HaJaiiHuN
KOHTPOJTb 32 IIEPEMIIIICHHSIM TOBapiB 1 piHAHCOBUX OTepalliil, a TAaKOXK MiHIMI3y€ PU3HKH
mraxpaiicTBa Ta HECaHKIIIOHOBAHOTO BTpy4YaHHs B iHQopMmamiiiHi cuctemu. OCHOBHI
npuHiuny QyHkuionyBanHs blockchain wiTko mpocTexyroThes y poOOoTi cydacHHX
IUPPOBUX MHUTHUX IUIaTPOpM, 30kpema cucteMm Tuny Single Window ta Customs
Decision Systems (CDS), ne 3a0e3neuyerbes Oe3neunnii 00MiH JaHUMH, X BepuQika-
Iist Ta THTErpallist MiXk pi3HUMHU cy0’ekTaMu MUTHUX Tiporeci [10, 11].

OcranHiil (ayie He 32 BRXIMBICTIO) NU(PPOBHIA THCTPYMEHT — INTYYHUH 1HTEIEKT
(AI). 3a ¥ioro BUKOpHCTAaHHS CUCTEMH 3/IaTHI JTiSITH CAMOCTIHO Ha OCHOBI 3aKJIaJICHUX
y HBOTO aJTOPUTMIB, poOIstun cdepy HOro 3acTOCYBaHHS PI3HOMAHITHOIO Ta OOLIUp-
Hot. [0oBHA X mepeBara 3acTOCyBaHHSI HITYYHOTO 1HTENEKTY IOJISITa€ y TOYHOCTI,
MIPUCKOPEHH] i aBTOMATH3aIlii MUTHUX MPOLENYp Yepe3 3MEHIICHHS JIFOJICHKOTO BTPY-
YaHHS B IPOIECH Ha KIITAJT EPEBIPKH JOKYMEHTIB, aHali3y pu3ukiB Tomo [10, 11].
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OTxe, IPOBEJICHUH aHalli3 cydyacHUX IU(POBUX TEXHOJIOTIH y MUTHIH cdepi 3acBif-
yuB iX OaraToQyHKIIOHAIBHICT, BUCOKHH PIBEHb IHTErpallii Ta 3HaYHI MacuTaOu
BIIPOBADKEHHSI Y CBITOBIM MPAaKTHII, IO MiATBEP/PKYE BU3HAYAIBHY POIb MU(POBUX
TpaHchopMalliil y po3BUTKY MUTHOTO aJIMIHICTpYBaHHS. Y 3B’SI3KY i3 IUM aKTyai3y-
€TbCsl HEOOXIHICTh MPOBE/ICHHS KOMIUICKCHOI OIIHKM PiBHS BIPOBA/KCHHSI HAasBHUX
UPPOBHUX TEXHOJIOTIH, IO 0a3yETHCS HA TAKUX KPUTEPISX, K CTYIIHB X MOMIHUPEHOCTI,
piBEeHB iHTETpallii y MUTHI IPOIIECH, TEXHOJIOTIYHA BiIIOBIIHICTh Cy9aCHMM BHMOTaM
Ta e(eKTUBHICTh NMPAKTUYHOTO 3aCTOCYBAHHS B MDKHAPOTHOMY cepeqoBHUI. Takuii
X 1a€ 3MOTY HE JIMIIE CUCTEMHO OXapaKTepU3yBaTH MOTOYHMIA CTaH HudpoBiza-
il MuTHOI cdepu, ane i iIeHTH(IKyBaTH KIFOUOBI OOMEKEHHS, aCUMETPii PO3BUTKY
Ta po0sIeMu (DYHKIIIOHYBAaHHS BiJIIOBITHUX TEXHOJOTTYHUX PIIICHb.

3 ypaxyBaHHSIM 3a3Ha4€HUX KPUTEPIiB 3apONOHOBAaHO Kiacudikamito MudpoBux
TEXHOJIOTIH 3a piBHEM iX yIpoBajpKkeHHS. J[0 BUCOKOrO piBHS BiHECEHO TEXHOJIOTII,
IO BXe CTaju 0a30BUMH elleMCHTaMH (YHKI[IOHYBaHHS MUTHHX CHCTEM 1 aKTHBHO
3aCTOCOBYIOTHCS B OLTBIIOCTI KpaiH cBiTy. CepeHiii piBeHb OXOIUTIOE Ti IHCTPYMEHTH
Ta CHUCTEMH, SKi 1mepeOyBaroTh Ha eTarli aKTHBHOTO PO3BHTKY, OJJHAK II¢ HE JIOCSTIIH
MOBHOI iHTerpaii y Mi>KHapoJlHI MUTHI ITPOIIECH Ta MAIOTh MEBHi (QyHKIIOHATIbHI a00
IHCTUTYIIIHI 0OMekeHHs1. HaToMicTh HU3BKUN piBEHb YNPOBAKCHHS XapaKTepHHUN
JUTS HOBITHIX 1HHOBAIIMHUX pillieHb, 1110 TepeOyBaroTh Ha cTafii anpobarii Ta mocry-
MIOBO IHTETPYIOTHCS B MPAKTUKY JiSITBHOCTI MUTHHX OpPTaHiB.

TakuMm unHOM, iH(pOpMaIlis Ta aHamiTuka Jprepent [3—13, 17-20] nae MOKIHUBICTH PO3-
JUTUTH B TaOIUIII TU(POBI TEXHOJIOTIT HA TPH PiBHI BIPOBAKEHHS 1X JISTIBHOCTI y CBITO-
Bilf MUTHI JisUTBHOCTI 3 BIATIOBIIHUM ypaxyBaHHSIM KOHKPETH30BaHUX HEJIOMIKIB.

Bianosiauo 1o [5—12, 1416, 20] Ta BUXOASYH 3 TaHUX Y TaOIUIIl 1, MOXKHA OTIHCATH
OCHOBHI IIPOOJIEMH Ta pU3UKHU Y BUKOPUCTAHHI MUPPOBHUX TEXHOJIOTIH y MUTHIH cripasi,
SIK1 B1JIOOpakeHi B TIEPENIKY HIKYE:

— (piHaHCOBI OOMEKEHHS TIOJISTAIOTh Y BENTMKIH BAPTOCTI MMOYATKOBHUX 1HBECTHITIH, OTPeOi
B 3aKyMiBii KOIITOBHOI crienianbHol TexHiku (GPS-tpekepiB, RFID-mitku st [oT), min-
TpuMIIi o0cityroByBanHst cucteM Tuiry ACE uu TexHonoriuHnx iHcTpyMeHTiB sik blockchain;

— HEBIAMOBIHICTh IUPPOBOTO PO3BUTKY B PI3HUX KpaiHax cBity. BoHa mposBiisi-
€TBCSI B TOMY, 110 Pi3HI YYaCHUKH 30BHIIIHFOCKOHOMIYHOT JIISUTBHOCTI HE MalOTh OJIHA-
KOBOT'O JIOCTYITY JIO CyYaCHHMX TEXHOJIOTIH 1 pecypciB, 10 3HAYHO MOTIPIIyE MIKICP-
*kaBHY koopauHariro i Mixk C3EJ] i MUTHUMHU OpraHamu;

— HM3bKI TEMITH aJanTailii Jep>KaBHUX IHCTUTYIIM Ta 3aKOHOAABCTBA BIAMOBIIHO
JI0 TEXHOJIOTIYHOTO PO3BUTKY. 3aKOHCEPBOBAHHU Ta OIOPOKPAaTHMYHHUN XapakTep opra-
HIB BJaJu 0€3MOCepPeHbO BILUIMBAE HA MIBUJKICTD YIPOBAJKCHHS HOBUX TEXHOJOTIH
y po0OTy, OCKUIbKH HE Ja€ TapaHTid Jyis Oi3Hecy, 1110, HANPHKIaa, Oyae J0CTaTHhO
MOIaHHS TOKYMEHTIB JIUIIE B €JIGKTPOHHOMY BHIVISIII 1 UM HE CTaHEe 1€ PHUYUHOIO 3BU-
HyBaueHb y MOPYIICHHI MUTHHX MPaBHIT;

— HEJOCTaTHIW piBEHb MIATOTOBKH, 00I3HAHOCTI Ta OpakK BUCOKOKBaTi(hiKOBAHMX
CreliaNicTiB, 0 MOXKYTh TIOETHYBATH BUCOKY HU(PPOBY 0013HAHICTH Ta MpodecioHalb-
HUH piBEHb MUTHOT JTisSJILHOCTI y CBOT# po0OTI;

— 3arpo3u KibepHeOe3nekn. Hebaxxane BTpy4YaHHsI CTOPOHHIX 0Ci0 JI0 TAaHUX MOXKE
NPU3BECTH J0 BUTOKY KOH(IICHIIHHOT iHpopMallii uM 11 miaTacyBaHHs, Bipasy Bijo-
OpasuThCs B MOPYIICHHI pOOOTH MUTHHX CHUCTEM.
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Tabmuus 1

Cucremarusanis nudpoBUX TEXHOJIOTiH y MUTHIN cdepi 3a piBHEM pPO3BUTKY
Ta QyHKIIOHATBLHUMH 00MEKeHHSIMU

I'pynu

. HajimenyBannst PiBens Bpo- .
iHCTpY- DyHKuii OcHOBHi 00MeKeHHsT
: TEXHOJIOT il Ba/’KEHHS
MEHTIB
Enexrponne nexiapyBaHHs, HepiBHOMIpHICTB
ABTOMATHU3ALlisl MUTHUX MPO- YIPOBAKEHHS MK
e-Customs nenyp, oOMiH JaHUMHU MiXk Bucokuii | kpainamu, norpeda
C3E/l i MUTHIMH OpraHaMi B MOZIEpHi3aLii
IT-indpacTpykTypH
TTomanHs HEOOXITHAX OOMerxeHa iHTerparis
JIOKYMCHTIB uepe3 €AMHUH 3 OKPEMUMH JCPIKaB-
Single Window | enekrpoHHHMit oprai, Bucokuii | HUMH IHCTUTYLisSIMH
ABTOMATU30BaHUI OOMIH
iHpopMmaltiero
Turenexryansunit anamiz Bucoxka TexHonoriuHa
M3MKIB, aBTOMATH30BaHE .. | CKIamHICTH Ta Bap-
Smart Customs | PH31KIB, . Cepenniit .
HOPUAHATTS PillICHb, KOHTP- pea TICTh YHPOBaKSHHS
‘g OJIb JIAHIFOTIB OCTa4aHHs
o)
g Enexrponnuii TpaH3uT, OOMeKeHHs BUKO-
3 NCTS 00OMiH MUTHOIO iH(pOpMa- CepenHiii | puCTaHHS B IEBHUX
LI€10 MiX KpaiHaAMH KpaiHax
ABTOMaTH30BaHE MHUTHE CrJ1aJJHiCTh OHOB-
oopMITEHHS, yIIpaBIIiHHS .. |JICHHS Ta MiATPUMKH
€AIC 2 o Cepenniit ;
pu3HKaMu, hiHAHCOBUI pei cucremu, Kibepaeoes-
KOHTPOJITb nieKa
GMS VYnpapiinas (hiHAHCOBUMH Cepenniii Bysbka cniemiamizaiis
TapaHTisIMKM B TPaH3MTI P
ABTOMaTH3AIlis IPHAHATTS 3aIeKHICTD Bif
CDS MHUTHHX pillleHb (103BOJH, Cepenuiii | poOOTH iHIIHX
aBTOpHU3AIlii) cucTeM
SHTpaTi30BaHU 0OMIH [epeGyBae Ha eTami
EU Customs Data 11 .
JAHUMHM, aBTOMAaTHy4Ha 1epe- | Husbkuit 03po0KH, HEMAE
Hub i
BipKa JeKJIaparii MIPAKTUYHOTO JO0CBITY
MoGinbHi xoaTki JlocTy1 10 MUTHHUX CepBi- Kibepuebesmnexa,
BeBIODTAN > | ciB, CIIPOIICHHS B3a€MOIiT Bucoxkuii 3aJIeKHICTB BiX iHTEP-
P KOPHCTYBA4iB i3 CHCTEMaMH HET-I0CTYITy
Cucremu nug- ABTOMAaTH30BaHUI OOMIH IIpoGnemu cymic-
poBoro oOMiHy | IOKYMEHTaMu Bucokuii | HOCTI Mixk TutaTdop-
JTAHUMH MaMHu
36epiranHs Ta 00poOKa Pusnku BuTOKY
XMapHi TeXHOJOT1i | JaHUX, JOCTYIHICTh iH(Op- Bucokuii | 1aHuX, 3aJI€XKHICTh
marii BiJI IPOBAiiIepiB
; ABTOMaTH3aIIis IPOIIECIB, Henockonamictsh
=S aHaJli3 Ta IPOrHO3yBaHHS .. | anropuTmiB
g Al  Ta IIpOrHO3y Cepenniit P
= PU3HKIB, caMOCTiifHe Ipu-
= MHATTS pilleHb
IoT MOHITOPHHT Ta YeK-arl Cepe it Bucoxa BapricTs
TOBApiB «TYT i 3apa3» P obnaHaHHS
AHaJi3 BeJIMKUX 00’ eMiB CknaaHicTh 00pOOKH
Big data JIaHWX, BUSIBIICHHS PH3HKIB, Cepenmiii JIaHKX, KOILITOBHICTh
CTBOPEHHSI IPOrHO30BAHNX MATPUMKH
Mozelnel
3axucT Ta Npo30picTh Jopore Ta cknagHe
Blockchain JaHKX, (iHAHCOBHUX OTIe- Cepenniit BIIPOBAJKCHHS

paiit

ISSN 2616-7360

51



PO3BUTOK TPAHCIIOPTY
Ne 2(29), 2026

BucnoBku. OTxe, pe3yabTaTd DOCTIIKEHHS CBiTJaTh, MO IH(pPOBI3aIlisi MATHOI
TISITEHOCTI € HeoOXiTHOI0 YMOBOIO 11 €(peKTUBHOTO (PYHKITIOHYBAHHS B CYJacHIi CHC-
TeMi MiKHapOIHOI TOPTiBii. BrpoBamkeHHs ITUGPOBUX TEXHOJNOTIH Iae 3MOTY CYT-
TEBO TIIBUIIUTH MIBUAKICTE 00pOoOKH iH(OpMaIIii, yIOCKOHATUTH MEXaHI3MH YIIpaB-
JHHS PU3UKaMH 1 3a0€3MMeYNTH OLTBI MPO30py B3aEMOIII0 MK MUTHUMHU OpTraHaMH
Ta cy0’eKTaMU 30BHIITHEOCKOHOMITHOI TisSITHHOCTI.

[TpoBenennii aHaii3 UQPOBUX CUCTEM Ta IHCTPYMEHTIB ITOKA3aB iX pi3HOMaHITHICTH
1 IMUPOKE 3aCTOCYBAHHS y CBITOBI TipakTHii. [1o/miia Ha OCHOBHI MHTHI CHCTEMH Ta JOTIO-
MDKHI TEXHOJIOTI] JaB 3MOTY WiTKO BH3HAYUTH iX (DYHKITIOHABHY POJIb 1 MICIIE B 3arayibHii
CTPYKTYpl MUTHOTO aJMiHICTpyBaHHs. BomHOUAC BCTAaHOBIICHO, IO PIBEHB YITPOBAKECHHS
IU(PPOBUX PIMICHH € HEPIBHOMIPHIM, IO TIOSICHIOETHCS BIIMIHHOCTSAMH B TEXHOJIOTIIHOMY
PO3BUTKY, IHCTHTYIIIIHINA CIIPOMOKHOCTI Ta HOPMAaTHBHOMY 3a0€3ITeUeHHI Pi3HUX KpaiH.

Pazom i3 TUM BHSBJICHO, IO BIPOBALKCHHS ITUGPOBUX TEXHOJOTIH CYIPOBOIKY-
€TLCS PSAIOM TIPOOJIEM, cepell SKUX KIIFOYOBHMH € 3HauHI (piHAHCOBI BHTpaTH, HEMIO-
CTaTHil piBeHb ACPKABHOI MM ATPUMKH, TEPIITAT KBATi(hiKOBAHUX CIEIIATICTIB, a TAKOX
HEBIIITOBITHICTH 3aKOHOAABUOT 0a3H TEMIIaM TEXHOJIOTITHOTO PO3BUTKY. OKpeMy yBary
CIi IPUAUTATH TTUTAHHAM KibepOe3mnekn, ki HaOyBaroTh Aeaii OibIIIOro 3HAYCHHS
B yMOBax Itu(poBizaiii.

3 oAy Ha 1€ TMONANBIINKA PO3BUTOK ITUGPOBI3allii MUTHOIT isSUTBHOCTI TTOTpedye
KOMIIJICKCHOTO TT1JIXOTY, 110 Mepeadadae y0CKOHAICHHI HOPMAaTUBHO-TIPABOBOTO Pery-
JIIOBAHHSI, PO3BUTOK MHQPPOBOI 1HPPACTPYKTYpH Ta IIABHUINCHHS PIBHSA IiITOTOBKH
KanpiB. llepCreKTHBH TOJANBIIAX JOCTIHKCHD MOIUIBHO TIOB’SI3yBaTH 3 ITONTYKOM
e(heKTUBHUX NUIAXIB YCYHCHHS 1CHYIOUMX HEIOJIKIB Ta PO3IMIMPEHHSIM BHKOPHCTAHHSI
CydJacHUX MUQPPOBHUX TEXHOJIOTIH y MUTHIH cdepi.
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Summary

Introduction. The disruption of global supply chains and maritime multimodal transport
caused by geopolitical tensions and infrastructure damage in Ukraine necessitates a
paradigm shift in risk management. Traditional stochastic methods, particularly the Monte
Carlo method, demonstrate significant limitations due to the lack of reliable retrospective
statistical data in conditions of unprecedented uncertainty and continuous operational
disruptions. Purpose. The primary purpose of this study is to present a fundamental,
comprehensive analytical assessment of the risks associated with maritime multimodal
supply chains and to develop an improved methodological framework. Specifically, the
study aims to design a robust, integrated multi-criteria risk assessment model capable of
functioning under extreme uncertainty, and to create a mathematical framework for the
optimal allocation of financial and operational risks among supply chain participants,
strictly accounting for the international Incoterms 2020 delivery rules. Results. Based
on an in-depth systematic analysis of international and domestic transport practices, an
integrated multi-criteria risk assessment model was developed. This model successfully
combines the framework of dynamic Bayesian networks, which determine the probability
of risk events occurring in real time, with advanced machine learning capabilities.
Furthermore, the model incorporates the hybrid fuzzy logic method Fuzzy AHP-TOPSIS
to effectively rank alternative logistics routes according to critical criteria of time, cost,
and overall reliability under shifiing operational conditions. Conclusions. Practical
testing of the proposed model, utilizing the critical sector of Ukrainian grain exports as an
empirical example, has confirmed its high predictive accuracy and superior adaptability
to rapidly changing security environments. The integration of real-time data analysis
and fuzzy logic offers a viable solution for complex decision-making in crisis logistics.
Ultimately, the developed mathematical framework ensures equitable risk distribution,
thereby significantly enhancing the resilience and efficiency of maritime multimodal
transport networks during ongoing emergencies.

Key words: Transport, Risk assessment, Mathematical model, Prognostication,
Mechanical resilience, Maritime logistics, Economic security, Sustainable logistics,
Logistics infrastructure, Decision-making.
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Anomauin

Bemyn. Jlecmabinizayis eno6anvHux 1aHYyr2i6 noCmayans ma KpUmuyHi HOUKO-
02HCEHHS MPAHCNOPMHOT IHpacmpykmypu 8 Yxpaini 3yM0611010ms HeoOXiOHicms O0KO-
PIHHO20 nepe2nady napaouemu YAPAeLiHHA PUSUKAMU 8 MOPCbKOMY ceKmopi. Y cmam-
mi 30iliCHEHO (QYHOAMEHMANbHY KOMNIEKCHY AHANIMUYHY OYIHKY DPUSUKIE MOPCLKUX
MYTIMUMOOANbHUX NePese3eHb 8 YMOBAX HAO3GUUAUHUX CUMYAyil, 3YMOBLEHUX 2€0-
nonimuyHoI0 Hanpyeorn. Y 0ocniodcenni oOTpyHmMosano oomedceHicmy mpaouyiiHux
cmoxacmuyHux memodis, 3oxkpema memody Moume-Kapno, uepes ¢iocymuicme HaOditi-
HUX pempOCHeKMUGHUX CIAMUCIMUYHUX OAHUX 8 YMOBAX De3npeyedeHmHoi HegusHade-
Hocmi. Bcmanosneno, wo 6 ymosax nocmiiino2o eniugy ¢axmopis hopc-madicopy xia-
CUYHI IMIMaYitiHi MOOeNi MUHYI020 6MPAUAOMYb CE0I0 NPOSHOCIIUYHY CHPOMONCHICb.
Mema. OcrosHum 3a60aHHAM pOOOMIU € POPMYBAHHI CMINKOT MEMOOUUHOI OCHOBU 015
NPUTHAMMSA YNPAGIITHCOKUX pilteHb Y Kpu3oeit nocicmuyi. Ha ocnosi enuboxozo cuc-
MeMHO20 aHANIZY MIJDCHAPOOHOT Ma GIMUUSHAHOT MPAHCNOPMHOI NPAKMUKU CHOPMO-
8AHO 800CKOHANEHUL MemOOOoNo2TuHUl 6a3uc. 30Kpema, O0CHIONCEHHs CNPAMOBAHE HA
PO3POOKY MamMeMamuyHo2o anapany po3nooiny (iHaHcosux ma onepayiinux pusuxie
MIDIC YUACHUKAMU MYTbIMUMOOAIbHOO JIAHYI02A NOCAYAHHS 3 YIMKUM YPAXY8AHHAM
bazucie nocmasxu 32i0no 3 npasuiamu Inkomepmc-2020. Pesynemamu. 3anpononosa-
HO IHmezpanvhy 6azamoxpumepianrpiy MoOelb OYIHKU PUBUKIG, KA NOCOHYE anapam
Ounamiunux baeciscorux mepedxc (Bayesian Networks) ons eusnauenHs umogipHOCmi
HACMAaHHs. PUBUKOBUX NOOILL Y PeanbHOMY Yaci 31 30amMHICMI0 00 MAWUHHO20 HABYAH-
Hs1. Buxopucmanns baeciecbkozo nioxody dae smozy b6e3nepepeno oHo8n08amu oyinKu
PUBUKIG HA KOJICHIT OLISAHYI Mapuipymy 6 pasi nosiéu HO8UX OAHUX NPO CMAaH Oe3neKu
abo ingpacmpyxkmypu. Taxodc 3acmoco8ano 2iopudnuti memoo wewimroi nociku Fuzzy
AHP-TOPSIS 01 parnoicy8anHs anbmepHamueHUuX J102ICMUYHUX MAPWPYMIe 3a Kpume-
pismu uacy, eapmocmi ma Haditunocmi. Lle dae moxcaugicmos Higen08amu KOCHIMUGHY
HEBU3HAUEHICb eKCNEPMHUX OYIHOK [ 8paxyeamu 0a2amoGUMIPHICMb L1O2ICIMUYHUX
sumpam. Bucnoeku. [lpaxmuyna anpobayis mooeni Ha NPUKIAdi eKcnopmy 3epHosux
KVIbmyp niomeepouna ii 6UCOKy NpoeHO3HY MOYHICIb Ma a0anmueHicmy 00 MIHAUGUX
besnexosux ymos. /logedeno, wo inmezpayis iLCmpymenmie inmenexmyaibH020 aHafz13y
O0aHUX y Io2icmudne niany8ants 3abe3neuye mamemamuune niorpyHms Oas MiHimizayii
empam ma ni0GUWEHHsL JHCUBYHOCMT MPAHCROPMHUX Mepedic. Pozpobnenuii areopumm
YiMKO OeMOHCIMPYE, K 3MIHA YMO8 NOCMABKU 6NAUBAE HA (DIHAHCOBY 8PA3IUGICMb eKC-
nopmepa, wo € KpUmuyHum 0Jis 3a0e3nedenns eKOHOMIYHOI cmitikocmi nionpuemcmea
8 YMOBAX HAO36UYAUHUX CUMYAYTIL.

Knwwuogi cnosa: mpancnopm, oyinka pusuxise, Mamemamuina mMooeib, npocHO3)-
BAHHS, MEXAHIYHA CMIUKICMb, MOPCLKA JO2ICMUKA, eKOHOMIYHA Oe3neKa, cmaia 102ic-
MUKA, 102ICMUYHA THGPACMPYKIMYypa, RPUUHAMMSL piulets.
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Introduction

Maritime transport has historically been, and remains, the cornerstone of the global
trading system, accounting for over 80 percent of the total volume of international cargo
in physical terms [1]. The smooth operation of maritime trade routes is of strategic
importance for Ukraine’s macroeconomic stability. Around 80 percent of the country’s
agricultural exports have traditionally been shipped via Ukraine’s seaports primarily
the deep-water terminals in the Odesa metropolitan area (Odesa, Chornomorsk, Pivden-
nyi) generating the lion’s share of foreign exchange earnings and contributing to global
food security [2].

Multimodal transport, which conceptually involves at least two different modes
of transport and multiple independent operators under a single end-to-end contract, is by
its very nature an extremely complex and stochastic dynamic system [3]. Given the cur-
rent challenges in Ukraine, this process is made significantly more difficult. There is
a need for constant, rapid changes to routes and periodic re-routing of freight flows to
ports on the Danube or to western land border crossings. The problem lies in a chronic
shortage of rolling stock and drivers, as well as an extremely high level of unpredictable
security risks [4].

In this context, the issue of methodological support for risk assessment with manda-
tory consideration of the Incoterms 2020 delivery terms becomes particularly relevant.
These international commercial rules were developed by the International Chamber
of Commerce (ICC). They strictly regulate the allocation of liability, costs and the point
at which the risk of accidental loss or damage to the goods passes from the seller to
the buyer [5]. In an era of global force majeure events, the correct choice of Incoterms
term is transforming from a purely legal formality into a key strategic tool for the finan-
cial management of an exporting company [6].

Problem Statement

Despite the growing number of academic studies on logistics risks, a significant gap
remains. This gap stems from the fact that existing models are either based on large his-
torical datasets which are unavailable during a crisis or fail to incorporate legally bind-
ing contractual frameworks into their quantitative risk assessments. A specific example
of such a contractual framework is “Incoterms 2020.” This study addresses precisely
this unresolved issue at the intersection of operational risk modeling and international
trade law.

Literature Review and Research Gap

Research into the nature of risks in maritime multimodal transport forms a broad
academic discourse. Against the backdrop of global crises (such as the COVID-19 pan-
demic, the blockage of the Suez Canal by the Ever Given, and geopolitical crises in
the Black Sea and Red Sea regions), this discourse has taken on unprecedented intensity
[7; 8]. The complexity of the research subject is due to the large number of participants
in the logistics chain, the heterogeneity of transport modes, and the critical dependence
on external force majeure factors.

Traditional approaches to quantitative risk assessment have long been based on
the use of the Monte Carlo method. The essence of this method lies in running the model
multiple times with random values for the input parameters. This allows one to obtain
a probability distribution of the outcome and identify the most likely scenarios for
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the development of events [9]. However, within the scope of this study, the Monte Carlo
method has significant limitations. The reason for this is the lack of reliable statistical
data. This is due to the fact that modern emergencies in Ukraine are of the ‘black swan’
type. They do not conform to retrospective statistical distributions, meaning that model-
ling based solely on historical data may lead to erroneous management decisions.

Instead, modern transport science is increasingly turning to fuzzy logic. This the-
ory allows for the use of qualitative and imprecise data. According to recent research,
the integration of fuzzy logic with multi-criteria decision-making (MCDM) methods,
such as AHP (Analytic Hierarchy Process) and TOPSIS (Technique for Order of Prefer-
ence by Similarity to Ideal Solution), enables the creation of highly robust and adaptive
models for assessing the risks of disruptions in complex transport networks [10; 11].

The Fuzzy AHP method enables the structuring of a complex hierarchy of logistical
risks using linguistic variables. These variables are subsequently transformed into trian-
gular fuzzy numbers (TFN) for mathematical processing [12].

However, a systematic review of the existing literature shows that none of the pub-
lished models simultaneously combines dynamic Bayesian analysis, fuzzy multi-crite-
ria decision-making, and risk allocation based on Incoterms into a single unified sys-
tem—especially one suitable for use in crisis conditions. This gap is the main research
problem addressed by this study.

Research Objectives

The main objective of this study consists of three parts:

1. To develop and validate an integrated multi-criteria risk assessment model capable
of functioning under conditions of extreme data scarcity;

2. To create a mathematical framework for allocating financial risks among par-
ticipants in a multimodal supply chain in strict accordance with the Incoterms 2020
delivery terms;

3. Provide empirically grounded recommendations for route optimization for Ukrain-
ian agricultural exporters based on current market data as of 2026.

Main Research Results

The integrated methodology employed in this study is built around three comple-
mentary analytical tools, each fulfilling a clearly defined and non-overlapping function
within the overall risk assessment framework. Fuzzy AHP serves the role of a weight-
ing engine: it processes expert pairwise comparisons of evaluation criteria (logistics
cost, transit time, and security/insurance risk) under conditions of linguistic uncertainty
and produces a normalised vector of criterion weights. Fuzzy TOPSIS then applies these
weights to rank the alternative logistics routes by measuring their geometric proxim-
ity to the ideal positive and negative reference solutions, thereby producing an objec-
tive, multi-criteria ranking of alternatives. Dynamic Bayesian Networks (BN) address
the third and most critical task: they quantify the probabilities of adverse risk events
(cargo loss, infrastructure disruptions, logistical delays) under conditions of deep
uncertainty, and continuously update these probabilities in real time as new evidence
about the security situation, power grid status, or border congestion becomes available.
This explicit division of methodological roles ensures that the framework functions as
a coherent and mutually reinforcing integrated system, rather than an arbitrary combi-
nation of independent tools.
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A mathematical description of triangular fuzzy numbers (TFN) and the AHP algo-
rithm. To eliminate the cognitive uncertainty of expert assessments, linguistic judge-
ments are transformed into triangular fuzzy numbers A =(Z,m.u). Where [ is the smallest
possible value, m is the most probable value (the apex of the triangle), and u is the larg-
est possible value [13].

The conversion of the experts' linguistic ratings into TFN values for this study is pre-
sented in Table 1 [12]. The expert group was formed based on strict selection criteria. Specif-
ically, each candidate had to possess at least five years of documented practical or academic
experience in maritime and multimodal logistics, alongside direct operational involvement
in international freight management or transport risk assessment. Ultimately, the panel con-
sisted of seven experts. This included two senior logistics managers from freight forward-
ing companies whose expertise lies in the containerization of export-import cargo flows
and multimodal integration. The group also involved two foreign trade managers with
a practical background in handling financial and contractual risks under Incoterms 2020.
The remaining three members were academics from Ukrainian transport universities with
over five years of active research in logistics risks, security, and decision-making under
uncertainty. To verify the internal consistency of their collective judgments, the Consistency
Ratio (CR) was calculated as the ratio of the Consistency Index (CI) to the Random Index
(RI) [10]. The obtained CR value of 0.041 is well below the accepted threshold of 0.10,
which confirms the statistical consistency and reliability of the provided evaluations.

Table 1
Conversion scale for linguistic variables to triangular fuzzy numbers (TFN)

Linguistic evaluation Scale value Triangular fuzzy number (I,m,u)
Equal importance 1 (1,1, 1)
Slight preference 3 2,3,4)
Moderate preference 5 4,5,6)
Strong preference 7 6,7,8)
Absolute preference 9 8,9,9)

Based on this scale and the aggregation of expert judgements, a pairwise comparison
matrix (Table 2) was developed for the three key route optimisation criteria: C, (Total
logistics costs), C, (Transit time), C, (Security and insurance risk).

Table 2
Matrix of pairwise comparisons of criteria for the Fuzzy AHP algorithm
Criterion C, (Cost) C, (Time) C, (Risk)
C, (Cost) (1.00, 1.00, 1.00) (1.00, 2.00, 3.00) (0.25, 0.33, 0.50)
C, (Time) (0.33, 0.50, 1.00) (1.00, 1.00, 1.00) (0.20, 0.25, 0.33)
C, (Risk) (2.00, 3.00, 4.00) (3.00, 4.00, 5.00) (1.00, 1.00, 1.00)

*Note: The weights of the criteria were calculated using Fuzzy AHP software with a defuzzifica-
tion method based on the ‘Degree of Possibility’ approach proposed by Chang (1996) [12], yielding
W =028 We, =0.12, Wey =0.60.
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After calculating the values of the fuzzy synthetic extent, the defuzzification method
based on the Degree of Possibility (DOP) as proposed by Chang (1996) [12] is applied.
This allows the fuzzy numbers to be converted into crisp criterion weights. As a result
of defuzzification and normalisation, the final vector of crisp weights is obtained:
W, = 028, W, = 0.12, W,; = 0.60. The security and insurance risk criterion
(., = 0.60) holds the dominant weight in the proposed model. The expert panel unan-
imously agreed on this prioritisation. Under active hostilities and port blockades, oper-
ational security is the least controllable factor in logistics planning. A single security
incident can instantly wipe out any cost or time savings of a given route.

The volatility of Extra War Risk Insurance (EWRI) premiums in the Black Sea region
further reinforces this assessment. Historically, these premiums spiked to 1.0-1.5%
of the cargo value during peak instability. By comparison, the rate stood at 0.45%
at the time of this study.

Logistics cost (W, = 0.28) ranked second in importance. This reflects the heavy
financial burden caused by forced rerouting and container demurrage. Finally, transit
time (. = 0.12) received the lowest weight. Experts noted that predictable delivery
schedules are practically unachievable in wartime. Consequently, transit time serves
only as a secondary target for route optimisation.

In turn, the Fuzzy TOPSIS method is used to rank alternative logistics routes or strat-
egies by simultaneously measuring the shortest geometric distance to the positive ideal
solution (FPIS, 4*) and the longest distance to the negative ideal solution (FNIS, d7)
[14]. Furthermore, fuzzy synthetic evaluation methods demonstrate high effectiveness in
formalising multidimensional risks in complex port operations and terminal logistics [11].

The structure of a Bayesian network (BN). The second fundamental pillar of the cho-
sen methodology is the framework of dynamic Bayesian networks. Unlike static fault
trees, Bayesian networks enable the dynamic updating of event probabilities as new evi-
dence becomes available in real time [15; 16]. This is critically important for maritime
logistics in emergency situations, where changes in the security situation in the water
area must be instantly reflected in the risk assessment of the entire voyage.

To calculate the probability of a critical logistical failure (E) at each section
of the route, this study constructs a directed acyclic graph (DAG) [15]. The root nodes
in the network are defined as: N, (Intensity of kinetic attacks on infrastructure), N,
(Degree of damage to the power grid) and N, (Level of logistical congestion at bor-
ders). The leaf node is E (Occurrence of delays or damage to cargo).

The relationships between these nodes are formalised using conditional probabil-
ity tables (CPTs). The CPTs were populated based on a synthesis of historical statis-
tical data and the expert assessments mentioned above (for example, the conditional
probability of failure given high attack intensity and partial network destruction,
P(E | N, = High, N, = Moderate) , is 0.75) [16]. The marginal probability of failure is cal-
culated using the total probability theorem. This allows the mathematical expectation
of expected delays, E(AT), to be obtained [15].

A mathematical model for estimating financial losses. To formalise risks within mul-
timodal transport under various Incoterms 2020 terms, we use the total risk function
R,. [5]. The total financial risk for the exporter is determined by the extent of their lia-
bility at each stage of the logistics chain and the probability of adverse events occurring.
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The probability of an undesirable event occurring is calculated using dynamic Bayesian
networks (BN) [15].

The general formula for the expected financial losses ( R ) for a single transport leg
is as follows (Formula 1):

R=P(E)*V*L (1)
where:
P(E) _ the posterior probability of a risk event occurring (force majeure, accident,
damage), calculated using conditional probabilities within the BN structure [15];

V' — total value of the cargo consignment (Contract Value);

L —loss severity coefficient, ranging from 0 to 1. In this study, a conservative value of L=0.8
is adopted for infrastructure damage (it is assumed that 20% of the residual value is retained
in the form of scrap). Important: this L factor applies exclusively to the risk of physical
loss of cargo, to avoid double counting of losses with the risk of time delays.

In addition to the risk of physical loss of cargo, the model specifically accounts for
the financial risk associated with delays. In emergency situations, these delays result in
significant losses due to the downtime of ships and railway wagons (Formula 2):

R,.=E(AT)*C,, 2)
where E(AT) is the mathematical expectation of the time deviation from the schedule
(in days), generated by a Bayesian network, and C,, is the cost of a single day
of downtime. This indicator aggregates the total costs of demurrage, excess storage
and the costs of maintaining the company’s frozen capital.

Thus, a comprehensive integrated risk assessment model for an exporter using
the DAP (Delivered at Place) term [5], under which the exporter bears maximum liabil-
ity until the goods are handed over at the destination, is expressed as the sum of the risks
across all stages of the multimodal route (Formula 3):

R,,=Y (R, +R,,..)+(R,+R,,,)+EWRI (3)

i=1

where R,, and Rimesi are the risks associated with the i-th inland transport segment
(railway, terminal);
R, and Rivem are the risks associated with the sea crossing;
Ewrr (Extra War Risk Insurance) — the premium for insurance against additional war
risks. Under DAP terms, a rational seller is obliged to pay this premium, as they bear
the physical risk for the cargo during sea transport.

By way of comparison, under the FOB (Free on Board) term [5], the exporter’s
risk is limited solely to the first part of the equation (up to the point at which the cargo

crosses the ship’s rail) (Formula 4):

n

Rrop = Z(Rs,i + Rtiml:,s,i) (4)

i=1

The proposed mathematical framework allows for a clear delineation of areas

of financial vulnerability depending on the chosen contract terms. This is critical for
ensuring the economic stability of an enterprise in emergency situations.

Identifying and defining the information and empirical basis for conduct-

ing research. Following the expiry of the ‘grain deal’ and Russia’s withdrawal from
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the Black Sea Grain Initiative, Ukraine independently launched a temporary maritime
corridor. This not only enabled the resumption of export flows but also significantly sta-
bilised the security situation for merchant vessels. As a result, this ensured that domestic
agricultural produce could reach global markets on an industrial scale [17].

During this period, a radical restructuring of the modal composition of Ukrainian
exports took place, accompanied by a gradual shift in focus from the Danube ports back
to the deep-water ports of the Greater Odesa region (Odesa, Chornomorsk, Pivdennyi). As
a result, their share in the overall structure of maritime exports has now stabilised at over
80% [18]. Land-based logistics routes through EU countries (‘Solidarity Lanes’) continue
to serve as backup channels. However, at the start of their operation, the average waiting
time for rail wagons at border infrastructure reached 16-30 days. This caused significant
delays and substantially limited the throughput capacity of these routes [19].

To ensure the high reliability of the study’s results, a standard consignment of food
wheat weighing 12,500 tonnes was selected for testing. According to operational mon-
itoring of prices on agricultural markets, the export value of Ukrainian wheat on FOB
terms as of March 2026 is US$231.40 per tonne [20]. Thus, the total contract value
of the consignment (7), included in the calculation is US$2,892,500.

The cost of direct exports via the ports of Greater Odesa to key export markets (such
as ports in Egypt or Turkey) includes inland rail logistics to the port of Chornomorsk.
As of early 2026, this is estimated at around US$625-630 per container [21], plus ocean
freight. According to the current tariff schedules of liner operators, in particular Maersk,
freight costs currently include special congestion surcharges (Congestion Fee Destina-
tion — CFD) [22].

Extra War Risk Insurance (EWRI) premiums remain a decisive factor in terms
of safety and financial burden. During periods of peak military instability, these rates
reached a critical level of 1.0%—1.5% of the value of the vessel and cargo. As of 2026,
EWRI premiums for the ports of Greater Odesa have stabilised at 0.45%, owing to
the successful operation of the maritime corridor and the implementation of special
insurance programmes (in particular with the support of the UK government and Marsh
McLennan) [23; 24]. As for the risks of time losses, penalties for the overdue detention
of container equipment (detention) average US$40 per day per unit [25].

Practical verification of the risk assessment model using a specific example. To
verify the mathematical framework developed, a practical test was conducted using
a real-world case study of Ukrainian agricultural exports.

Problem statement:

An export company plans to ship a consignment of 500 TEU of wheat from a grain
silo in the Kharkiv region to the port of Alexandria (Egypt). The total gross weight is
approximately 12,500 tonnes (assuming a payload of 25 tonnes per TEU, which cor-
responds to typical weight restrictions). Although grain cargoes are traditionally trans-
ported by bulk carriers, the containerisation of agricultural products has increased sig-
nificantly since 2022. This logistics solution allows exporters to diversify risks, avoid
prolonged stockpiling at terminals during periods of shelling threats, and meet strict
phytosanitary requirements for small consignments [4].

The cost of the cargo is US$231.40 per tonne [20]; therefore, the total value
of the consignment ¥ is US$2,892,500.
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Calculation of the daily demurrage cost (C,,):

For a shipment of 500 TEU, the total costs are clearly broken down into several com-
ponents. Direct demurrage (at USD 40 per unit) amounts to USD 20,000 per day. The
cost of capital is calculated based on the current NBU discount rate (15% per annum as
of 2026 [26]). This generates approximately 1,188 USD in hidden losses per day. Add-
ing the average port storage costs (around 312 USD), the total cost of one day of logis-
tical downtime is set at C,, = 21,500 USD.

The company’s expert group is considering three alternative logistics routes:

Route 1 (M, ): Direct sea route. Kharkiv — Rail/Road — Port of Chornomorsk —
Sea — Alexandria. Inland transport to the port is estimated at 625 USD/TEU. Sea freight
(including a 100 USD CFD from Maersk [22]) amounts to approximately 800 USD/
TEU. Total: 1,425 USD/TEU.[21] gwrs insurance premium: 0.45% (13,016 USD).

Route 2 (M, ): Danube—Romanian. Kharkiv — Railway — Port of [zmail — barge
— Port of Constana — sea — Alexandria. Inland transport and barge costs are estimated
at around 1,200 USD/TEU, sea freight at 556 USD [27]. Total: 1,756 USD/TEU. EWRI
:0.15% (4,339 USD).

Route 3 (Ms): Overland via the EU. Kharkiv — Railway — Polish border — Port
of Gdansk — Sea — Alexandria. Cross-border delivery — 1,450 USD, sea freight — 900
USD [27]. Total: 2,350 USD/TEU. gwrir : 0.15%.

Stage 1. Ranking routes using the Fuzzy AHP-TOPSIS method

Based on the experts’ linguistic assessments and the calculated criterion weights
(W, =028, W, = 0.12, Wes = 0.60), a normalised matrix for the Fuzzy TOPSIS
algorithm was constructed. It generates the following results for a 500 TEU shipment
(Table 3). The algorithm calculates the shortest distance to the ideal positive solution
(FPIS, d7) and the ideal negative solution (FNIS, ¢4-). The final proximity coefficient
(cc,)isdefined as d” /(g +q-) [14].

Table 3
Calculation of distances and results of the ranking of alternative routes using
the Fuzzy AHP-TOPSIS method

e Transit Distance | Distance | Proximity
Route Logistics (USD) (days) EWRI to FPIS to FNIS | coefficient Rank
M, (Chornomorsk) 712,500 12 0.45% 2.21 5.54 0.715 1
M, (Constanta) 878,000 18 0.15% 3.26 4.49 0.580 2
M, (Gdansk) 1,175,000 28 0.15% 5.85 1.90 0.245 3

Stage 2. Allocation of risks under Incoterms 2020

For the optimal route M,, we will analyse the total financial risk depending on
the delivery basis. Based on the results of the Bayesian network, the marginal posterior
probabilities of critical failures are determined as: P(E,) = 0.01672 (for land transit)
and P(E,) = 0.0424 (for sea transit). The residual value retention factor is L = 0.8.
According to the network topology, the mathematical expectation of the time deviation
is E(AT,) = 1.44 days (land) and E(AT,) =2.50 days (sea).

64 ISSN 2616-7360



PO3BUTOK TPAHCIIOPTY
Ne 2(29), 2026

Step-by-step assessment of financial risks:

1. Time risk (Inland): 1.44 * 21,500 = 30,960 USD.

2. Physical loss risk (Inland): 2,892,500 * 0.01672 * 0.8 = 38,690 USD.

3. Time risk (Sea): 2.50 * 21,500 = 53,750 USD.

4. Physical loss risk (Sea): 2,892,500 * 0.0424 * 0.8 = 98,110 USD.

5. Insurance cost (EWRI): 2,892,500 * 0.0045 = 13,016 USD.

The detailed breakdown of these financial risks across different delivery bases is
summarized in Table 4.

Table 4
Calculation of the seller’s total financial risk under Incoterms (in US dollars)
Route stage / Basis Rail .and port risk Marine risk | Insurance costs T(?tal %
(Time + Loss) (Time + Loss) (EWRI) risk of contract
FOB Chornomorsk 69,650 0 0 69,650 2.41%
CIF Alexandria 69,650 0* 13,016 82,666 2.86 %
DAP Alexandria 69,650 151,860 13,016 234,526 8.11 %

*Note: Under CIF terms, the seller pays only for minimum cargo insurance (EWRI). However,
the physical risk and the risk of delay at sea legally pass to the buyer at the moment of loading onto
the vessel. Therefore, for the seller, these risks are zero [5].

To validate the stability of the proposed model, a sensitivity analysis was performed
across three stress scenarios. The details of this analysis and the corresponding risk fluc-
tuations are presented in Table 5. The results confirm that the optimal ranking of Inco-
terms bases remains robust even under extreme conditions. Doubling transit delays
or increasing EWRI premiums to historical peaks does not change the final strategic
choice. This stability demonstrates that the integrated methodology provides a reliable
foundation for decision-making in crisis conditions.

Table 5
Sensitivity analysis: Total financial risk of the exporter under Incoterms 2020
across three stress scenarios (Route M1, USD)

Scenario 1 (Base): . —_1 00 . _1 =0
Incoterms Basis EWRI=0.45%, Scenan;;glz;’:ig(l;;) 1.0%, Scena;;(;:};sli\z)l;{ e 1.5%,
standard delays
FOB Chornomorsk 69,650 (2.41%) 85,130 (2.94%) 100,610 (3.48%)
CIF Alexandria 82,666 (2.86%) 114,055 (3.94%) 143,998 (4.98%)
DAP Alexandria 234,526 (8.11%) 292,790 (10.12%) 349,608 (12.09%)

Note: Scenario 2 assumes EWRI rises to 1.0% (documented peak during acute hostilities) and expected
delays increase by 50% (E(ATv) =2.16 days; E(ATm) =3.75 days). Scenario 3 assumes EWRI
at the historical maximum of 1.5% with delays doubled (E(ATA_) =2.88 days; E(ATm) = 5.00 days).
Physical loss probabilities (P(ES) =0.01672; P(Em) = 0.0424) and the loss severity coefficient (L = 0.8)
remain constant across all scenarios. The results confirm that the rank ordering FOB < CIF < DAP is
fully preserved under all stress conditions, and that the absolute risk magnitude scales proportionally with
the parameter changes, demonstrating the structural robustness of the proposed model.

Analytical conclusion: Signing a contract on DAP Alexandria terms increases
the exporter’s financial risk to USD 234,526 (8.11%). This is because the exporter
assumes full legal and operational responsibility for the sea leg. FOB is the optimal
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choice in terms of risk minimisation. However, CIF remains the compromise solution
in practice.

Discussion of Results

The scientific novelty of the research presented in this article lies in the following:

An integrated model for the analytical assessment of risks in maritime multimodal
transport has been refined and adapted to crisis conditions. It algorithmically com-
bines the apparatus of dynamic Bayesian networks (for calculating probabilities under
the uncertainty of a crisis environment) and the Fuzzy AHP-TOPSIS method (for mit-
igating expert uncertainty in decision-making). The limitations of the Monte Carlo
method are substantiated. The advantages of the proposed approach in the absence
of normal distributions are argued.

The mathematical method for allocating financial and operational risks has been
refined through the implementation of the Incoterms 2020 international rules. This has
made it possible to translate the purely legal provisions of international trade into precise
engineering and economic calculations. It has also helped to clearly assess the export-
er’s financial exposure at every stage of the multimodal route.

The methodology for spatial-route optimisation of Ukraine’s export logistics has
been further developed through the introduction of the dynamic EWRI indicator as
a security risk criterion into the Fuzzy TOPSIS function. A scientific and mathematical
justification was carried out based on the analysis of current data as of 2026. It was found
that, thanks to the stabilisation of insurance premiums at 0.45%, routes via the deep-wa-
ter ports of Greater Odesa are optimal in terms of the integrated cost and time criterion
compared to western land crossings and Danube ports.

Conclusions

Based on the in-depth analytical study conducted, the following conceptual conclu-
sions can be drawn:

Hostilities, unprecedented geopolitical tensions and port blockades have fundamen-
tally disrupted the traditional paradigms of logistics planning in the Azov-Black Sea
basin. It has been established that risk management in multimodal supply chains under
conditions of permanent force majeure cannot rely on linear deterministic approaches
or simulation models of the past.

The use of Bayesian networks allows for the continuous updating of the assessment
of failure probabilities in real time based on the emergence of new evidence (for example,
damage to the power grid or border closures by neighbouring states). This significantly
increases the reliability of forecasting logistical deviations. The application of fuzzy logic
tools (the Fuzzy AHP-TOPSIS algorithm) to compare alternative export routes has con-
firmed the fundamental economic viability of the new Ukrainian maritime corridor.

Despite the existence of premiums for additional security risks, the overall time
and cost losses on direct shipments from the ports of Greater Odesa are significantly
lower than the weeks-long delays at congested land borders with the EU or the addi-
tional costs of intermediate river transhipment. The reduction and stabilisation of insur-
ance rates for additional security risks (EWRI) to 0.45% [23] became the critical factor
that mathematically confirmed the advantage of the sea route (CC, =0.715).

It has been mathematically proven that the choice of Incoterms 2020 terms is no
less critical than the choice of the physical transport route. Practical testing has clearly
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demonstrated that an exporter’s switch from the safe FOB basis to the DAP basis for
a standard grain consignment (500 TEU) increases the extent of their potential finan-
cial risk in the event of an emergency by more than three times (from 2.41% to 8.11%
of the contract value) [5].

The integration of risk distribution functions into the developed mathematical model
provides a solid engineering foundation for the creation of specialised automated soft-
ware. The further development of such a software product, capable of integrating API
data and a Bayesian engine into a single interface, represents an extremely promising
avenue for applied research within the framework of the development of domestic trans-
port technologies.

Future research should focus on developing an automated software tool for decision
support. Such a tool should integrate real-time API data streams. This data includes cur-
rent freight rates, EWRI premiums, and border congestion indicators. Data integration
should be carried out within the framework of a Bayesian inference mechanism. This
will ensure continuous and dynamic risk recalculation. The results obtained can be used
by logistics operators to make informed decisions.
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Anomauisn

Jlosecompueana eitina ¢ Yxpaini, ceononimuuna necmaobinvricme va bausvxomy Cxo-
Ol, CaHKYItIHI MPAHCNOPMHI 0OMEINCEHH. Ma 3aD0POHU CIAU NPUHUHAMU 3MIHU NPO-
CMopoBoi cmpyKmypu 2100a1bHUX 1aHYI02I8 NOCMAYanHs, 30I1bUEH ST NPOMANCHOCTNI
Mapupymie ma nepesanmadiceHHs mpaHcnopmHo-102iCmuyHol inpacmpykmypu €6po-
NeticLKUX Kpain. Y yux ymosax spocmac pons MyaomuMoOanIbHUX TAHYI02i8 00CmMasKu
BAHMAICIE SIK (DYHKYIOHANLHUX NIOCUCTEM THMESPOSAHUX MPAHCHOPMHO-L02ICINUY-
nux cucmenm (ITJIC) y medcax axux nepemiuyentHs anmagicy 6i0 NYHKny GiONpasients
00 NYHKMY NPUSHAYEHHsL 30TUCHIOEMbCS 13 3AYHUEeHHAM OeKiNbKOX Ui MpaHcnopmy,
30Kkpema asiayiunozo. Came agiayitinuil mpaHcnopm 3abe3neyye cKOpoUeHHs: mpuead-
JIOCMI nepeee3eH s ma Ni0SUWYE SHYUKICIb MPAHCNOPMHO-T02ICMUYHUX PIUEHD, WO
Mae 0coonuee 3Ha4eH s nid Yac 0OCMAGKU 2YMAHIMAPHUX, MEOUYHUX, UUBUOKONCYEHUX
BAHMADICIE MA TMOBAPIE 3 KOPOMKUM AHCUMMEBUM YUKAOM. Becmanosneno, wo HaA6HI
HAYKOGI NiOX00U 30CePeOdtCeHi NepesadCcHo Ha OKPeMUX ACNeKMAax YpagiiHusa 1aHyio-
2aMu NOCMA4ants, BUKOPUCINAHHSA ABIAYIUHO20 MPAHCNOPMY V JO2ICIMUYHUX CXeMax
00CMABKU BAHMAICIE, eKOLOSIYHUX XAPAKMEPUCTUKAX NEPese3eHb md IMImayitiHoMy
MOOenOBANHI MPAHCHOPMHO-IOLICIMUYHUX NPOYeCis, npome HedOCMAMHbLO GUCBITNIIIO-
10Mb NUMAHHSA eheKMUBHOCIT MYTLIMUMOOAIbHUX PIULEHb 3 AGIAYITIHUM Ce2MEHTNOM.

Y cmammi po3pobreno memoouuni nonodcenHs oyinOB8anHA MYTbIMUMOOATbHUX
JIAHYI02I8 OOCMABKU BAHMAICIE 3 ABIAYINIHOW CKIA00B0I0 HA OCHOGI IX Mepediceoi
cmpykmypusayii 6 mexcax ITJIC, 3 ypaxysauHsam 6apmicHux, Yaco8ux ma eKoni0iuHux
Xapakmepucmuxk mpanchopmHo-102icmuyno2o yukay. O0rpyHmosano, wjo 4acosi napa-
Mempu OKpemux mpaHcnoOpmHo-102ICIUYHUX npoyedyp, Hacamnepeo 6 aeponopmosux
8Y31AX, MATOMb CIMOXACMUYHY NPUPOOY, MOMY OJisL GUSHAYEHHS UMOBIPHOCINT GUKOHANHS
NEPeBi3HO20 NPOYECy 8 MEMCAX 3A0AH020 THMEPBALY OOYIILbHO 3ACIOCO8Y8amu IMima-
yitine MOOenOBANHS.

s anpobayii 3anpononosanux MemoouyHUX NON0AICEHb Y NPOSPAMHOMY CepedosuU-
wi AnyLogistix po3pobnero imimayitiny mooenv 1anyea 00CmMasKu 8AHMANCIE MIdiC
Hlanxaem ma Kuesom, 0ns sixoi cgpopmosano anvmepnamueHi 6apianmu nepesesenHs i3
PI3HUM ROCOHAHHAM 8UOI68 MPAHCNOPMY HA OKpeMUX OLIAHKAX Mapupymy. Pezynomamu
MOOen0BanHs NOKA3ANU, WO 3ANVUEeHHs AGlayitiHoc0 MPAHCHNOPMY CYIMMEBO CKOPOUYE
MpUBANiCMs 00CMABKU, NPOMeE CYNPOBOONHCYEMbCSL 3POCHAHMAM BUMPAN MA eKON02TY-
HO20 HABAHMAIICEHHS, WO CBIOUUMb NPO HEOOXIOHICb 8PAXYBAHHS He ULe NPAMUX
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MPAHCNOPMHUX GUMPANM HA emani OYIHIOBAHHS eDeKMUGHOCIMI MAKUX 1aHY2ie, a i
HeNnpsmMUX eKOHOMIYHUX eqheKmis, no8 a3aHuUX 3 MPUBALiCIIO NOBHO20 MPAHCHOPHIHO-
JIOSICMUYHO20 YUKTLY, 0OOPOMHICIO Pecypcie ma 4acogoio wymuusicmio 8aHmadicono-
mokie. Ompumani Oaui niomeepouIu MONCIUGICIb BUKOPUCIAHHS 3ANPONOHOBAHO-
20 ni0Xo0y 0714 OYiHIOBAHHA ANLMEPHAMUBHUX CXeM 00CMABKU BAHMANCIE, 30KpeMd
YYMAUBUX 00 MPUBALOCHI Nepese3eHHs, 8 YMO8AX HecmabilbHO20 cepedosuiya md
ingpacmpyxmypnux oomesicennsx. Ilooanvuti 00CaiodcenHs OOYiNbHO CAPSMYEAMU HA
PO3DOOIEHHA KOHYENMYAbHUX NOTOHNCEHb OA2AMOKPUMEPIANbHOI onmumizayii cmpyx-
mypu MyTomumooanrbHozo aanyioea docmasxu 6 ITJIC i3 3acmocy8anuam CmpyKmypHo-
DYHKYIOHATILHO20 NIOXO0O).

Kntouosi cnoea: inmezposana mpanchopmHo-102iCMUYHA cUCmemd, MYIbmumo-
0anvHULL TaHY02 00CMABKU BAHMAICIE, ABIAYIUHUL MPAHCNOPM, Mepedtcesd CINPYKNy-
pa, 6apmicHi, 4acosi ma eKo102IYHI NOKA3HUKY, iMimayitine mooeniosanis, AnyLogistix.

METHODOLOGICAL FRAMEWORK FOR EVALUATING MULTIMODAL
CARGO DELIVERY CHAINS WITH AN AIR TRANSPORT COMPONENT

0O.Ye. Sokolova
PhD, Associate Professor, Associate Professor at the Transport Technologies
and Systems Department,

State University «Kyiv Aviation Institute», Kyiv, Ukraine
ORCID ID: 0000-0001-6341-0195

Summary

The prolonged war in Ukraine, geopolitical instability in the Middle East, transport
sanctions, and restrictions have caused changes in the spatial structure of global supply
chains, increased route lengths, and overloaded the transport and logistics infrastructure
of European countries. Under these conditions, the role of multimodal cargo delivery
chains as functional subsystems of integrated transport and logistics systems (ITLS) is
increasing, within which cargo is transported from the point of origin to the destination
using several modes of transport, including air transport. Air transport ensures shorter
transit times and enhances the flexibility of transport and logistics decisions, which
is particularly important for the delivery of humanitarian, medical, and perishable
cargoes, as well as goods with a short life cycle. It has been found that existing scientific
approaches are mainly focused on individual aspects of supply chain management, the
use of air transport in logistics delivery schemes, the environmental characteristics
of transportation, and the simulation modeling of transport and logistics processes,
but they do not sufficiently address the efficiency of multimodal solutions with an air
segment.

The article proposes a methodological framework for evaluating multimodal cargo
delivery chains with an air transport component based on their network structuring
within integrated transport and logistics systems, with due regard to the cost, time, and
environmental characteristics of the transport and logistics cycle. It is shown that the
time parameters of individual transport and logistics procedures, especially at airport
nodes, are stochastic in nature; therefore, simulation modeling is used to estimate the
probability of completing the transportation process within a given time interval.
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To test the proposed methodological provisions, a simulation model of a cargo
delivery chain between Shanghai and Kyiv was developed in the AnyLogistix software
environment, for which alternative transportation options with different combinations
of transport modes along individual route segments were generated. The simulation
results showed that the use of air transport significantly reduces delivery time, but is
accompanied by increased costs and environmental burden, which indicates the need to
take into account not only direct transport costs when assessing the efficiency of such
chains, but also indirect economic effects related to the duration of the full transport and
logistics cycle, resource turnover, and the time sensitivity of cargo flows. he experimental
findings confirmed the possibility of using the proposed approach to evaluate alternative
cargo transportation schemes, particularly those involving time-sensitive cargo, under
conditions of operational instability and infrastructure constraints. Further research
should be aimed at developing conceptual provisions for multicriteria optimization of the
structure of a multimodal delivery chain in ITLS using a structural-functional approach.

Key words: integrated transport and logistics system, multimodal cargo delivery
chain, air transport, network structure, cost, time and environmental indicators,
simulation modeling, AnyLogistix.

Beryn. ®yskiioHyBaHHS iHTErpoBaHUX TpaHcropTHO-norictiaaux cucreM (ITJIC)
y HecTablTbHOMY 30BHIIIHEOMY CEPEOBHILI TJIBUIIYE POIIb MYJIBTHMOIAIGHAX TEXHOJO-
i oprasizarii nepeBe3eHb, 10 3a0e3MeUyI0Th Y3rOPKEHY B3aEMOJIIF0 PI3HUX BUJIIB TPaH-
CIOPTY, IH(YPACTPYKTYPHUX CJICMEHTIB Ta TEXHOJIOTIYHUX ITPOLISYP Y MEXKaX €MHOIO TPaH-
CIIOPTHO-JIONICTHYHOTO Tporiecy. Ilpu 1pomy, edekruBHicTh ITJIC BU3HAYAETHCS HE JMILE
TEXHIKO-TEXHOJIOTTYHUMH TIapaMeTpaMK OKpPeMHUX i JIAHOK, a i pIBHEM KOOp/IMHALLT opraHi-
3aIiifHUX PillleHb, CHHXPOHI3AIii BAHTAKOIIOTOKIB Ta PAlliOHAIBHICTIO PO3MOJLTY PECYpCiB.
Pazom 3 THM, HEOOXiHOIO TIepeyMOBOKO pe3ynbTatuBHOI AisuibHOCTI [TJIC € morpumanHst
NPHHIMITIB CTAJIOTO PO3BUTKY, IO Tiependadae 30aIaHCyBaHHS CKOHOMIYHHX, €KOJIOTTIHHX
Ta COLIAJLHUX OPIEHTUPIB Ta MOTPEOY€E BKIFOUSHHST €KOJIOTTYHIX OOMEKEHb 0e3I10CepeTHBO
JI0 NIPOLIECIB TPAHCIIOPTYBAHHSI, TIEPEBAJIKH, 30epiraHHs, Ta 00POOKH BAaHTAXKIB.

[MpakTuuHa pearnizalisi HaBeJICHUX BHIIE IOJOKEHb IMOB’s13aHa 3 (OPMYBaHHIM
MYJIBTUMOJIANIHUX JIAHIIOTIB JIOCTaBKA BaHTAXKIB AK (QYHKIIOHAIGHUX IiJCHCTEM
ITJIC, y Mexax siIKux 3a0e31edyeThCs IEPEMIIICHHSI BAHTAXY BiJl IYHKTY BiIPaBICHHS
JI0 MYHKTY TPU3HAYCHHS 13 3aJIyYCHHSIM, SIK MPAaBHJIO, ACKUIBKOX BHJIB TPaHCIIOPTY.
Barome 3HavyeHHS y TakuX JAHIIOrax Mae aBialilHUA TPAHCIIOPT, 3aBISKUA SIKOMY
JIOCATAETHCSI CKOPOUCHHST TPHBAJIOCTI MEPEBI3ZHOTO MPOIIECY, IMiIBUIILYETHCS THYUYKICTh
TPaHCIOPTHO-JIOTICTHYHUX PIllICHb, IO CTA€ KPUTHYHO BAXKIIMBHUM, 30KpeMa Ipu ooMe-
JKCHIH TIOCTYIHOCTI TIOBITPSIHOTO TIPOCTOPY, JUIs 31iHCHEHHS MPSIMOT IOCTaBKU TyMaHi-
TapHUX, MEJMYHHX, NIBHKOIICYBHUX BaHTAXKIB, & TAKOXK TOBAPIB 3 KOPOTKUM KUTTE-
BUM IIMKJIOM, 1[0 € OCOOJIMBO aKTyaJbHUM ChOTOHI /Uit YKpaiHu. Y LbOMY BHUIAJKY
aepoIOPTOBI KOMIUIEKCH BUKOHYIOTh (DYHKIIIT HE TUIbKK 1HQPACTPYKTYpPHUX 00’ €KTIB,
Jie 3IIHCHIOEThCS TIepeBaIKa BAHTAXKIB, alle i CTAI0Th KIIFOYOBUMH BY3JIOBUMH €JICMEH-
TaMH KOOPJHMHAIT Ta CHHXPOHI3allii TPAaHCIIOPTHUX MOTOKIB Y CTPYKTYPl MYJIBTHMO-
JATBHUAX CXEeM TPAHCIIOPTYBaHHS.

3BiJICH BHXOJUTD, IO MYJIBTUMOJAIBHUI JOTICTUYHUI JAHIIOT JIOUIIBHO PO3IIIs-
JaTH K CTPYKTYPHO OpPTaHi30BaHY IOCIIJOBHICTh Y3TO/DKCHHX TIPOIIECIB, 3aBISIKH
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SIKM B1JI0OyBa€ThCS IOCTaBKa BAHTAKY MK 33JJaHUMH IIYHKTaMHU 3 ypaxyBaHHSIM TeX-
HIKO-TEXHOJIOT1YHUX, OpraHi3alliifHuX, PECYpPCHUX, & TaKOX EKOJIOTIYHUX OOMEKEHb,
10 BU3HAYAIOTh MapaMeTPH B3a€MOJIii PI3HUX BHJIB TPAHCIIOPTY Ta BY3JIOBUX CHCTeE-
MoyTBOproBanbHUX enemeHTiB [TJIC.

Came TOMYy, MpeCTaBICHHS MYJIBTHMOJAILHOTO JIAHIIOTa Y TAKOMY BHIJISIL TIOTpE-
Oye Horo cTpykrypu3salii 3 no3uiii npocroposoi opranizanii [TJIC, mo nepexbavae
BUOKPEMJICHHSI HOTO (DYHKIIIOHATBHUX KOMITOHEHTIB Ta BCTAHOBJICHHS (opMaizoBa-
HUX 3B’SI3KIB MI’K HUMH.

KonnenTyaiapHOIO OCHOBOIO, TMPHU IIOMY, MAlOTh CTAaTH MiTXONIH, IO HE OOMEX-
VIOTBCS BUKOPUCTAHHSIM Yy3arajdbHEHHX IHTETPallbHUX IOKAa3HMKIB, arperamis SKHX
MPU3BOIUTH JI0 BTpaTH iHpoOpMaIlii, moTpiOHOT Ui MpOBEJEHHST OaraToKpUTEpialb-
HOTO aHai3y, a TAKOXK Iepe10adaroTh IeTali30Bany MapaMeTpH3aIlilo eJIEMEHTIB TpaH-
CTHOPTHO-JIOTICTUYHOTO TPOCTOPY, 10 BigoOpaxae 6aratohakTopHiCTh MYJIBTUMOAIb-
HUX JIAHITFOTIB JIOCTaBKH 3 aBiallifHOIO CKJIaJI0BOIO.

AHaJi3 ocraHHix xocaimkennb i myoaikamii. [TpoGmemu opraizaiii JIaHIIOTIB
MOCTauaHHs B YMOBaX 3pOCTaHHsI HEBU3HAYCHOCT1 30BHIIIHBOTO CEPEeIOBHIIA, UPPO-
Bi3allil Ta YCKJIaJHEHHS B3a€MOJIii MK OKPEMHUMH yYaCHHUKAMH TPaHCIIOPTHO-JIOTiC-
TUYHUX TPOIIECIB HAIEKATH JI0 BAXKIIMBUX HAINPSIMIB CydYaCHUX HAYKOBUX JOCIIKECHb.
Tak, METOIOIOTIYHI OCHOBHU YIPABIIHHS JAHIIOTAMU TOCTAYaHHs K KIFOUOBOT KOH-
LIEMIIIT TPOIIECIB MEPEBE3CHHS BAaHTAXKIB JICTAILHO JOCIIKYOThCs B podoti C. Yompu
ta I1. Maiinmna [1]. V cBoto uepry, P. Mepkept mifiKpeciitoe 3poCcTaHHs 3HAYCHHS aBia-
[IHOTO BaHTa)KHOTO CETMEHTY IPH MPOEKTYBaHHI JIOTICTHYHHX JIAHIIOTIB, 0COOIMUBO
IiJ] BILTMBOM TaHJIEMIYHUX OOMEKCHb, I'€OTMONITUYHUX BUKIIMKIB, PO3BUTKY CJIEKTPO-
HHOI Komep1iii Ta robansHux kpu3 [2]. [Ipu npomy, K. BoHcOBChKa BH3Hauae aBia-
LIAHUE TPAHCIIOPT, K OJMH 13 OCHOBHHUX €JICMCHTIB JIAHIFOTa JOCTABKH, 1110 3JaTHUN
3a0e3revyBaTy HOro MIBUAKICTh, THYYKICT Ta aIalTHBHICTS [3].

3 METOIO OIiHIOBAaHHS e(DEeKTUBHOCTI JIAHIIIOTIB, 1110 0OCITYTOBYIOTHCS aBiaKOMITaHi-
SIMH aBTOPOM HayKOBOI Tipaili [4] po3po0iIeHO METOUKY, 10 HaJla€ MOJKIIMBICTh Bpaxo-
ByBaTH 1H(pACTPYyKTypHi, orepalliiiti, eKOHOMIYHI Ta €KOJOT1UYHI YHHHHUKH, 10 BILTH-
BAIOTh HAa PO3BHUTOK aBialiiHUX BaHTAXKHHUX MepeBe3eHb. Pa3oM 3 UM, YKpaiHChKUMH
BueHuMHu l. bopenp, O. Cokonosoro, O. ConosiioBoro Ta I. Bucorpkoro 3anponoHoBaHo
TEOPETUKO-TIPAKTHYHI TIOJIOKEHHS 32aCTOCYBAHHS €JIEMEHTIB MEPEKEBOTO TIaHYBaHHSI
Ta KPUTEPIiB MPUHUHATTS PIlICHb Ui BUOOPY pallioHAILHOI TPaHCTIOPTHO-TEXHOJIOT14-
HOT CXeMH JIOCTAaBKH BaHTaXIB 3a MOKA3HUKAMH BapTOCTI Ta yacy [5].

Takok, cepesi HAyKOBIIIB 3HAYHUI 1HTEpeC BUKJIMKAIOTH MUTaHHS, PUCBSYCHI CTa-
JIOMY PO3BHTKY JIAHIIFOTIB TIOCTAuaHHSI 13 3aTy4eHHSIM aBiallifHOTO TPaHCIIOPTY. 30KpeMa,
aBTopamMu poOOoTH [6] 0OIPYHTOBYIOTHCSI METOMYHI 3aCay MPOEKTYBAHHS CTAJIUX JIaH-
LIOTIB Ta ONTHMI3allil B3a€MOJIIi aBiallifHOTO Ta HA3EMHUX BHUJIIB TPAHCIOPTY Ha Oasi
AepOIOPTOBUX KOMIUIEKCIB. Y mpaili [7] BUBYA€ThCs CrelUdika BIUIMBY aBialliiHUX
MOCJIYT Ha JIOBKLJIJISI Ta MPOIIOHYEThCST MOJICITb 3aMiHM MOBITPSHUX CY/ICH aBiakOMIIaHii Ha
O1IbII €KOHOMIYHI THITH JIITAKIB, 110 CIPHSIE CKOPOUCHHIO €KOJIOTIYHOTO HABAHTAKCHHSI,
Ta € BXKIIMBUM ITiJ1 4ac OIiHIOBAHHS TPAHCIIOPTHO-JIOTICTUYHUX PIllICHb.

BingzHaunmo, 1110 y HayKOBill JiTeparypi NPUIUIETHCS OKpEMa yBara 3acTOCYBaHHIO
IMITaLIHHOTO MOJICIFOBAHHS JUUIsl ONTUMI3allii Ta aHaji3y JIAHIIOTIB rmocTtavyaHHs. Tak,
C. Kim, 1. Uxoit ta C. Kim [8], a Takox L. JTto, P. Illupakamri, P. Kamie6icy, T. Himri

ISSN 2616-7360 75



PO3BUTOK TPAHCIIOPTY
Ne 2(29), 2026

ta M. Manynu [9] BHKOPUCTOBYIOTh JAHWH THCTPYMEHT JJIsl OI[IHIOBAHHSI €(EeKTHB-
HOCTI aJIbTePHATUBHMX JIAHI(IOTIB JIOCTABKH Ta TPUHHATTS BIJAMOBIIHUX YIPABIIHCHKHX
pimens. Y npai [10] po3pobieHo imiTamiiHy MOJEb, IO T03BOJISIE ONTUMI3yBaTH peri-
OHAJILHY MEpEXKy JIAHIIOTIB MMOCTaYaHHsI BAHTAXKIB 4epe3 JIOTICTHYHUI acporopTOBHIA
xa0, 30KpeMa 3 MOMIsAY CKOPOUSHHST BUTPAT, 3MEHIIICHHSI TOPOXKHIX TPOOIriB aBTOMOOi-
JIB Ta MIiJBUIICHHS aJalTHBHOCTI MEPEXkKI JI0 KOJMBAHb IOIMUTY, aJie MPU IIbOMY 3aIpo-
MOHOBaHWI METOJMYHUE anapar 0OMEKY€eThCsl HA3EMHUM CETMEHTOM TPAaHCIIOPTYBaHHS
Ta HE BPAaxOBY€ MOTO IHTErpallilo 3 aBialifHO CKIIAJ0BOIO B MEXKaX €IMHOTO JIAHITIOTA.

OTxe, HAaBE/ICHI HAYKOBI Ipalli BiJI0OpaXkaroTh Pi3HI aCMEKTU JOCIIKEHHS JIAHI[HO-
TiB TIOCTa4YaHHs Ta MyJIbTUMOAJIbHUAX TIEPEBE3CHb, HA OCHOBI SIKUX MOYKHA BHOKPEMHUTH
OCHOBHI METOJIMYHI MiIXOH, IO 3aCTOCOBYIOTHCSI ISl OLIHIOBAaHHS MYJIBTHMOJIAITh-
HUX JIAHITFOT1B JIOCTABKU BaHTaXIB. 30KpeMa, OJJHUM 13 HAHTONIMPEHIIINX € BAPTICHO-
YacoOBHU METOJ, Yy MeEXKax SKOr0 allbTepHATHBHI TPAHCIOPTHO-TEXHOJIOTIYHI CXEMHU
MOPIBHIOIOTHCSL 32 BUTpPATaMU IEPEBE3CHHS, TPUBAIICTIO JOCTABKW, BUTpaTaMy Ha
nepeBaliky, 30epiraHHs Ta BUKOHAHHS 1HIIHMX JIOTICTHYHHX orepaiiii [4,5]. Mepexe-
BUH miaxia nependadae popmaiizaiiro TpaHCIIOPTHO-JIOTICTUYHOI CUCTEMH SIK CYKYII-
HOCTI BY3JIiB Ta 3B’SI3KIB Mi’K HUMH Ta BUOIP ONTUMAJILHOTO MapIIPyTy 3a OJHUM abo0
JeKinbkomMa kpurepismu [5,9,10]. Oxpemi npari mprucBsiUeHi BU3HAYCHHIO HETATHBHOTO
BIUIMBY OKPEMHX BHJIIB TPaHCIIOPTY Ha JOBKULISA Ta OOTPYHTYBaHHS PIillleHb OO0
3MEHILIEHHSI €KOJIOTIYHOTO HaBaHTa)keHHs [6,7]. Takoxk, [ JOCIHIIKSHHS MOBEIIHKH
CKJIaJTHUX TPAHCIOPTHO-JIOTICTHYHUX CHCTEM Ta TPOIECIB MPU 3MIHHUX MapamMeTpax
MIOITUTY, TIPOITYCKHOI CIIPOMOYKHOCTI, TPUBAJIOCTI TEXHOJIOTIYHUX MPOLEAYp Ta PEKU-
MiB poOOTH OKpeMHuX 00’€KTiB iH(pacTpyKTypH aKTUBHO BHUKOPHCTOBYETHCS iMiTa-
uiiae moxeaoBanus [8-10].

TakuM YMHOM, TIPOBEICHUI aHali3 OCTaHHIX JOCII/PKEHb CBIIYUTH PO HASBHICTH
3HAYHOI KITBKOCTI HAyKOBHX ITyONiKalii B 0ONacTi ynpamJiHHS JIQHIIOTaMH TIOCTa-
YaHHS, 3aJTy9CHHS aBiallifHOTO TPAHCIIOPTY JI0 JOTiCTUYHMX CXEM JIOCTaBKH BaHTaXIB,
EKOJIOTIYHUX aCIeKTiB IMePEeBE3eHb Ta 3aCTOCYBAHHS IMITAI[ITHOTO MOJICJIIOBAHHSI TPaH-
CIIOPTHO-JIOTICTUYHUX TpolieciB. [IpoTe 3a3Ha4eHi METOAMYHI MiJXOAH Y OLIBIIOCTI
POOIT MEPEBaKHO PO3IISIAIOTHCS BiIOKpeMIieHO. Tak, BapTiCHO-4acOBI METOUKH HE
3aBXK/IM OXOIUTIOIOTH €KOJIOTIYHY CKJIaJIOBY, @ IMITAIlIHI MOJIesi 31011100 OPi€HTO-
BaHI Ha OKpeMi JIAHKH JIOTICTUYHOTO JIAHIfoTa a00 Ha3eMHHI CErMEHT NepeBE3CHHS.
Tomy, HEIOCTaTHHO PO3KPUTHMHU 3AIUIIAIOTHCS MUTAHHS METOIUYHOTO 3a0e3MeUeHHS
MEpeKeBOI CTPYKTypHU3allii MyJIbTUMOIATIBHOTO JIAHIIOra JOCTABKM BaHTaXIB 3 aBia-
[IITHOIO CKJIaJIOBOIO, KOMIUIEKCHOTO OIIHIOBaHHS HOT0 BapTICHUX, YaCOBUX Ta EKOJIO-
FYHUX XapaKTePUCTUK, a TaKOXK IMITAl[ifHOT IMepeBipKy albTepHATUBHUX CIICHAPIiB
MIEPEBE3CHHS B YMOBaX OOMEKEHOI JIOCTYITHOCTI aBiaTPaHCIIOPTHOI iH(QPaCTPyKTypH.
Came 11¢ 1 00yMOBIIIOE aKTyaJ bHICTh IIOCTABICHOT Y JIaHii poOOTI HayKoBOI MpobIeMu
Ta CTBOPIOE OCHOBY JIJIS 11 IETAlIbHOIO BUBUYEHHS.

DopmyJTIOBaHHS METH J0CTiKeHHsI. MeTO0 CTarTi € po3poOIeHHSI METOANIHUX
MIOJIO’KEHB IO/I0 OL[IHIOBAHHSI MYJBTUMO/IATBHUX JIAHITIOTIB JIOCTABKH BAaHTaXIB 3 aBia-
[IHHOO CKJIAJIOBOKO Ha OCHOBI X MepexeBoi cTpykrypu3saiii B Mmexxax [TJIC, komriek-
CHOTO BpaxyBaHHsI BAPTICHUX, YACOBUX Ta EKOJIOTIYHUX XapaKTEPHCTHK TPAHCIIOPTHO-
JIOTICTUYHOTO IUKITY, & TAKOXK IMITAlliIfHOTO MOJICJIIOBAHHS aJlbTePHATUBHIX BapiaHTIB
MIePEBE3CHHSI.
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JJist TOCSITHEHHS TIOCTABJICHOT METH Y LIbOMY JIOCIIJIKEHHI MIOCTABIICHO Ta BUPILITY-
FOTHCS TaKl 3aBJaHH:

1) dopmanizyBaTit CTPYKTYpPY MYJIBTHMOJAIBHOTO JIAHIIOTa JIOCTaBKW BaHTa-
XKIB 3 aBialliiHOI CKJIa0BOI0 B Mexax ITJIC i3 BUKOpUCTAHHSIM MEPEKEBOTO IIijI-
XOJly Ta BU3HAYHTH CHUCTEMY BapTICHMX, YACOBUX Ta EKOJIOTIYHUX TOKA3HUKIB HOTO
OIlIHIOBAHHSI;

2) po3poOHTH iMiTalliliHy MOJENb ajJbTepPHATUBHHUX BapiaHTIB INEPEBE3CHHs BaH-
TaXIB 3 ypaxyBaHHSM CTOXaCTHYHOI MPUPOJIU YACOBUX IapameTpiB OKPEMHUX TpaH-
CIIOPTHO-JIOTICTUYHUX MPOLEAYD;

3) mpoBecTH TOPIBHSJIBHUN CIICHAPHUM aHali3 albTepPHATHBHUX CXEM JIOCTABKH
BaHTaXIB 32 BapTiCHUMH, YACOBHMH Ta EKOJIOTTYHUMH KPUTEPISIMH.

Bukiax ocHoBHoro marepiainy. [Ipoctoposy ctpykrypy ITJIC nouinsHO dhopmaiti-
3yBAaTH 3a JIOIOMOTOI0 MEPEIKEBOTO IMTiIXOY, 1110 JIO3BOJISIE BiITBOPIOBATH B3a€MO3B I3KH
MiX 1HQPACTPYKTypHUMHU CKJIAJOBUMH CHUCTEMH Ta aIbTEPHATHBHUMH BapiaHTaMH
MEPEBE3CHHSI BAHTAXKOIOTOKIB Y BUIJISII OpieHTOBaHOTO rpada [6]:

g=(N.4), )
Jie MHO)KMHA BEpIIMH N BiAMOBiJA€E BY3JOBUM €IEMEHTAaM CHUCTEMH, J0 CKIIaLy SKUX
HaJIe)KaTh JIOTICTUYHI IIEHTPH, TPAHCHOPTHI TEPMIHAIN Ta AePONOPTOBI KOMILIEKCH,
TOAl SIK MHOXXHMHA JIyr 4 BigoOpaka€ MOMIJIMBI MaplIpyTH NEpEMIlLICHHS BaHTaXiB
MK HUMH 13 BUKOPUCTAHHAM Pi3HUX BUAIB TpaHcopTy (puc. 1). Koxna myra rpada
g=(N,4) 3ama€ThCs BIOPSAKOBAHOI Mapor iHAekciB (i,j), npu i,je{l,...N}, 1m0
BI/INIOBIIAtOTh By37aM #, Ta n,, a yMoBa (i,j) €4 03HAYa€ HASBHICTh TPAHCIIOPTHOTO
3B 3Ky MK HUMH.

CykymnHicTb IyT BigoOpakae MOKIIMBI BapiaHTH EPEMIILICHHS BAHTAXKIB MK JIAHKAMH
JIaHIIIoTa JOCTABKH 13 3aJly4eHHSIM OAHOTO a00 ACKITBKOX BH/IB TPAHCIOPTY Ta YTBOPIOE
MHOKHHY aJIbTepPHaTUBHUX CXEM OpraHizalii MyJIbTUMOJAIBHUX TIEPEBE3CHb.

VM. N03HaUeHHS: —# — HAHKOPOTIII YHIMOZAIbHI 200 MYIbTUMOAIbHI MAPIIPYTH MK OYATKOBAM Ns (yHKTOM
BI/IIPABIICHHS) Ta KiHIEBUM By3/aMHu (ITyHKT MpH3HadeHHs) Nt;
---» — 0araToJaHKoBi aIbTEPHATHBHI YHIMOZAIbHI 200 MyJIBTUMO/IAIIbHI MAPIIPYTH Yepe3
IIPOMIXKHI BY3/10B1 JIaHKH Nil...Nim MiX ITYHKTOM BiJIpaBieHHs Ns Ta MyHKTOM HPU3HAYSHHS Nt.

Puc. 1. Mepeacesa cmpykmypa ITIIC (pospobneno asmopom)
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Y KOHTEKCTI MOCTAaBJICHOT 3ajiaui MYyJIbTUMOJAJIbHUIN JIAHIIIOT IOCTAaBKH BaHTAXIB
(MJIJIB) Moxke OyTH TIpeICTaBICHHN Y BUIVISIL YIIOPSAKOBAHOT MTOCTIIOBHOCTI BY3IIiB:
L=(ns,n,.l,niz,...,n,m,...,n,), (2)
Jie n, — IOYaTKOBUH By301 (MyHKT Bianpasienus) MJIAB; » — xinnesuii By3071 (ITyHKT
npusHadenns) MJIJIB; #,,n,,...,n,, — npomixHi By3am (Tpan3utHi myHktH) MJII/IB.
MHOXHHA JIyT, 1[0 BXOAUTH JI0 CTPYKTYPH JIAHIIFOTa, TI03HAYAETHCS SIK A(L)< 4, a MHO-
JKUHA BHYTPIIIHIX By31iB — N™ (L).
Jis koxkHOTO anprepHaTHBHOTO Bapianta MJI/IB L BapricHi, 4acoBi Ta €KOJIOTiYHI
MOKa3HUKU BHU3HAYAIOTHCA HIJISIXOM arperyBaHHs MapaMeTpiB AyT Ta BY3JiB:

K(L)=( DKt DK (3)

i,j)ed(L) ieN™(L)

t(L)= Z Tt Z T 4)
(i./)eA(L) ieN™(L)
e(L)= X &+ 2 & Q)
(i-/)e4(L) ieN"(L)
Je K,,T;,&; — BapTICHI, YaCOBI Ta EKOJOTIYHI XapaKTEePUCTHKU TPAHCIIOPTHO-JIOTiCTHY-
HMX onepaiiii Ha aysi (i,/); x,,7,,&, — BapTiCHI, 4aCOBI Ta €KOJOTIYHI XapaKTEPUCTHKH
i-rO By3J1a, TIOB’s13aHi 3 BUKOHAHHSIM ITPOIIeciB 0OpOOKH, 30epiranHs, eKCIeUIiHHOTO
Ta JIOJaTKOBOTO JIOTICTHYHOTO 00CITyTOBYBaHHSIM.

BapricHi mOKka3HUKHA MYJITBTHUMOIAIBLHOTO JIAHINOTA, SIK TIPABHIIO, MAKOTh JICTePMi-
HOBAaHUH XapakTep Ta BU3HAYAIOTHCS B 3aJIE)KHOCTI BiJl BCTAHOBICHUX TapU(iB Ha
TPAHCIOPTHI ¥ JIOTICTUYHI TIOCIYTH, Ta BUTPAT HAa TEPMiHAJIbHY 0OpPOOKY BaHTaXiB
y By3noBux enementax ITJIC, 30kpema B aepornopTroBuUX KoMIuiekcax. Exosjoriuni
MOKa3HUKH BiIOOpaKaroTh PiBEHb HEFATUBHOTO BILIMBY Ha JOBKIJUIS, 10 BHHUKAE SIK
y mpoleci nepeMilieHHsI BaHTaXiB, TaK 1 i 4ac iX oOpoOKu Ta 30epiraHHs y TpaH-
CHIOPTHHUX BY3JaX.

[Hmy mpupoay MaroTh 4acoBi MapaMeTpH, 3HAYCHHS SKUX (OPMYIOThCS MiJ BIUIU-
BOM BEJIMKOT KiJIbKOCTI YMHHHUKIB, CEPEJl SIKUX HECTA0IbHICTD MOMUTY Ha TPAHCIIOPTHO-
JIOTiCTUYHE 00CTYTOBYBaHHS, HEPIBHOMIPHICTh HAJIXO/KCHHS BAHTAKOIIOTOKIB, 3aBaH-
TAXEHICTh IHPPACTPYKTYPHHUX 00’ €KTIB, TEXHOJIOTIYHI OCOOIIMBOCTI 0OPOOKU BaHTAXKIB
y BY3JIOBUX €JIEMEHTax, a TaKoX 30BHiIIHIX ymMoB ¢ynkmionyBanns [TJIC. 3 ypaxy-
BaHHSAM IIbOTO, TPUBAIICTh OKPEMHUX TPAHCIIOPTHUX Ta BY3JIOBHX OMNEpalliid AOIIIEHO
PO3MIAIAaTH B KOCTI BUIAJKOBUX BEJIUYMH, OCKUIBKY Ha MPAKTHUII AYKE 4acTO BIICYT-
HIf TOCTaTHIN 00CAT CTaTUCTUYHMX JTAHUX, HEOOXITHUX JIJIi OOTPYHTOBAHOTO BUOOPY
3aKOHY PO3MOALTY Ta OIIHIOBaHHS MOro mapaMeTpiB. ToMmy, 4acoBi XapaKTepUCTHUKU
OKPEMHUX JIAHOK MYJbTHMOJIAJIBHOTO JIAHIIOTa MOXKYTh OyTH 3a/iaHi MiHIMAIbHUM i, ,
MaKCUMAJIbHUM /. T4 HAHOUIBII WMOBIPHUM /., 3SHAUEHHSIMH, 10 JO3BOJIE BPaxy-
BaTH iX BapiaTUBHICTh Ta CTBOPIOE OCHOBY JUIs TIOAAJIBIIIOI0 MOJICIFOBAHHS Bi/IIOBII-
HUX TIPOLIECIB.

[Mapamerpu3aniss BHUIAIKOBOI TPHBAJIOCTI TPAHCIOPTHO-JIOTICTUYHOTO IIHKITY
3IIHCHIOETBCS 32 JIONIOMOTOI0 0eTa-po3noiily, 00JacTh BU3HAUYCHHS SIKOTO € OOMexe-
HO0. 3BiJICH BHXOJHTH, 110 KOXXEH MYJITUMOJAIbHUAN JIAHIIOT JOCTaBKH BaHTaXiB
(MJIJIB) mMoxe OyTr ONTUCaHWi BEKTOPOM MapaMeTpiB:

z(L)=(x(L)x(L)e(L), (6)
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KOMIIOHEHTH SIKOTO  BIJMOBIJJAIOTh  BAPTICHOMY, YacoOBOMY Ta EKOJIOTIYHOMY
KPHUTEPISIM Ta CTBOPIOIOTH MIAIPYHTS JUIS IO/IAJIBIIOTO MPOBEICHHS OaraToOKpUTepialib-
HOTO aHaJIi3y.

[Ipu npoMy, OIIHKY e(EeKTHBHOCTI v-TO BapiaHTy MYJIBTUMOJAIBHOTO JIAHIIOTa
JIOCTaBKH MPOMOHYETHCS BUKOHYBATH 32 JIOTIOMOTOIO 1HTETPalibHOT MibOBOI (YHKIII,
sIKa CTIpsSIMOBaHa Ha MIHIMI3allil0 Oro0 BapTiCHHUX, YACOBHX Ta EKOJIOTIYHUX XapakTe-
PHUCTHK:

F'=wx  +og

Hopm

+ g, — min, (7)

nopss T O opu
e o,, 0, O, — BaroBi KoeQilieHTH, M0 Bi10OpaXaroTh NPIOPUTETHICTH BAPTICHOTO,
4acOBOT'0 Ta €KOJIOTTYHOTO KPUTEPIiB (BU3HAYAIOTHCS €KCIIEPTHUM ILIUISIXOM BiAMIOBIIHO
J10 00paHOTO CIICHAPII0 YIPABJIIHHS JAHIFOTOM JOCTaBKH).

Bigznaunmo, 1mo Ha eTari NPUUHATTS PilICHHS MOXYTb BUHHMKATH CYIEPEYHOCTI
MK BCTaHOBJICHMMH BHMOTaMH Ta YNPaBIiHCHKMMHU NPIOPUTETaMHU LIOAO €(HEKTHB-
HOCTI IEBHOTO JIAHLIIOTa JOCTABKH, TOMY JTOLIBHUM € 3aCTOCYBaHHSI CLIEHAPHOTO Mif-
XO[Y, IO J03BOJISIE JOCTIANTH BIUIUB Pi3HUX CTPATETIYHMUX HANPSMKIB YHpPaBIiHHS Ha
pe3yabTaTH ONTHMI3aIlii.

VY naniit poGoTi BUOip ONTHMaNbHOI CTPYKTYPH JIaHIIOTA JOCTABKH BAHTAXKIB ITPOTIO-
HY€TbCS 31HCHIOBATH 3a TpboMa crieHapisMu (C1-C3): miHiMi3alis 3arajibHUX BUTpPAT
Ha JIOCTaBKy BaHTaXiB «BiJ aBepel mo nepeit» (Cl); ckopoueHHs 3arajbHOI TpUBa-
JIOCTi TPAHCIIOPTHO-JIOTiCTUYHOTO UKy (C2); MiHIMI3allisl €KOJIOT1YHOTO BIUIMBY JIaH-
1foTa JIOCTaBKU BaHTaXiB Ha NOBKiLIA (C3).

Crienuika MynsTUMOANBHUX JIaHIIOTIB JocTaBku B ITJIC momnsirae B Tomy, 110 iX
BapTiCHI, YaCOBi Ta EKOJIOTIYHI TOKA3HMKH BU3HAYAIOTHCS HE JIMIIE TapaMeTpaMu TpaH-
CTIIOPTHHX 3B’SI3KiB, a il yMOBaMM (YHKL[IOHYBaHHS BY3JIOBUX €JIE€MEHTIB CUCTEMH.

Ji1st aeponopTOBUX KOMIUIEKCIB SIK KJIIOYOBUX BY3JIOBUX €JIEMEHTIB MYIbTHMOJAIIb-
HUX JIQHLIOTIB JOCTaBKM BaHTaXIB BIACTHMBA IiJBHILIEHA MIHJIMBICTH 4aCOBHUX Mapa-
METPiB TEXHOJOTIYHHMX MPOLECIB, IO MOB’S3aHO 3 HEPIBHOMIPHICTIO HAaJXOKECHHS
BaHTAKOIOTOKIB, OOMEXEHICTIO MPOMYCKHOI CIPOMOXKHOCTI iH(pacTpykTypu Ta ii
31aTHICTIO 3a0€e3MeuyBaTy IHTErpaLilo Pi3HUX BU/IB TPAHCIIOPTY, @ TAKOK HEOOX1THOCTI
BUKOHAHHS IIHUPOKOTO CIIEKTPY TPAHCIOPTHO-JOTICTUYHUX MPOLELYp 3 IEepPEeBaJIKH,
00po0OKH, 30epiranHs, KOHCOJIIallii, KOOpJMHAI] Ta CHHXPOHI3allii BAaHTaXOMOTOKIB.
Kpim Toro, dacoBi XapakTepHCTHKH aepONOPTOBUX BY3IIB 3ajieKaThb BiJ HAasBHOCTI
CJIOTIB Ha OOCIYTOBYBaHHSI HMOBITPSHUX CYZIEH, JOCTYIHOCTI PIiBHS 3aBaHTaXEHOCTI
MEPOHHUX 3ac00iB MexaHi3alii, 1110 BUKOPUCTOBYIOTHCS MiJ] YaC BUKOHAHHS HaBaHTa-
KYBaJIbHO-PO3BAaHTAXYyBaJILHUX POOIT Ta iH.

CyKynHiCTh 3a3HaY€HUX YHHHHUKIB MOXKE CIIPHYMHSATH TEXHOJIOT1YHI 3aTPUMKHU CTO-
XaCTHUYHOI MPUPOJIH, 1110 HETaTUBHO BIUIMBAE HE JIMIIE HA YACOBi, BAPTICHI MOKA3HUKH,
a i Ha EKOJIOTI4HI HACHiJKH POOOTH aepOMOPTOBUX KOMIUIEKCIB, MYJIBTHMOJAIBHUX
naHIorie gocrapku ta [TJIC B misomy.

3a Takoi HEBU3HAYEHOCTI JOCIHIIKEHHS MapaMeTpiB poOOTH CHUCTEMH MOTpedye
3aCTOCYBaHHsI IMITalliTHOTO MOJIEITIOBAHHS, SIKE HaJJa€ MOXKIIUBICTD (popMyBaTu BUOIpKyY
BapiaHTIB BHUIAJKOBOI BEJIMYMHHU Ta BU3HAYATH HMOBIPHICTH BUKOHAHHS MEPEBI3HOTO
Ipoliecy B MEXax 3aaHOTr0 iIHTepBaly. 3aBIsSKH LBOMY KJIFOUOBI KPUTEPIi pe3ynbTaTHB-
HOCTI MYJBTUMO/AJbHUX JIAHIIOTIB JOCTABKH 3 aBialliiHOIO CKJIaJ0BOIO OLIHIOIOTHCS
HE TUTBKH 32 CepelHIMM 3HAUCHHAMH, a W 3 ypaXyBaHHSIM MiHJIMBOCTI MOKa3HHUKIB
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Ta PIBHA 1X HAJMIMHOCTI, 110 Ma€ KIIOYOBE 3HAYCHHS IS 3a0e3rneueHHsT e(peKTUBHOT
nmistmeHOCTI ITJIC.

3 MeToro ampobarii 3arnpornoHOBAHUX METOAWYHUX IOJOKEHb PO3pOONIeHO iMiTa-
ifiHY MOJIE)Ib MYJIBTUMOJIAIBHOTO JIAHITFOTA IOCTaBKK BaHTaxiB Mixk [1lanxaem (Kurait)
ta KueBom (Ykpaina) i3 BUKOPUCTaHHAM MPOTpaMHOTO ceperoBuiia AnyLogistix. Bubip
TAKOT0 MapIIpyTy 0OyMOBICHUI HEOOXiJHICTIO MOIITYKY aJIbTEPHATUBHUAX CXEM JIOCTaBKH
BaHTAXIB 32 OOMEXEHOI JOCTYITHOCTI aBialiifiHoi 1H(PacTPyKTypH Ha YKpaiHCBKil
Ta POCIMCHKIN TepUTOPIsX, IO TIOB’SI3aHO 13 3aKPUTTSAM aBiallifHOro pocTopy B YKpa-
H1 1St NUBLIBHOT aBiallii uepe3 akTUBHI BOeHHI fii. [Ipy Takux yMOBaX BHKOPHCTaHHS
aeponoptiB YKpaiHu Jisi NpUHMaHHSI KOMEPIIHHUX BAHTAXKHUX PEHCIB € HEMOXKIIMBUM,
OJTHAK JIOCTABKa BaHTa)KiB aBTOMOOUJIBHUM TPaHCIIOPTOM 4Yepe3 CyXOITyTHI IPHKOPIOHHI
nepexojiu 3 kpainamu €C 3aIUIIAETHCS TOCTYITHOIO. Y 3B’SI3KY 3 IIMM, Ha eTarl IPOeKTY-
BaHHS JIOTICTUYHOTO JIAHITIOTa Niepe0adeHo TPaHCIIOPTYBAHHS BAHTAXIB Bil TPAH3UTHUX
€BPOIEHCHKIX aepOIOPTOBUX BY3JIiB 10 KreBa Ha3eMHUMU BUIAMH TPAHCTIOPTY.

BpaxoByrour MUJIbOBY CHPSIMOBAHICTH JOCHIKCHHS Ha (DOpPMyBaHHS JIAHIIOTIB
JIOCTaBKU 3 aBialllfHOIO CKJIQJIOBOIO JIJIsl BAaHTAXIB, YyTIMBHX JI0O TPUBAIOCTI mepe-
BE3CHHSI, 30KpeMa r'yMaHITapHUX, MEIUYHUX, IIBUAKOIICYBHUX BaHTaXIB 1 TOBapiB i3
KOPOTKHM KUTTEBUM IIUKIIOM, MOPCHKHUI TPAHCTIOPT HE BKIFOYCHO JI0 alIbTEPHATUBHUX
CXeM JO0CTaBKHU. J[Jsi TaKWX BaHTa)KOMOTOKIB MOPCHKHH CETMEHT, MOTPH MOTEHIIIHHO
HIKYY BapTiCTh, iICTOTHO 301IBIITY€E TPUBAIICTD TPAHCIIOPTHO-JIOTICTUYHOTO IHKITY, 110
Mae KpUTUYHE 3HaueHHs. Pa3zoM 13 THM, 3alpoIIoHOBaHa METO/IMKA MOXKEe OYTH pO3IIH-
peHa [UISTXOM BBeZICHHS 710 MepexeBoi cTpykTypu [ TJIC MOPCHKUX MapIIPyTiB B SIKOCTI
JIOTIaTKOBHX JIyT Tpady, a MOPCHKHX MOPTIB SIK BY3JIOBHX €JIEMEHTIB CUCTEMHU.

ITix yac hopMyBaHHS BUXIHUX JAHUX JUIS IMITALlIHHOTO MOJICIIFOBAHHS BPAaXOBaHO
BIIKPUTY 1H(OpMALit0 I100abHuX Jorictuunux oneparopis DHL Global Forwarding,
Kuehne+Nagel Ta DSV mono opranizanii Mib>KHApOJHUX MYJIBTUMOJIATEHUX TEpeBe-
3€Hb 13 3aTyYEHHSM aBiallifHOTO TPAHCIIOPTY Ta MPUHIUIIB (GopMyBaHHS 1HIUBITyalb-
Hux Tapuduux nponosuiii [11-13]. IIpu oMy, BapTiCHI TOKa3HUKH HE € (PaKTHUHUM
KOMEPIIIHHUM Tapu(oM OKpEeMOro MpoBaijepa, OCKIJIBKH BOHM 3aJieXkarh BiJl Mapiil-
PYTY, BHIy BaHTaxy, 00CATY MapTii, MaTuBHUX Ha/I0aBOK, YMOB JIOTOBOPY Ta ITOTOYHOT
PHHKOBOT KOH IOHKTYpH. ToMy, iX 3HAYCHHS IPUIMAIOTHCS SIK YCEPEAHEH] PO3paxyHKOBI
CTaBKH, BU3HAYCHI 3a pe3y/bTaraMy aHallizy MyONliYHO JOCTYITHHUX MaTepialliB 3a3Ha-
YEHUX KOMITaHI Ta BUKOPHCTAHI JUIsl MOPIBHSUIEHOTO OIIHIOBAHHS Pi3HUX TPaHCIIOPT-
HUX CIICHApIiB 33 €IMHOI0 PO3PaXyHKOBOI 0a30r0. Exonoriuna ckiiajoBa iMiTamiiHol
Mojielti copMoBaHa Ha OCHOBI MeronuuHoro miaxoay EcoTransIT World no po3spa-
XYHKY BUKUJIB Y BaHTQKHUX TPAHCIIOPTHHX JIaHIfOrax [14] Ta BiIMOBIIHO JO JIOTIKA
susHadeHHss CO? y nporpamuomy cepenoBuini AnyLogistix, e BUKHIN 331ai0ThCsI TSt
TPaHCIOPTHUX 3B’SI3KiB Ta MpolieciB 00poOku BaHTaxiB [15, 16].

VY Mexax 00UMCITIOBAIBHOTO €KCIIEPUMEHTY c(hOpMOBaHO ambTEpHATUBHI BapiaHTH
NepeBEe3eHHS, 10 BiJIPI3HAIOTHCS PI3HUM KOMOIHYBaHHSIM BUJIIB TPAHCIIOPTY Ha OKpe-
MUX JUISHKax Mapuipyty (taom. 1).

st 3a0e3reueHHsi KOPEKTHOCTI TOPIBHSIHHS aJIbTEPHATHBHUX BapiaHTIB IepeBe-
3€HHS EKCTIEPUMEHTANIbHI PO3PaxXyHKH BUKOHYIOTBCS IS KOHCOIIIOBaHOT MapTii BaH-
Taxky Baroto 20 T, sika po3nISIA€ThCs SK €JJMHUN BAHTAKHUH MOTIK Y MEXKax JIOTiCTHY-
HOTO JIAHIIIOTa «BiJ] IBEPEH 10 IBEpE».
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Tabmuus 1
AJIbTepHATHBHI BapiaHTH 10cTaBKHU BaHTa:xXiB Mixk Lllanxaem Ta Kuesom
BapianT rocraBkn MapupyT nepeBe3eHHs
(xombinanii BuaiB Tpancnopty) S, «Bi 1Bepeii 10 ABepeii», L
S, Vuimooanshuii: aBToMOOITEHAN LHzinaﬁ — Anmaru — @pankdypr-Ha-Maiini — Kpakis —
KuiB (aBT0)

S Vuimooanenuii: 3anizamaanit | [llanxait — Anmvatn — @pankdypr-na-Maitni — Kpaxis —
L2 . .

Kuis (3amizHuris)

S Mynemumooanvruii: [lanxaif — Anmaru (3ani3uuist) — @pankdypr-Ha-MaiiHi —
L3 . o . o . . . .

3a1i3HNYHAN + aBroMoOuTeHNMI | KpakiB (3amiznuns), Kpaxis — Kuis (aBto)

S Mynemumooanvruii: [lanxaif — Anmaru (aBro), Anmaru — @pankdypr-Ha-
L4 . o . ‘u o o . . oo . .
aBTOMOOUIBLHMH + aBianiiHuii+ | Maiini (aBia), ®@pankdypr-Ha-Maiini — Kpaxis (3ais-

3a1i3HNYHAN + aBroMoOuTbHMH | HUns), Kpakis — Kui (aBTo)

S Mynemumooanvruii: [anxaif — ®pankdypr-Ha-Maiini (aBia), PpankdypT-Ha-
L5 . Py o . o o s . . . .
aBlalIiHUI+ 3aJII3HUYHUN + Maiini — Kpaxi (3anizuuit), Kpakis — Kuis (aBro)
aBTOMOOLIEHHI
S Mynemumooanvruii: [anxaii — ®pankdypr-Ha-Maiini (aBia), PpankdypT-Ha-
L6 . Py o . o o s . . . .
aBlallitHUI+ 3aI3HUYHUN + Maiini — Kpakis (3amizuuis), Kpakis — Kuis (aBto)
aBTOMOOLTEHHI
S Mynemumooanvruii: [lanxaif — CramOyan (aBia), CramOyn — @pankdypr-Ha-
L7 . u o . v o . . o . . .
aBialiifHWH+ 3ami3HNYHIN + Maiini (aBia), ®@pankdypr-Ha-Maiini — Kpaxkis (3ai3-
aBTOMOOLIEHHI nuns), Kpaxis — Kuis (aBro)
S Mynemumooanvruii: [lanxaif — CramOyn (aBia), CramOyn — Bapiasa (aBia),
L8 . u o . v o .
aBlalifHMH+ 3ai3HNYHIN BapmraBa — KuiB (3a1i3Hu115)
S Mynvmumooanvruii: [anxait — CramOyan (aBia), CramOyn — Bapmiasa (aBia),
L9 . P " . . .
aBilamiiHuii+ aBroMoOUTbHMN | Bapmasa — KuiB (aBT0)
S Mynbmumoodanohuil: [lanxaii — Bapuiasa (aBia), Baprrasa — Kuis (aBto)
L10 . o o . o
aBialiifHUI+ aBTOMOOUTHHUIA
S Mynemumooanvruii: [lanxaiif — Bapmrasa (aBia), Bapmasa — Kuis
L11 . .y o . o . o
aBlalifHMH+ 3aMi3HNYHIN (3aJ1i3HNYHHI)

3amporroHoBaHa iMiTaIliifHa MOIENTb He Tepeadayac MpoBeaSCHH qeTaizallii 3a KoH-
KPETHUMH THUTIAMH TPAHCIIOPTHHUX 3ac00iB, a BPAaXOBY€ YCEpEIHEHI MUTOMI MmapaMeTpu
TPaHCIIOPTHO-JIOTICTUYHOTO HPOLECY JOCTABKH BAHTAXY, IO BiTOOPa)xarOTh BapTiCTh,
TPHUBAIICTh Ta €KOJIOTIYHI HACIIJKH POOOTH BiIIOBIIHOTO BUAy TpaHcropty. [Ipukman
peautizarii iMiTamiiHOI MOJIENi MapIIPyTHOI MEepeXki JoCcTaBKU BaHTaXiB Mixk [llanxaem
(Kurait) Ta Kuesom (Ykpaina) uepes asiauiiini xadu €C (Ppaundypr-na-Maiini, Bap-
11aBa) y nporpamMmHomy cepenosuini AnyLogistix HaBeneHo Ha puc. 2.

UwcaoBi pe3ysbTaTd iMiTalliiHOTO MOJICIIOBAHHS, OTPUMaHI B IIPOTPaMHOMY CEpeJi-
oBuuli AnyLogistix 3i0pani y Taom. 2.

AHaJi3 pe3ynbTaTiB MOJACIIOBAHHS CBIYUTH, IO MapaMeTPH JIAHIIOTIB JJOCTaBKH
BanTaxiB Mixk Lllanxaem (Kurait) Ta KueBom (Vipaina) cyTTeBo 3a51exarh BiJl CTPYKTYpH
MapHIpyTy Ta criocoly MoeTHAHHS HA3eMHHX Ta aBialliifiHOro BUIB TpaHcnopTy. Po3pa-
XyHKH TIOKa3aJTH, 10 MYJTBTUMOAAIBHI PIIIIEHHS 13 3alTy4€HHIM aBialiiHOro TPaHCIIOPTY
3a CXeMOI0 S;, JIO3BOJSIOTH 3MEHIIUTH 3aralilbHy TPHBAIICThH JOCTaBKH 10 9,6 mil,
a 3a Bapiantom S;,, 10 3,15 ni0, mo y 4-5,5 pa3iB MmBH/IIIE TOPIBHAHO 3 HA3EMHUMH
BapiaHTamu nepeseseHHs1. [Ipore, anprepHaTHBY 3 aBialliiHOIO CKIaJOBOIO S, — S,
CYHPOBOJIKYIOTHCS CYTTEBMM 3DOCTaHHAM 3araibHuUX BUTpAT Ta 00csaris Bukuais CO,.

Ha nactynnomy erarti 1OCHiIKEHHS BUKOHYETBCSI OOUHMCIIEHHS IHTETrPaIbHOTO KpH-
Tepit0 ePEeKTUBHOCTI aJbTEPHATUBHKUX BapiaHTIB JAHLIOTIB JOCTaBKU BaHTaxXiB ((pop-
Myna 7) Ta IpOBOIUTHCS HOTO CIICHApHUH aHai3.
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=

Puc. 2. Mapwpymna mepesca oocmasku eanmasicie migic Lllanxaem (Kumaii)
ma Kuesom (Yxpaina) uepes asiayiiini xabu €C

(nobydosano asmopom y npoepamnomy cepedosuwyi AnyLogistix)

Tabmur 2

IlopiBHANTbHA OLIHKA MapaMeTPiB JAHIIOTIB J10CTaBKU BaHTaKiB Mixk [llanxaem
Ta KneBoM 3a anbTepHATHBHUMH CHleHAPisiMU

Mapupyr 3aFaJ'l.l>HPlI7[ yac, 3arajabHi BUTparH, 3arajabHuii 00cAT BUKUAIB
a6 T, €BpO  K; CO,, KT g
S, 12,46 64920 31152
S, 17,98 41556 7788
S5 13,79 52820 9390
S, 9,6 203353 89483
S5 6,96 292508 127 506
N 5,5 249955 108 863
N 6,6 278272 121272
Se 5,14 259724 113 119
N 4,35 261117 114 512
S0 3,15 222845 97751
S 4,14 221452 96356

Hna  ampobarii
C1-C3  mpwuiimaroTbcs

BIITOBIIHI

o % =(0,22;0,68;0,10);0 * =(0,10;0,22;0,68) .
Pesynbraru crieHapHOT OIIIHKH KPHUTEPIiB IHTErpasibHOI €()eKTUBHOCTI allbTePHATHB-
HUX JIAHIIOTIB J0CTABKHM BaHTaXIB HaBEJCHO y Ta0I. 3.

82

3alPONOHOBAHMX ~METOIMYHHMX TMOJOKEHb 3a CICHApisIMU
BEKTOpM TpiopuTeTiB: o ' =(0,68;0,22;0,10);
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Tabuui 3
CueHapHa olliHKa MapaMeTPiB JIAHUIOTIB 10CTABKU BAHTAXKIB
mixk [anxaem Ta KueBom 3a anibTepHATHBHUMHU JIAHIIOTaMU I0CTABKHU

Aabrepna- | HopmaJiizoBaHi 3Ha4eHHS CKJIA0BUX IHTErpajbHOI InTerpanbna edexTuBHICTH
THBHHI e()eKTUBHOCTI JIAHIIOTa JOCTABKH nanmiora xocrapku F”
MapIpyT
3 i 7 7] v v v
al"a.]'ll)Hlv 1 3al“a.]'lb:lll/lﬂ 3araabHuii OGC?IF F F o
BUTpaTH, K., | 4ac, T, |Bukuais CO, €,

S, 0,222 0,693 0,244 0,328 0,545 0,341
S, 0,142 1 0,061 0,323 0,717 0,276
S, 0,181 0,767 0,074 0,299 0,569 0,237
S, 0,695 0,534 0,702 0,66 0,586 0,664
S, 1 0,387 1 0,865 0,583 0,865
S, 0,855 0,306 0,854 0,734 0,481 0,733
S, 0,951 0,367 0,951 0,823 0,554 0,823
S, 0,888 0,286 0,887 0,755 0,479 0,755
S, 0,893 0,242 0,898 0,75 0,451 0,753
S, 0,762 0,175 0,767 0,633 0,363 0,636

S, 0,757 0,23 0,756 0,641 0,399 0,64

Jani Tabmn. 3 cBiuars, 110 MpH peatizailii ClieHapiiB MiHiMi3allii 3arajJbHUX BUTPAT
Ha JIOCTaBKy BaHTaXiB «BiJ nBepei no asepeit» (Cl) Ta MiHiMi3alil €KOJIOTIYHOTO
BIUIMBY JIAHIIIOTa IOCTaBKH BaHTaXiB Ha JOBKULIA (C3) onTUMalbHIM BapiaHTOM Tiepe-
MilIeHHs BaHTaxKy 3 Kutaro 10 YkpaiHu BBaxKaeTbcs MYJIBTUMOAATBHUN MapIIpyT S,
(F},=0,299;F}, =0,237), mo nepeadadae iHTErpaIlito 3aJi3HHYHOTO Ta aBTOMOOIIBHOTO
BUJIB TpaHCHOPTY Ha AinsHII Mk KpakoBom Ta KueBom. HaiiMeHie 3Ha4eHHS KpH-
TEepilo iHTerpasbHOi €(PEKTHUBHOCTI B MEXKaxX CIIEHApil0 CKOPOYEHHS 3arajbHOi TpUBa-
JIOCT1 TPAHCIIOPTHO-JIOTICTUYHOIO IIUKITY JOCTABKH BaHTAXKIB «BiJI JBEpEH JI0 ABEpEii»
(C2) 3adikcoBaHO 3a aJIBTEPHATHBHUM MYJIBTUMOJQJILHUM aBiallifHO-aBTOMOOUTEHUM
MapmpyTom S, (£33 =0,363), mo miaTBepaKye JOUUIBHICTD 3aly4YeHHs aBialliifHOTO
TPAHCIOPTY J0 3MIIIaHUX CXEM TPaHCIIOPTYBaHHS, KOJIM 3arajbHUMN Yac TOCTaBKH Ma€e
MPiOPUTETHE 3HAUYCHHS.

OTxe, Ha OCHOBI pe3yJIbTaTIB IMITAI[ITHOTO MOJIC/IFOBAHHS BU3HAYCHO, 10 BKJIFO-
YEeHHS aBialiifHOTO TPAHCIIOPTY 10 CTPYKTYPH MYJABTUMOJIATBHOTO JIAHITOTA JT0CTaBKH
ICTOTHO 3MIHIOE CITIBBIIHOIIEHHS MIX HOr0 €KOHOMIYHUMHM, YACOBUMHM Ta €KOJIOTIY-
HUMH MTOKa3HUKaMH. 30KpeMa, CKOPOUCHHSI TPUBAJIOCTI MEPEeBE3CHHS MTPU3BOIUTH 10
3pOCTaHHsI BUTPAT Ta €KOJIOTTYHOTO HABaHTAKEHHS, 1110 00YMOBIIIOE€ HEOOXiHICTh Bpa-
XyBaHHS HE JIMIIE MPSIMUX BUTPAT Ha IIEPEMillleHHsI BAHTAXIB, a i HETPSIMUX CKOHOMIY-
HUX e(EeKTIiB, OB’ SI3aHUX 13 TPUBATICTIO TTIOBHOTO TPAHCIIOPTHO-JIOTICTUYHOTO ITUKITY,
00OPOTHICTIO PECYpCiB Ta YaCOBOK YYTJIUBICTIO BaHTaXOMOTOKIB. OCOOIMBOrO 3Ha-
YeHHS 1e HaOyBae ITiJ] 4ac MepeBe3CHHs TyMaHITApHUX BaHTAXIB, MEIUYHUX Npenapa-
TiB, IIBUJIKOTICYBHOI IPOAYKIIiT Ta THIIUX TOBAPIB 13 KOPOTKUM JKUTTEBUM IIUKIIOM, JUTS
SIKMX JIOTPUMAaHHS MiHIMalTbHUX TEPMiHIB JIOCTABKH SIBIISIETHCS BU3HAYAIBHOIO YMOBOKO
30epekeHHs X BIaCTUBOCTEH Ta (QyHKIIOHAIBHOTO MPU3HAYCHHSI.
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Kpim Toro, mpu HEJOCTYITHOCTI €IEMEHTIB YKpaiHChKOI aBiaTpaHCIOPTHOI iH(pa-
CTPYKTYPH JUIsi BAKOHAHHSI ITPSIMUX aBialliiHUX TIePEBE3CHb 1, BIJIIOBIIHO, BiICYTHOCTI
MOKITUBOCTI TEPMIHOBOT JIOCTaBKM BaHTaXiB, BUKOPUCTAHHS TPAH3UTHUX aBialliiHUX
BY3IIIB CHpUSIE TIIBUIIEHHIO THYyYKOCTi Ta cTiiikocti ITJIC, yacTkoBO KOMIIEHCY€E iH)-
pacTpyKTypHi 0OMEXEHHS Ta CrpHsie Oe3nepepBHOCTI TpaHCIOPTHUX mporieciB. Came
1e MiATBEPPKYE JAOLIIBHICTD JOCITIKCHHS aJIbTCPHATUBHUX MYJIBTUMOJAIIBHUX CXEM
3 aBlallifHOIO CKJIAJIOBOIO SIK €(EKTUBHOTO THCTPYMEHTY MiJTPUMAaHHS CTaOlTbHUX
3B’513KiB MiXK INIOOAILHUMU Ta PETi0HAIbHUMH TPAHCTIOPTHO-JIOTICTHYHIMHU MEPEKaAMH.

BucHoBKkM. 3an1porioHOBaH1 y CTaTTi METOAMYHI ITOJIOKEHHSI TO3BOJISIFOTH (hopMatizy-
BaTH MYJIbTHMOJIaJIbHI JIAHIIOTH JJOCTABKHM BAHTAXKIB 3 aBIal[iiHOO CKJIaJIOBOIO B MEKAX
ITJIC Ha 0CHOBI MEPEkKEBOTO IMIJIXOAY i3 BpaxyBaHHSIM BapTICHUX, YACOBHX Ta E€KOJIO-
FYHUX XapaKTEPUCTHK TPaHCIIOPTHO-JIOTICTUYHOTO HUKTy. s anpobarii HaBegaeHux
MOJIOKEHb y TporpamMHomMy cepeioBuili AnylLogistix po3poOiieHo iMiTalliiiHy Mepe-
JKEBY MOJIEIIb MYJIBTUMOAIILHOTO JIAHITIOTa JIOCTaBKU BaHTaxiB Mixk [1lanxaem Ta Kne-
BOM 4epe3 €BpoIieiichbki aBiariitni xabu dpankdypr-na-Maitni (Himeuuuna) Ta Bap-
mraBa ([Tonpmia), a Takok mMOOyIOBaHO Ta MPOAHATI30BaHO ANBTEPHATHBHI BapiaHTH
NepeBe3eHHS 3 ypaxyBaHHIM MPOMDKHHUX aepornoptoBux By3iniB CtamOyn (TypeuunHa)
ta Anmaru (Pecrybnmika Kasaxcran). 3a pesynasraraMu MOJICITIOBAHHS BCTaHOBIICHO,
10 3aJTy4YCeHHs aBiallifHOTO TPaHCIOPTY 3a0e3leuye CyTTEBE CKOPOUCHHSI TPUBAIOCTI
JIOCTaBKH, MPOTE CYMPOBO/DKYETHCS CYTTEBUM 3POCTAHHSM BHUTpPAT Ta E€KOJOTTYHOTO
HaBaHTAXKEHHS, 10 MiATBEP/PKYE HEOOXIIHICTh BPaxXyBaHHS HE JIMIIE MPSIMHUX TpaH-
CIIOPTHUX BUTPAT Ha €TaIll OI[IHIOBaHHS e(DEKTUBHOCTI TAKUX JIAHIIOTIB, a i HENpPsSIMUX
EKOHOMIYHUX e(EeKTiB, OB’ I3aHUX 3 TPHBAIICTIO IIOBHOTO TPAHCIIOPTHO-JIOTICTUYHOTO
UKy, OOOPOTHICTIO PECYpPCiB Ta YAaCOBOIO YYTIMBICTIO BAHTAKOMOTOKIB. [IpakTryna
[IHHICTh 3aMPONOHOBAHOTO IMiXO/AY TMOJISITAE Y MOKIMBOCTI HOTO BHKOPUCTAHHSI JUISI
OIIIHIOBAaHHS aJIbTEPHATUBHHX CXEM JIOCTABKH BaHTaXKIB, 30KpeMa Yy TIMBUX JI0 TPUBa-
JIOCTI TIEPEBE3CHHS, B YMOBaX HECTaOUILHOCTI CepelOBHIIA Ta HAsIBHOCTI iH(pacTpyK-
TYpHHUX 0OMEXeHb. HacTyrmHUM eTaroM JOCTiIKeHHS Ma€ CTaTH pOo3pOOJICHHS KOHIICTI-
TyaJbHUX TTOJIOKEHB 0araToKpuTepiaibHOI ONTUMI3AII] CTPYKTYpPH MYJIBTUMOJAITBLHOTO
naniora goctaBku B ITJIC Ha 0CHOBI CTPYKTYpHO-(QYHKIIIOHATBHOTO TTIXOTY.
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Summary

Introduction. The tare weight coefficient of 1520 mm gauge freight wagons is
significantly higher compared to North American freight wagons, which limits their
load capacity and transportation efficiency. The main reasons for this are conservative
standards for calculating welded joints and the use of low-alloy steels of the 09G2S
type with insufficient strength characteristics. Relevance. The tare weight coefficient
of 1520 mm gauge freight wagons (0.29-0.34) is almost twice as high as that of North
American wagons (0.17-0.24). The global wagon building industry has been using
high-strength steels with a yield strength of up to 700-960 MPa for more than 20 years,
which makes it possible to create wagons with a load capacity of up to 116 tons with
a tare weight of 1825 tons. In Ukraine, this experience is almost not implemented
due to the lack of scientifically based recommendations. Purpose of the study. The
purpose of this scientific study is to identify the reasons for the significantly higher
tare weight coefficient of 1520 mm gauge wagons compared to North American freight
wagons and to substantiate the possibility of increasing the load capacity of gondola
cars by applying optimized high-strength steel for load-bearing elements. Results. It
has been established that when using high-strength steels, the weight of a beam can
be reduced five times compared to 09G2S steel. However, the presence of a welded
Jjoint, due to low allowable stresses (recommendations of the International Institute of
Welding), increases the weight of the structure almost 2 times regardless of the steel
grade. Based on the optimization of the chemical composition of 09G2S steel, a material
with an ultimate strength of up to 750 MPa, a yield strength of up to 570 MPa while

© Fomin O.V., Burlutskyi O.V., Lisnychiy V.S. , Gunko L.V., 2026
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maintaining an elongation of 21% was obtained. The application of such steel in the
structure gondola car it possible to reduce the tare weight by 2 tons and increase the
load capacity to 73 tons. Finite element calculations confirmed the compliance of the
structure with the requirements of strength (safety factor 1.01-1.14), rigidity (maximum
deflection of the center sill 4 mm) and stability (safety factor ny = 6.3 > [ny] = 1.1-
1.6). Conclusions. A comprehensive approach to increasing load capacity is proposed,
based on recognizing the fatigue strength of a welded joint as the main criterion for
tare weight, using an optimized chemical composition of 09G2S steel obtained using
integral physicochemical criteria, and practical implementation in a serial gondola
car. Directions for reducing tare weight have been developed: experimental refinement
of the strength of welded joints, increasing their endurance, switching to bolted joints.

Key words: gondola car, high-strength steel, chemical composition optimization,
welded structures, load capacity, fatigue strength.
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Anomauisn

Bcmyn. Koeghiyienm mapu eanmasicnux 6az2onie konii 1520 mm € cymmeso suuyum
nopisHano 3 eazonamu Iieniunoi Amepuxu, wo oomedxncye ixuw 6anmadiconiouomMHicns
ma egexmusHicme nepegezervb. OCHOBHUMU NPULUHAMU YbO2O € KOHCEPBATNUBHI HOD-
MU PO3PAXYHKY 36APHUX 3 €OHAHb MA UKOPUCMAHHSA HUZLKOIE208AHUX CIANel MUny
0912C 3 nedocmammuimu miyHicHumMu xapaxkmepucmukamu. Axkmyanvnicms. Koegi-
yienm mapu eanmasgxicuux eazonie xonii 1520 mm (0,29—0,34) maiioce 60siui suuyuil,
nioic y saconis Ilisniunoi Amepuxu (0,17—0,24). Ceéimose 8aconobydysanms 8dice NOHAO
20 poxis suxopucmosye gucoxomiyui cmaii 3 medicero mexkywocmi 0o 700-960 Mlla,
wWo 0de 3Mo02y CMEOPIBAMU 8A20HU 8AHMANXCONIOUomHicmio 0o 116 m 3 macor mapu
18-25 m. B Ykpaini yeii 00c6i0 matidice He 8NPOBAOICYEMbCS Uepe3 GIOCYMHICb
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HAYKOBO 00IPYHMOosanux pexomenoayiu. Mema oocnioxicenns. Memoio yb020 HAYKOBO-
20 Q0CTIOJNCEHHS € GUABILCHHS NPUYUH CYMMEBO OLIbULO20 Koeiyichma mapu a20Hie
xonii 1520 mm nopisusino 3 eanmasicnumu éaconamu Ilieniunoi Amepuxu i o6rpynmy-
BAHHSL MOJNCIUBOCTI NIOBUWCHHS SBAHMANCONIOUOMHOCTI NIBBACOHIE WISAXOM 3ACMO-
CYBAHHS ONMUMI308AHOI 8UCOKOMIYHOI cmani 015 Hecyuux enemenmie. Pesynomamu.
Bcmanoeneno, wo 3a 8UKOpUCMAHHA BUCOKOMIYHUX CIMANEl MACY OAIKU MONCHA 3HU3U-
mu 606iyi nopisnsano 3i cmannio 091 2C. Ilpome nasguicme 36apHo20 3 €OHAHNS Yepe3
HU3bKI Qonycmumi Hanpysicens (pekomenoayii Misxchapoonoco incmunymy 36apiosan-
Hs1) 301IbULYE MACY KOHCMPYKYIL Matidice 808Ul He3anexcho 6i0 mapku cmaii. Ha ocnosi
onmumizayii ximiunozo cxknady cmani 09172C ompumano mamepian 3 medxcero MiyHoCmi
0o 750 Mlla, mexcero mexyyocmi 0o 570 Mlla 3a 36epesicentsi BiIOHOCHO20 BUOOBICEH-
ua 21 %. 3acmocysanns makoi cmani 8 KOHCMPYKYIi HANIBBACOHA OAE 3MO2Y 3HUZUMU
Mmacy mapu Ha 2 m ma nioguwumu eanmasiconiotomuicms 0o 73 m. Pospaxynxu 3a
MemoooM CKIHYEeHHUX elleMeHmie niomeepouiu GionoGiOHICMb KOHCMPYKYIL 8UMO2aAM
miynocmi (xoeghiyieum zanacy 1,01—-1,14), scopcmkocmi (MaKxcumanbHutl npo2un xpeo-
moeoi oanxku 4 mm) ma cmitikocmi (koepiyiecum sanacy ny = 6,3 > [ny] = 1,1-1,6).
Bucnoexu. 3anpononosano komniekcHuti nioxio 00 nio8uuyeH s 6AHMAaNCoONiotoMHOC-
mi, o 6a3yeEmMvCa Ha BUSHAHHI 8MOMHOI MIYHOCMI 36APHO20 3 €OHAHHA 2008HUM KPU-
mepiem macu mapu, UKOPUCIAHHT ONMUMi308an020 Ximiunozo cxknady cmani 091 2C,
OMPUMAHO20 3d OONOMO20I0 THMESPAbHUX (DIZUKO-XIMIUHUX KpUmepiis, ma npaxmuy-
Hill peanizayii 6 cepitinomy niesacoui. Pospobreno nanpsamu 3nudicenHs mapu: excne-
PUMEHMATIbHE YMOYHEHHS MIYHOCMI 36aPHUX 3 EOHAHb, NIOBUWEHHS IX UMPUBANOCTI,
nepexio Ha 6o1mosi 3’ €OHaHMHsL.

Kniouosi cnoea: nissacomn, sucokomiyna cmaib, ONmMumMizayis XiMiyHo2o CK1aoy,
36apHI KOHCMPYKYIL, BAHMAINCONIOUOMHICIND, BMOMHA MIYHICDb.

Introduction. The current development of the transport industry requires the pro-
motion of innovative solutions to improve the competitiveness of transportation. One
of the key directions of modernization of a dry warehouse is a reduction in the mois-
ture content of transport means while simultaneously increasing its demand. The effi-
ciency of the functioning of transport systems absolutely depends on the technical
and economic indicators of non-constructive structures. The use of traditional con-
struction materials often limits the possibilities of further upgrading transport mod-
ules. The curing of high-grade steels opens up new prospects for optimizing metallic-
ity without losing value.

The market for commercial transport in 2025 demonstrates a clear regional structure.
The largest share of the market is accounted for by the Asia-Pacific region with approxi-
mately $201 billion. USA. The goal of leadership is determined, first of all, by the labo-
rious economy of China and India, which actively invest in the development of their
transport lines for the transportation of raw materials and finished products. Another
place is taken by Northern America with a debt of about 100.7 billion dollars, where
the US and Canada play a key role with their existing border for the transport of agri-
cultural goods, energy and industrial vantages. Europe, with a market of approximately
$70.5 billion, rounds out the top three. Here, important transported goods are closely
integrated into the EU economy, and will have a significant impact on them through
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the development of industrial production. The region of the world, including Brazil, Rus-
sia, the Republic of Turkey and Turkey, receives 54.7 billion dollars of the market [1].

Relevance of the research. The tare coefficient for trailer cars with a gauge of 1520 mm
(0.29-0.34) is twice as high as that for cars of Eastern America (0.17-0.24). This means
that when one ton of vantage is transported, the Ukrainian slicks are transported at the same
time as much as twice as much metal and water construction, which reduces the efficiency
of transportation and increases the cost of cravings The main reasons for this are:

» conservative standards for the design of welded joints, so as not to ensure
the actual safety of high-grade steels;

* mass production of low-alloy steels type 09G2S with insufficient low-grade char-
acteristics (liquidity limit less than 345 MPa).

Light railcar manufacturing (USA, Canada, EU) has already been using high-grade
high-grade steel for over 20 years with a fluidity limit of up to 700-960 MPa, which
allows the construction of railcars with a lifting capacity of up to 116 tons with a tare
weight 18-25 tons. In Ukraine, this may not be implemented due to the number of scientif-
ically based recommendations on the selection of materials and welding technologies [1].

Thus, the relevance of the work lies in the need to meet the gap between the potential
of high-grade steels and formal conservative standards, as well as the created scien-
tifically-based methods for selecting materials for load-bearing modules of transport
vehicles. zaobiv.

Analysis of information sources on further research topics. The publication
[2] examines constructive approaches to designing the body of a vantage car with
an extended vantage point. The author analyzes the infusion of geometric parameters
and the choice of materials for the structural integrity of the structure. Significant atten-
tion is paid to the optimization of mass with an immediate increase in weight. Vikoris-
tano numerical modeling for the assessment of stress-strain steel. The results demon-
strate the promise of improved designs for important transport.

In work [3], the influx of thermal forward pressure on the mechanical work of beam
elements was observed. An analysis of changes in stress and deformation at the stage
of manufacturing the structure was carried out. It has been established that the front ther-
mal expansion can therefore be affected by excess stress. The authors highlight the pos-
sibility of cervicalization with these processes to improve durability. The results may
have practical significance for the manufacturing technologies of carriage structures.

The publication [4] examines the optimization of the shot blasting process before
upgrading the original structures of cars. The influence of processing parameters on
surface softness and adhesive strength has been analyzed. Optimal modes have been
established to ensure effective renewal. Vikoristan experimental and analytical methods
of investigation. The results obtained indicate an increased service life of the repaired
elements.

The article [5] examines the mechanisms of change in rack steel during compression.
Microstructural changes and their influence on the value of the material were observed.
The role of dislocation processes and phase changes has been revealed. Experimental
testing was carried out for confirmation.

The work [6] investigated the advancement of mechanical power and wear resist-
ance of rack systems. The main focus is on controlling the foldable microstructure
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of the material. The relationship between microstructure and operational characteristics
has been established. Vikoristan modern methods of material science for analysis. The
results obtained are consistent with the creation of more reliable rack systems.

Publication [7] split bainite steels for slide rails. Their mechanical and structural
characteristics were studied. The advantages of the bainitic structure in terms of wear
resistance and value have been established. The authors demonstrate the feasibility
of producing such steels in transport galuz. The results have significant potential for
improving infrastructure reliability.

The article [8] evaluates the effectiveness of double-ball steel as a structural mate-
rial for cars. A comprehensive analysis was carried out using traditional materials. An
improvement in the functional characteristics and resistance to damage was revealed.
The peculiarities of the robotic material under consideration are examined. The obtained
results confirm the prospects of stagnation of rich ball steels.

The work [9] provided the results of full-scale investigations of a stress-strained
steel reinforced steel structure. Conducted simulation in real minds of operation. The
nature of the stress distribution in structural elements has been established. We extracted
the data from the selection process for the validation of rozrakhunkov models. The
results improve the accuracy of predicting the service life of the structure.

The publication [10] contains a comprehensive analysis of the internal value
of the frames of suspended cars. The influx of welding technology and design solutions
has been monitored. The key factors that determine the durability of frames have been
identified. Experimental testing was carried out to confirm the results. The removal
of the pins may be subject to change when designing new cars.

In work [11], the influence of alloying and microstructure on the formability of high-
grade steels was observed. The steels were examined, cut using the hardening method
with a further distribution of phases. The relationship between structural parameters
and plasticity of the material has been established. Vikoristan experimental and numer-
ical approaches. The results are important for the development of new materials for
transport machinery.

The article [12] investigated the non-stationary factors of the independent impor-
tance of the connection of trailer cars. A mathematical model for assessing the resource
of'elements has been developed. Changes in maintenance and use are ensured. An analy-
sis of the influence of various factors on durability was carried out. The obtained results
allow us to improve the accuracy of the prediction of the service life of the structure.

The article [13] has a developed mathematical model for the operational management
of the characteristics of the metal structure in the minds of serial steelmaking. The main
idea of the study is that at the time of forecasting we should take into account the concept
of'a direct chemical bond to the metal, which binds its composition, structure and power
to the metal. The concept is presented, supplemented with elements of optimization
of the chemical steel warehouse according to the criterion of stabilization of mechanical
forces, methods of planning experiments, which resulted in the removal of intervals for
the variation of the main criteria for optimization. The Optim 570 steel and mechanical
characteristics were optimized.

The article [14] elaborates a method for assessing the influx of volatile elements on
the kinetics of phase transformations, which opens the way to the purposeful design
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of materials with improved performance characteristics. Predicting microstructural
changes makes it possible to minimize defects and deformations that occur during ther-
mal processing, thereby reducing the number of defects in the plant. The research results
provide a scientifically grounded basis for the development of standards and regulatory
documentation for thermal processing of steels for transport machinery.

Optimization of the chemical storage of steel 09G2S (newly optimized steel Optim
570) leads to a significant reduction in the kinetics of metadynamic recrystallization,
which ensures the formation of a granular, uniform structure. This does not reduce
mechanical power, but also reduces energy and technological costs, which increases
the economic efficiency of production.

An analysis of scientific publications [2—14] confirms that the nutritional efficiency
of transport machinery is actively developing through improved design, manufacturing
technologies and updating of car elements. Much attention is paid to the development
and hardening of new materials: bainite steels [7], double-ball [8] and optimized chem-
ical storages (for example, Optim 570 [13]), which demonstrate improved mechanical
properties power, durability and technology.

However, regardless of the obvious results of infusion of lamination [11], thermal
transfer [3], microstructural changes [5, 6] and internal connections [10, 12], complex
equal investigation high-grade steels of various classes of value in the minds of cyclic
wear, typical for the operation of vans, on a daily basis. Most of the work highlights
either the outside aspects of the behavior of materials or the hidden principles of design
without addressing the specifics of the changing objectives.

This necessitates the need to carry out independent scientific and applied research,
aimed at an up-to-date analysis of the characteristics of high-grade steels (in particular,
Optim 570 modified from the traditional 09G2S) in the minds of the cyclic In order to
allow lining, we recommend optimal materials for the creation of reliable and durable
body structures for vantage cars with extended vantage capacity.

Investigation methods. To determine the stress-deformation of the non-strain mod-
ule, the method of sheared elements (MCE) is used as the core of current software com-
plexes. Mathematical modeling of dynamic processes was based on the methods of clas-
sical mechanics and the theory of springs. A regular analysis of the power of steels was
carried out using various methods of mathematical statistics and theories for making
decisions. Verification of the obtained results was carried out by compiling detailed data
from the results of field testing of similar structures.

The object and subject of investigation. Object of investigation — processes
of development and functioning of non-new modules of transport devices.

Subject of investigation — patterns of influx of mechanical characteristics of high-
grade steels at non-structural parameters.

Aims and objectives of the study. Scientific development and development
of methods for selecting rational grades of high-composition steels for structural ele-
ments of transport devices.

Investigation tasks

1. Analyze the current production of high-grade steels in light transport machinery
and identify potential reserves for their production.

2. Significantly the main types and intensity of pressure that act on the new transport
module in real terms of operation.
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3. Conduct a thorough analysis of the non-material design of the structure with
the frozen traditional and promising materials.

4. Assess the influence of technological processes of production, welding,
and the medical characteristics of the manufactured steels in the module warehouse.

5. Establish criteria for selecting the optimal steel grade in order to ensure maxi-
mum efficiency and minimum mass.

Contribution to the main material. Reduced wagon weight for priority wagon
building plants. On the tracks of Northern America, the tare coefficient for vantage cars
becomes 0.17...0.24 with axle pulls of 32-35 tf. In the space of 1520 mm, this coeffi-
cient is still 0.29...0.34, which is perhaps twice as high. In the table 1 shows the charac-
teristics of models with a minimum tare coefficient.

Table 1
Characteristics of vanity railcars
Model of the carriage, region, Load Tare Body Axial load, Tare
producer capacity, t | weight, t | volume, m* t/vs coefficient
12-4106, Ukraine (TOV TAS
DNIPROVAGONMASH) 70 23.9 78 23.5 0.34
12-7023, Ukraine (KVZ) 70.3 23.7 90 23.5 0.33
12-8520, Ukraine (DMZ Carpathia) 71 23 81.4 23.5 0.32
12-9933, Ukraine (Diesel plant) 70 24 78 23.5 0.34
12-9745, Ukraine 70 24 76 23.5 0.34
Greenbrier, USA 98.7 31.1 86.2 32.5 0.31
3TMILL GONDOLA, USA, 105 247 70.8 32 0.24
American Railcar Industries
GONDOLA-MILL, Canada,
National Steel Car 116 243 76 3 0.21
Hybrid Gon, USA, Freight Car 108.1 21.79 115 325 0.20
America
Beth GonAeroflo, USA, Freight Car 110 18.9 110 32 017
America

The analysis showed that the cars of Eastern America, in most cases, have a lower
tare ratio equal to the cars produced in Ukraine. Salvage transport should be carried
out to metal galleries and the highest survivability of metal products. Robots [13, 14]
have demonstrated the cost-effectiveness of using new materials — high-grade steels,
corrosion-resistant steels, aluminum alloys, the use of which will ensure a reduction in
the weight of the packaging materials. wagons.

Behind the cordon, the depletion of high-grade materials from the production of vantage
cars began approximately 20 years ago. At the railcar edges, SND steels with increased
pressure (up to 390 MPa) in the elements of the main cars began to be used during the pro-
duction of the new generation of cars. The main reinforced components [9] are the center
beam of the car frame, the sheets of the pivot and intermediate beams of the carriage
frames, the vertical pillars of the car body, the shell sheets and bottoms of the tank car boil-
ers, the lining of the car body. Although such a decision would allow a change in the tare
weight, the reduction in the tare coefficient for new cars is insignificant.

Placing the possibility of stagnation of high-grade steel during the preparation
of load-bearing elements of vantage cars with extended vantage capacity
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It is important to supply technical components to structural materials for load-bear-
ing elements of vantage cars [standards].

The assessment of the suitability of rolled metal from high-grade steels for welded
structures of vantage cars must be carried out in accordance with the complex of indi-
cators of the operational authorities of the metal in welded structures. Before such dis-
plays:

— inter-linearity, time-of-hour support, daily subordination;

— sensitivity to stress concentration, which indicates the strength of the structure;

— cold resistance, which means support for harsh collapse when

low temperatures;

— corrosion resistance in atmospheric conditions and in contact with materials being
transported;

— flexibility of widening of external cracks (survivability);

— weldability (including with other steels that are stagnant at the car manufacturing
plant) and production in the minds of continuous production at car factories and depots.

Based on the assessment of the possibility of stagnation of high-grade steel during
the preparation of load-bearing elements of vantage cars, an investigation was carried
out to determine the flow rate of steel on the surface. designs according to the criteria
of value and rigidity for a hinged beam with a riser between supports 21, m, with pro-
truding cantilever sections of length n, m (Fig. 2, a), evenly anchored division by age q,
kN/m, as well as the criterion of stability of the compressed structure of the beam (rod),
stressed by a compressive force N, kN (Fig. 2, b) [16,17].

§Y, q Y, ! b
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I — 1
ﬁl > v

Fig. 1. Spine beam with completed structure
a — a hinged beam for monitoring the flow of steel between the longitudinal layers
onto the structure according to the criteria of value and rigidity; b — shear with hinged
ends; c - transverse section of the completed structure

The tension value q, kN/m, is chosen in such a way as to ensure maximum stress
in the beam, which is representative of the stresses that arise at the spinal beam during
the expansion of the car body. The fluidity of the beam material varied in the range from
200 to 600 MPa. Today, low-alloy steel grade 09G2S is most widely used for load-bear-
ing structures of cars according to DSTU [20, 21]. The most frequently used products
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are those of class 325 (pivot beam, around car elements with a thickness of 10 mm or
more) and 345 (around car elements with a thickness of less than 10 mm). At the same
time, in other areas of important mechanical engineering, higher mechanical authorities
have become widely involved. So, for example, for the preparation and repair of min-
ing equipment, quarry equipment and suspended equipment, power structures of lifting
mechanisms and motor vehicles, high-grade steel is used to stool the edges fluidity
of 400 MPa or more [20]. This is due to the occurrence of stagnation in railcar steels
with a fluidity limit of 600 MPa or more [15; 16].

On the basis of inspection of the steels that are assembled at the machine, we see
grades that indicate the strength of the load-bearing elements of the cars (Table 2), based
on the optimization of the chemical warehouse (reduction of carbon, sulfur, phospho-
rus), steel was extracted with a fluidity limit of 570 MPa — in the table it is designated
as Optim 570 which are indicative of the benefits of [13; 8].

Table 2
Grades of high-grade steels for machine-made steels
Yield . Chemical warehouse .
Cﬁzlglgg / Steel grade | limit (o, D(aé;;yol/tfe (main alloying ofls(::(tell;lggth
MPa) ’ elements, %)
Ukraine 09G2S 345 21 C<0.12 Mn <1.40
USA (ASTM) A572 Gr.50 345 18 C<0.26 Mn > 0.80
Europe (EN) S355NL 355 20-22 C<0.18 Mn <0.90-1.65
Japan (JIS) SM490A 355 19 C<0.22 Mn <1.60
Ukraine Optim 570 [13, 14] 570 21 C<0.091 Mn<1.71
Germany (DIN) X20Cr13 640 10-12 C<0.16-0.25 Cr=12.0-14.0
(1.4021)
USA (ASTM) AS514 690 18 C=0.12-0.21 Mn < 0.95-1.30
Europe (EN) S690QL 690 14-16 C<0.20 Mn<1.70
Ukraine 30KhGSA 735 10 C=0.28-0.34 Mn = 0.80-1.10
Ukraine 40XH2MA 780-980 11-13 C=0.37-0.44 Mn = 0.50-0.80
Ukraine 35KhGSA 835 10 C=0.32-0.39 Mn = 0.80-1.10
Finland Optim 960QC 960 7 C<0.11 Si<0.25
Finland AR 400 (SSAB) | ~965 10-12 C<0.18 Mn <1.70
Finland AR 500 (SSAB) | ~1100 ~8 C~0.30 Si1<0.70

To assess the possibility of reducing metal capacity, the dimensions of an I-beam
of minimal weight (Fig. 1) with steels 09G2S, 30KhGSA and Optim 960QC and steel
Optim 570 were determined, value, vibrancy and resistance to formal norms.

r
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Fig. 2. I-beamridge beam [17]

95




PO3BUTOK TPAHCIIOPTY
Ne 2(29), 2026

Expansion of static valuel-beams are calculated using the formula:

-3

P — attachment to the beam,

[c] — acceptable stress,

J. —moment of inertia across the cut,
L, —stand between the supports,

h —beam height.
A beam was assembled, made from steel 09G2S with a moment of inertia of 3016

cm®. With a static tension of 447 Pst kN, the stresses in this balance reach the fluidity
limit. At the first stage of development, the values of the parameters of beams made
from high-tensile steels were determined so that the maximum stresses in them matched

the fluidity limits [18, 21].

Table 3
Characteristics of the beam from the point of view
of non-excess of fluidity boundaries
Parameter 09G2S Optim 570 [13, 14] 30KhGSA Optim 960QC
o1, MPa 345 570 835 960
Wall thickness, mm 10 6 4 32
Beam weight, kg 40 24 16 13

With static tension, the weight of the beam made of Optim 960QC steel changes

three times.
Formulas for determining the boundaries of vivacity (intrinsic value) of a smooth eye

6_,~0.50 -0,
G, z(0.55—0.001~65)-08 2)

* o, —the limit of vitriol during the symmetrical cycle of avantagement,
e o, —the boundary of the value of the material.
The value of a smooth beam (Table 4).

Table 4
Characteristics of the structural beam (without a welded seam)
Parameter 09G2S Optim 570 [13, 14] Optim 960QC 30KhGSA
oa, N (0.508), MPa 151 260 503 333
Beam weight, kg 40 20 6 6

High-quality steel allows you to reduce the weight by 6—7 times.
Formula for determining the boundary of the vibration of a beam with the regulation

of the stress concentrator [18]

_5%.
aN = K

c

G

€)

o,x — the boundary of the vibration of the part (beam) at the basis of cycles, N
o, —the border of the vibrancy of the smooth eye,
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K, — a significant coefficient for reducing the limit of vibration (the statistic is used for
beams without a welded seam and with a welded seam).
K,=15K_ =24
Formula fordividing the boundary ofthe welded joint by the method of the International

Institute of Welding (ITW) [17]
6 3
o= @
’ 2 10

o, — limit of vibration of the welded joint at the basis of cycles, 10’
FAT — class of internal value of the welded joint (at the MPa statistic),
FAT =80

2-10° — testing base for FAT,

10" — rozrakhunka cycle base.

The intrinsic value of a beam with a welded seam (Table 5).

Table 5
Beam with welded joint
Parameter 09G2S Optim 570 [13, 14] Optim 960QC 30KhGSA
ca, N [8], MPa 94 110 175 189
Beam weight, kg 40 28 20 18
ca, N [6] and [16], MPa 23.5 23.5 23.5 23.5
Beam weight, kg ~200 ~200 ~200 ~200

Apparently, before the re-melting, steel was processed with a linearity limit of 570 MPa.
Comprehensive research was carried out to confirm the feasibility of stagnation for the pro-
duction of non-fresh elements for cars with advanced vantage capacity on the same level.

The results of the investigation revealed that rolled products made of high-grade
steel with a lamination limit of 570 MPa are based on the chemical storage of the base
metal, the mechanical characteristics of the base metal and the vitrification limit

Apparently, according to the standards [6, 16], recommendations of the International
Institute of Welding), it is permissible for the stress for a welded joint to be greater than
23.5 MPa, regardless of the value of the base metal. This leads to a paradoxical increase
in the weight of the structure by 5 times.

Based on the optimized steel warehouse, a model was divided into a car (Fig. 3).
Elements made from new steel (liquidity limit 570 MPa — it is possible to move up to
570 MPa), green color shows optimal steel and orange color shows 09G2S steel:

— cladding of side and end walls;

— top trim;

— horizontal chords and vertical posts of the end walls;

— end beam;

— vertical and bottom sheets of the intermediate beams of the frame.

For the structural assessment of the strength, rigidity and durability of the load-bear-
ing structure of the sub-vehicle with advanced load-bearing capacity, a cross-sec-
tional element model of the sub-car was established, so composed of high-grade steel
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Fig. 3. Elements made of high-grade steel with a fluidity limit of 570 MPa
in the structure of a rubber car

elements with a yield limit of 570 MPa (Fig. 4). To confirm the functional characteris-

ti

cs of the fragmented filling car, a set of regulatory developments was carried out based

on the terminal element method [15].

To assess the rigidity of the structure, we measured the deformation of the main

load-bearing elements when the car was pulled up to full load capacity. The maximum
displacements in the main non-bearing elements were summed up:

— maximum deflection of the spinal beam — 4 mm,;

— maximum displacement of the points of the upper frame of the beam walls — 9 mm;
— maximum displacement of the points of the beam walls — 9 mm;

— the maximum displacement of the points of the upper frame of the end walls is I mm.
Results of end-element analysis (MCE). To confirm the end-element characteris-

tics, a set of regulatory developments was carried out based on the established method
of end-element elements. Rigidity of the structure (flex):

— maximum deflection of the spinal beam — 4 mm,;
— The maximum movement of the upper frame of the beam walls is 9 mm.

Table 6
Impact power of 3.5 MN (I mode):
Structural element Stress 6.k, MPa Stock ratio
Bottom frame of the end wall 369.87 1.02
Upper frame of the end wall 354.83 1.07
Vertical stands 330.92 1.14
Joining the top sheet of the end beam 290.39 1.01

98

Let's say the stress is MPa. The coefficients will be 1.01-1.14 [c]=378,00
Frame stability: safety factor (allowable for [20] », = 6,3[nyJ =11
Uniqueness to resonance: the first frequency of the body's internal vibrations is

ISSN 2616-7360



PO3BUTOK TPAHCIIOPTY
Ne 2(29), 2026

PELAPEF - U- /108 2

B R T Ipre—

M od i

Fig. 4. A shear-element model of a car with elements made of high-component steel
with a yield limit of 570 MPa has been developed

36.46 Hz, the frequency of the vibrations on the rears is 4.42 Hz — change 8.25 > 1.5.

Development of strength, hardness and resilience

Main results:

Impact power 3.5 MN (I mode):

equivalent stress ceq = 369.87 MPa (lower frame of the end wall) with a tolerance
[c] =378 MPa — safety factor 1.02...1.14.

Harshness when increased to full intensity:

the maximum deflection of the spinal beam is 4 mm (permissible for mental reso-
nance — much more).

Frame resistance at late-life force 2.5 MN:

durability factor ny = 6.3 (acceptable [ny] = 1.1 for [20]

Uniqueness to resonance: the first frequency of the power flexions of the body is
36.46 Hz, the frequency of the oscillation of the rears is 4.42 Hz — change 8.25 > 1.5.
All developments have confirmed the validity of the existing standards [20-24].

Economical effect of the high-speed carriages will ensure additional load capacity
of'up to 200 t per train compared to standard analogues (axle load 23.5 t); This promotes
transport capacity on plots with limited throughput capacity.

Scientific novelty. The investigation is based on a thorough theoretical approach to
the development of new modules of transport devices in order to identify the specifics
of the work of high-component steels at peak pressures. First, a number of conditions
were established between the indicator of the fluidity of the material and the possibility
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of changing the thickness of the walls of non-porous elements without losing the strength
of the structure. The methodology of rich criteria for optimization of the selection
of materials for transport structures that operate in the cyclic mode of transportation has
undergone further development. A new model has been proposed for assessing the dura-
bility of welded joints made from high-grade steels of different alloying grades. Rational
ranges of steel values have been identified for which the maximum effect of reducing
transport costs is achieved. The need for correction of the coefficients of the reserve
of tissue in the presence of thin-walled high-committee profiles in transport workers
has been brought up. A scientific approach has been formed to integrate digital models
of materials into a global system for automated design of dry warehouses. The research
results provide further knowledge about the mechanics of the structure of modern com-
posite metal structures for transport purposes.

Practical value. The work is focused on the development of specific engineering
techniques that will allow the transport volume to be changed by 15-20% while saving
design costs. To improve the results, it will be possible for the textile industry to create
a dry warehouse, which indicates the shortest light patterns behind the indicator of van-
ity. Recommendations for the selection of steels will ensure the shortening of terms in
the design of new models of transport vehicles. Removing this data allows you to reduce
the cost of fire per unit of transport robot and also reduce the number of non-new mod-
ules. Advanced technological capabilities prior to welding high-grade steels increase
the toughness and durability of the finished product. The results of the investigation may
be used during the modernization of the existing fleet of equipment to extend the term
of'its service. The economical effect is achieved by increasing the cost of transportation
by one transport vehicle and reducing costs for repairs. The materials can be integrated
into initial courses for the training of design engineers in the transport profile.

Discussion of results. Both scientific and applied results confirm the hypothesis
about the critical influx of the mechanical characteristics of steel on the core rigidity
of the non-structural module. During the discussion, it was established that the transition
to high-grade steel would require not only a change in rolling stock, but also a recon-
sideration of the configuration of the main power units of the structure. The results
of the rozrokhunki testify to the ambiguous reaction of various steel grades to thermal
injection during welding, which requires careful control of the production modes. A ten-
dency has been revealed to increase the strength of thin-walled elements to the loss
of joint resistance at high stresses. It is controversial to provide optimal compatibility
between the material's strength and its toughness at extremely low temperatures. Prac-
tical testing of the results on models showed a significant improvement in the dynamic
characteristics of the lightweight transport module. Analysis of the obtained data indi-
cates the strength of the vigor of steels beyond the fluidity limit of over 500-700 MPa
for the greatest stress zones. In general, the results of the discussion convey the pros-
pects for a radical increase in the efficiency of transport.

Conclusions. The hardening of high-grade steels is a strategic priority for the devel-
opment of daily transport machinery. It has been proven that a rational choice of mate-
rials allows one to adequately protect the quality of the modules while minimizing their
damage. Mathematical modeling confirmed the possibility of reducing metallicity without
damaging the minds of value and hardness. It has been established that high-tensile steels
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absorb overvoltage stress in the structure more evenly. The developed methodology for
selecting steels is based on a comprehensive consideration of mechanical, technological
and economic parameters. Improving the results of the investigation allows us to increase
the demand for transport services in the average by 12%. It has been discovered that
the key factor in reliability is the strength of welded joints, which depends on the correct
selection of welding materials. The use of high-grade steel will ensure the long service
life of the transport module in folding road storage units. The economical benefit of using
expensive steel is offset by a significant return on energy efficiency. The conducted
research will fill the existing vacuum in the design methods of a lightweight dry ware-
house. Scientifically based recommendations can become the basis for updating Galou-
zian design standards. The results of the work create the foundation for the transition to
the development of transport services of a new generation. Further research will focus
entirely on the development of materials during high-temperature cycles of avantagement.

The main criterion that determines the weight of the current welded cars is
the value of the welded joint. Official standards (GOST 33211-2014, recommendations
of the International Institute of Welding) stipulate low limits of vibration (23.5 MPa) for
high-grade steels, which minimizes their advantages.

Based on the optimization of the chemical stock of steel 09G2S (Optim 570), a mate-
rial with a fluidity limit of 570 MPa (Optim 570) was extracted, which ensures a uniform
yield of 21% and can also be used for production load-bearing elements of carriages.

A model has been developed into a car with non-supporting elements made from
high-grade Optim 570 steel. This has made it possible to reduce the tare weight
by 2 tons and increase the lifting capacity to 73 tons.

Terminal element analysis confirmed:

— value during shock attacks (reserve coefficient 1.01-1.14);

—rigidity (deflection of the spinal beam 4 mm);

— durability (reserve factor 6.3);

— sensitivity to resonance (frequencies 36.46 Hz versus 4.42 Hz).

To further reduce the tariff you need to:

— carry out testing of welded joints from new steel for waste use;

— develop methods for increasing the vibration of welded seams;

— Frequently replace welded joints with bolts.
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Anomauisn

AKmyanvHicmb 00CIONHCEHHA 3YMOGIEHA 3POCHAHHAM CKAIAOHOCMI CYYACHUX
ABMOMOOITLHUX CUCEM, HACAMNEPEO eLeKMPOHHO20 Ul e1eKMPUUHO20 0ONAOHAHMS, WO
YVCKIIAOHIOE CBOEUACHE BUABLEHHA HECNPABHOCMeEl Y npoyeci mexHiuHoi ekcniyamayii.
3a ymo8 inmencusHo20 8UKOPUCIAHHA MPAHCHOPMHUX 3AC00I8 NIOBUULIOMbCA BUMO-
2u 00 MOYHOCMmI, WEUOKOCMI ma IHHOPpMAMUSBHOCMI 0iA2HOCMUYHUX NPoYeoyp, Ujo
nompebye nepexody 00 KOMNIEKCHO20 AHALI3Y NApamMempie pisHoi ¢izuuroi npupoou.
Memoro 0ocniodicens € po3podieHHs. ma HAYKO8e OOIPYHIYBAHHS KOMIJIEKCHUX Memo-
0i8 OiaeHOCMUKU MEXHIYHO20 CMAHY A8MOMOOINIE 6 YMOBAX eKCHIyamayii Ha OCHOBI
IHMe2poBaH020 AHANI3y eleKMPUYHUX | MexaHniuHux napamempis. Memoou. Y npoyeci
00CHIONHCEHHSA BUKOPUCAHO MEMOOU CUCIEMHO20 AHAI3Y, V3a2dlbHeHHS, NOPIBHAHHSL
ma cmpyKmypHO-QOyYHKYIOHAIbHO20 MOOEN08AHHA, W0 0A10 3M02y 00CAioumu nioxo-
Ou 00 OdiacHOCMUKY, TH(OpMAmMUeHi napamempu ma NPUHYUNU iHmespayii pisHopio-
Hux oanux. Pesynomamu. J[ocniooceno cyyacui nioxoou 00 0iazHOCmMuKu agmomooinie
ma 6CMAano81eHO OOYINbHICIb IX KOMNJIEKCHO20 3acmocysants. Oxapakmepuzo8amo
iHhopmamueni diaecnocmuuni napamempu e1eKmpuyHo20 001A0HAHHSI Ma MEeXHIYHO20
cmauy oemanell MawuH i 6UABNEHO iX 83aemM036 ’A30K. OOIPYHMOBAHO NPUHYUNU NOOY-
008U KOMNIEKCHUX Memooi8 Ola2HOCMUKU HA OCHOSI iHmezpayii pisHOPIOHUX OAHUX,
30Kpema CUHXpowizayii, Hopmanisayii ma KopeiaAyiliHo2o ananizy. Busaeneno ocHosHi
HAYKOBI Ma NPAKMUYHI npoOLemMu, wo N08 S3aHi 3 HeYy3200MHCEHICMIO OAHUX, CKIAOHIC-
mio ix inmepnpemauyii, BNIUBOM 3MIHHUX PENCUMIB eKCIyamayii ma oomedceHoio aoan-
mueHicmio mooenell. /losedeno, wo sUKOPUCTAHHI IHMe2PO8an020 Nioxody 0de 3Mo2y
RIOBUWUMY MOYHICIb | OOCHOBIPHICMb OYIHIOBAHHA MeXHIuHo20 cmaHy. Bucnoexu.
O6rpynmosano, wo 6npoeadNHCeH s KOMIIAEKCHUX OIAeHOCUYHUX MemOo0i8, OpieHMO-
BAHUX HA IHME2SPOBAHUL AHAI3 eLeKMPUYHUX | MEXAHIYHUX napamempis, 3ade3neuye
nioBUUeHHsT e(heKMUBHOCTI MEXHIYHO20 00CTY208Y8aAHHL MA CMEOPIOE NePedyMosU
07151 nepexody 00 NPOSHO3HO20 00CIY208Y8AHHA MPAHCNOPMHUX 3aco0is. [lepcnexmu-
8U NOOATLULUX QOCAIONCEHb NOB SA3AHI 3 PO3POOIEHHAM IHMENEKMYATbHUX A0ANMUGHUX

© Xonogunii 10.®., I'oosina O.B., 2026 ]
CrarTs MOMMPIOETHCS HAa YMOBAX JireH3ii Bigkpuroro goctymy (CC BY 4.0)

106 ISSN 2616-7360



PO3BUTOK TPAHCIIOPTY
Ne 2(29), 2026

Mooenell inmezpayii pi3HOPIOHUX OAHUX, NIOBUWEHHAM CMIUKOCMI O0iAeHOCMUYHUX
Memodig 00 3auLYMIEHHs. CUSHANIE MA IX BNPOBAONICEHHSIM ) CUCTIEMU MOHIMOPUH2Y
MEXHIYHO20 CIMAHY 8 PENCUMI PeabHO20 HAaC).

Knrouosi cnosa: inmeeposana diacnocmuxa, CEHCOPHI OaHi, MeXHIYHUL CIAH, npeo-
UKMUGHe 06CIY208Y8aAHHS, KOPEIAYIUHUL AHANI3.
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Yu. F. Kholodnyi', O. V. Holovina?
! Candidate of Technical Sciences, Associate Professor, Associate Professor at the Department
of Motor Transport and Transport Technologies,
Branch of the Classical Private University in Kremenchuk, Kremenchuk, Ukraine
ORCID ID: 0000-0009-6695-8258
?Candidate of Technical Sciences, Associate Professor, Associate Professor at the Department
of Motor Transport and Transport Technologies,
Branch of the Classical Private University in Kremenchuk, Kremenchuk, Ukraine
ORCID ID: 0000-0002-9858-888X

Summary

The relevance of the study is determined by the increasing complexity of modern vehicle
systems, particularly electronic and electrical equipment, which complicates the timely
detection of faults during technical operation. Under conditions of intensive use of vehicles, the
requirements for accuracy, speed, and informativeness of diagnostic procedures are increasing,
which necessitates a transition to the integrated analysis of parameters of different physical
nature. The aim of the study is to develop and scientifically substantiate comprehensive methods
for diagnosing the technical condition of vehicles under operating conditions based on the
integrated analysis of electrical and mechanical parameters. Methods. The study employs
system analysis, generalization, comparison, and structural-functional modeling, which made
it possible to investigate diagnostic approaches, informative parameters, and principles of
heterogeneous data integration. Results. Modern approaches to vehicle diagnostics have been
investigated and the feasibility of their integrated application has been established. Informative
diagnostic parameters of electrical equipment and the technical condition of machine
components have been characterized, and their interrelationships have been identified. The
principles of constructing comprehensive diagnostic methods based on the integration of
heterogeneous data, including synchronization, normalization, and correlation analysis, have
been substantiated. The main scientific and practical problems have been identified, including
data inconsistency, complexity of interpretation, the influence of variable operating modes,
and limited adaptability of models. It has been proven that the use of an integrated approach
improves the accuracy and reliability of technical condition assessment. Conclusions. It has
been substantiated that the implementation of comprehensive diagnostic methods based on
the integrated analysis of electrical and mechanical parameters increases the efficiency of
maintenance and creates the basis for the transition to predictive maintenance of vehicles.
Prospects for further research are associated with the development of intelligent adaptive
models for integrating heterogeneous data, improving the robustness of diagnostic methods to
noisy signals, and their implementation in real-time technical condition monitoring systems.

Key words: integrated diagnostics, sensor data, condition monitoring, predictive
maintenance, correlation analysis.
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Beryn. AKTyanbHICTE TEMH TOCHTIDKEHHS 3yMOBJICHA 3POCTAHHSIM CKIIAIHOCTI
CydJacHUX aBTOMOOITEHUX CHCTEM, HacaMIIepe.l eIeKTPOHHOTO i eJICKTPUIHOTO 00JTa-
HaHHA, 0 BU3HAYae (QYHKIIIOHAIBHY HATIHHICTH TPAHCIIOPTHUX 3ac00iB y Tporeci
TEeXHIYHOI eKcIuTyarartii. [aTerpaitis 60pTOBUX €EKTPOHHUX CHCTEM yIPAaBIIiHHSA, CCH-
COPHHX MEPEXK 1 HIarHOCTUIHUX IHTepQelciB MoTpedye 3acTOCYBaHHSI OITBIT TOUHUX
Ta iH()OPMATHBHUX METOIIB OIIHIOBAHHS TEXHIUHOTO CTaHy SK OKPEMUX CJIEMEHTIB,
TaK 1 CHCTEM 3arajoM. B yMoBax IHTEHCHBHOI €KCIUIyaTallii TPaHCIIOPTHHUX 3ac00iB
ocobmBoi Barn HaOyBae CBO€YacHE BHUSBJICHHS MPUXOBAHUX NE(PEKTIB EICKTPHIHOTO
o0naHaHHS Ta JeTpafallifHuX MPOIIECiB y AeTaIsIX MaITHH, 0 0e31T0CcepeaHbO BILIH-
Bae Ha Oe3MeKy pyXy, EKOHOMIYHICTh Ta CKOJOTIYHI MOKa3HWKH. BomHowac icHyrodi
MIXOMW A0 JIarHOCTUKH YacTO XapaKTepU3YIOThCS (DparMEeHTApHICTIO, OPiEHTAIIEI0
Ha OKpeMi By3JIM 200 BUKOPUCTAHHSAM 3aCTapiIMX METOJIB KOHTPOIIO, 0 HE TTOBHOIO
MipOIO BPaxoBYIOTh KOMIUIEKCHUN XapakTep (GYHKITIOHYBaHHS Cy9acHUX aBTOMOOLIIB.

IlocTranoBka nmpo6Jemu. [Ipobiema monsrae y HeoOXiZHOCTI pO3pOOIICHHS Ta Hay-
KOBOTO OOTPYHTYBAaHHS IHTETPOBAHWX METOIIB MiarHOCTUKHA TEXHIYHOTO CTaHY aBTO-
MOO1JTIB B yMOBax peaabHOI eKCITIyaTallii 3 ypaxyBaHHIM B3a€MO3B 13Ky ICKTPHYHUX,
MEXaHIYHHUX 1 TETUIOBUX MporeciB. CydacHi TpaHCIOPTHI 3acO0M XapaKTEPH3YIOThCS
BHCOKHM PiBHEM €JIEKTPOHi3allii, 0 YCKIaIHIOE BHUSBICHHS BilIMOB Uepe3 iX JIATEHT-
HUW XapakTep i B3aEMHHUN BIUITMB KOMITOHCHTIB CHCTEM. [CHYIOI IMiIXomu A0 JiarHoc-
TUKHU 3aJIMIIAI0THCS MEPEBAKHO JIOKATBHUMH, OPIEHTOBAHMMH HA OKpEMi BY3IH, IO
00MEXye MOKITHBOCTI KOMITJICKCHOTO OIIIHIOBAHHS TEXHIYHOTO CTaHY Ta CBOEYACHOTO
BUSIBIICHHSI JICTPaJIalliiHUX 3MiH y JETaISIX MaIIWH.

HasBHa HEBIAMOBIMHICTE MIXK 3POCTAOUOI0 CKIAAHICTIO EICKTPUIHOTO 00IaI-
HaHHS aBTOMOOUTIB 1 PiBHEM PO3BHUTKY MIarHOCTUIHUX METOIIB YCKJIAIHIOE (HOpMY-
BaHHS JOCTOBIPHUX KPUTEPiiB OIIHIOBAHHS Tparie3aaTHocTi. Lle 3HmKye e(eKTUBHICTh
TEXHIYHOTO OOCIIyTOBYBaHHS, MPU3BOANUTH A0 IIABUINCHHS SKCIUTyaTaIliiHUX BHUTpAT
1 PU3HKIB BIJIMOB y TIporieci pyXy. Y 3B’S3KY i3 IIUM aKTyali3yeTbes MOTpeda B ymo-
CKOHAJICHHI METOMIB 300py i 00poOKHM miarHOCTHUYHOI iH(OopMarii, iHTerparii 1anux
pi3HOI (i3UIHOT MPUPOIH Ta BIPOBALKCHHI IHTEICKTYaTbHUX ITiIXOIB 0 aHATI3Y TeX-
HIYHOTO CTaHy, III0 Ma€ BaKJINBE 3HAYCHHS JTS TTiABUIIICHHS HAIIHHOCTI TPAHCITOPTHUX
3aco0iB 1 3a0e3meueHHs Oe3IeKH 1X eKCITTyaTaIltii.

AHaJTI3 OCTaHHIX AoCHiTKeHD 1 myOsikamiid. Oy cygyacHUX JOCIIKEHB Y cdepi
JIaTHOCTHKH aBTOMOOLTIB B yMOBaX TEXHIUHOI eKCILTyaTallii 3acBiMuye CHUCTCMHUI
XapakTep HAyKOBHX IMIIXOMIB, IO TMOEMHYIOTH aHANI3 CICKTPUYHOTO OOJagHAHHSI
Ta TEXHIYHOTO CTaHy MeXaHIYHHX KoMmoHeHTiB. O. B. ['0oBiHa Ta CITiBaBTOPH JOBO-
IIATh, MO SKICTh MIarHOCTHUKH CJICKTPOHHUX CHUCTEM OC3ITOCepEeIHbO BHU3HAYAE €(eK-
THBHICTBH MTOJAJIBINOI TEXHITHOI EKCILTyaTaIlii aBTOMOO1Is, (POPMYIOUH ITepeTyMOBH IS
3HIKCHHSI BIIMOB Ta MigBuiieHHs HamiiHocTi [1]. B. B. KpiBma Ta cmiBaBTOpH po3-
IITUPIOIOTH TIi TTOJIOKEHHSI, aKIIEHTYIOUH yBary Ha He0OXi1THOCTI OOTPYHTOBAHOCTI iHXKe-
HEPHHUX PIIIEHb y TPOIEeCi TEXHITHOTO OOCIyTOBYBAHHS, IO 3a0€3MeUye TiABUIIICHHS
e(bekTUBHOCTI eKcIuTyaTarlii TpancmopTHuX 3aco0iB [2]. B. Heunmopyk ta C. Opwu-
MEHKO y3araJbHIOIOTh CYyJacHI METONH AIarHOCTUKH MAITHH, ITiIKPECITIOI0UN JTOITiTh-
HICTh KOMITJIEKCHOTO BUKOPHUCTAHHS PI3HOPIAHUX TTapaMeTPiB CTaHy TEXHITHUX CUCTEM
[3]. T. M. Hagu4 Ta criBaBTOpH OOTPYHTOBYIOTH YIIPOBAKEHHS KiOep(i3UIHOTO ITijI-
XOAy B CHCTEMY TEXHIYHOTO CEpBICY, IO MTa€ 3MOTY IHTETPYBATH MiarHOCTHYHI JaHi
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i omTuMi3yBaTu mporecu oOCIyroByBaHHsS BaHTaXHUX aBTomMoOiniB [4]. C. Bypnaka
Ta CIIBaBTOPH aHANI3YIOTh MOl JIarHOCTUKU TPAHCHOPTHUX 3ac00iB, BU3HAYAIOUH
X 31aTHICTH BiZIOOpa)kaTl TEXHIUYHUI CTaH 00 €KTIB Ha OCHOBI MapaMETPUUHOTO aHa-
mi3y [5], oOrpyHTOBYIOTh BHOIp /JiarHOCTHYHHUX METOJIB i3 ypaxyBaHHSM (akTopiB,
10 BIUIMBAIOTh HA JIOBIOBIYHICTB JIeTajel Ta 3anuiikoBuil pecype [6]. O. Pubinpkuit
ta B. TOJNsH aKkIeHTYIOTh yBary Ha BUKOPUCTAHHI METOIB IITYYHOTO 1HTEJCKTY JUIs
IHTCJIEKTYabHOI J1arHOCTUKH aBTOMOOLTIB, MO 3a0e3Ieuye MiJBUIICHHS TOYHOCTI
BUSIBIICHHS HECTIPABHOCTEH EIEKTPUUHUX CUCTEM [7].

[HIMI BEKTOp HAYKOBHX MiJXOJIIB TIOB’sI3aHHUH 13 BIPOBA/DKEHHSIM METOJIB MOHITO-
PHHTY TEXHIYHOTO CTaHy Ha OCHOBI aHami3y (pi3MYHUX MporieciB y By3ax MammH. . Kypudg
(I. Kuric) Ta criiBaBTOpY TOCTIDKYIOTh IIarHOCTUYHI METOJM B CHEPIeTHYHNX CHCTEMaxX
MIPUBOJIIB, JIOBOJSIYM €)EKTHBHICTh aHaJI3y SHePreTHYHMX MapaMeTpiB K iHHOpMaTuB-
HUX O3HaK TexHiuHoro craHy [8]. A. Hoymxapi (A. Choudhary) Ta criBaBTOpH y3araib-
HIOIOTh Cy4YacHI TEXHOJIOTI JIIarHOCTUKU HECTIPABHOCTEH ENIEKTPOMOOLTIB, MiAKPECIIO-
F04H POJTh KOMITOHEHTHOTO TiIXO/Ty /10 aHaui3y enekTpuunux cucteM [9]. C. K. T'yanesap
(S. K. Gundewar) i I1. B. Keiin (P. V. Kane) po3nisiaioTe METOIM KOHTPOJIIO CTaHY CJICK-
TPOJBHT'YHIB, aKIICHTYIOYH YBary Ha BUKOPUCTaHHI BiOpalifHUX Ta eNEeKTPHYHUX Iapa-
MeTpiB Ut paHHboro BusiBieHHs aedexris [10]. I. A. Xycceiin (G. A. Hussain) Ta cri-
BaBTOPHU JOCII/DKYIOTh METOAM JIIArHOCTUKHM YACTKOBHX PO3PSJIIB Y BHCOKOBOJBETHOMY
o0naJHaHHI, 0 Ma€ NPUKIIAJHE 3HAYCHHS JUIS OI[IHIOBAHHS CTaHY CJIEKTPHYHHUX CHCTEM
tpaHcroptHuX 3aco0iB [11]. P. P. Kymap (R. R. Kumar) Ta cniBaBropu y3arajabHIOIOTH
SIK TPJMIIHHI, TaK 1 THTEJICKTYaIbHI MIJXOMU IO JIarHOCTUKU Ta MOHITOPUHTY CTaHy
IHAYKI[IMHAX JIBUTYHIB, MIJAKPECITIO0YH ¢(DEKTUBHICTh TOEIHAHHS KIACHYHUX METOIB
i3 anroput™Mamiu 1ty4ydoro iHrenekry [12]. M. X. Moxx [Nazami (M. H. Mohd Ghazali)
ta B. Paximan (W. Rahiman) 1oBosTh JOIUIBHICTE 3aCTOCYBaHHS BIOPAIIIHOTO aHAII3Y
SIK YHIBEpPCaIBbHOTO IHCTPYMEHTY JIIarHOCTHUKH TEXHIYHOTO CTaHy MalllvH, 110 3a0e3reuye
MIJBUIICHHS TOYHOCTI ieHTrdiKanii nedextis [13].

[Tompu poO3BUTOK Cy4acHUX MIAXOMIB JO JIarHOCTUKUA aBTOMOOUIIB, 3aJIMIIA€THCS
HEBUPINICHOIO TpodiieMa (OpMyBaHHS IUTICHOI JIarHOCTUYHOT KapTHHHU TEXHIYHOTO
CTaHy Ha OCHOBI Y3TO/DKEHOTO aHaNi3y eJIEKTPUYHMX 1 MEXaHIYHUX mapaMeTpiB. [cHy-
104l METOJM 37e0UTBIIOro Bi0OpaXKatoTh OKpeMi acreKTH (DYHKIIOHYBaHHSI CHCTEM
i He 320e3MeuyI0Th JOCTATHLOI NIMOWHY IHTepIpeTallii IPUYXH BiMOB, III0 3yMOBJICHO
CKJIAJIHICTIO 1HTerpamii pi3sHOPITHUX JaHWX, X JUHAMIYHUM XapaKTEpOM Ta BIUTMBOM
eKCIUTyaTalifHuX GakTopis.

HenocrarHst po3po0iieHicTh IUX acreKTiB 00MEXy€e MOKIIBOCTI TTEPEXOy JI0 JOCTOBIp-
HOTO TIPOTHO3YBAHHS TEXHIYHOTO CTaHy, 0 BU3HAYAE HEOOXIHICTh iX MOJAIBIION0 J0CITi-
JDKEHHSI. Y 1IbOMY KOHTEKCTI yBara 30Cepe/Ky€eThCsl Ha OOTpyHTYBAHHI ITiIXOIiB JI0 IHTerpartii
JIArHOCTUYHUX TapaMeTpiB i (hopMyBaHHI METOIMYHOI OCHOBH ISl Ti/IBUIIICHHS e(DeKTHB-
HOCTI IIarHOCTHUKY, 10 OE3M0CEPETHBO CIPSIMOBAHO Ha JIOCSTHEHHST METH JIOCITIPKSHHST.

Merta i 3aBaanHs cTarTi. MeTOO CTATTI € pO3pOOICHHS Ta J0CHIHKEHHS KOMIIIICK-
CHHUX METOJIIB JIIarHOCTUKU TEXHIYHOTO CTaHY aBTOMOOLIIB B yMOBaX €KCILIyaTallii Ha
OCHOBI IHTETPOBAHOTO aHAJI3y SIICKTPUYHUX | MEXaHIYHUX NapamMeTpiB.

3aBgaHHs CTATTI:

1. [IpoananizyBaru CydacHi MiJXOAH J0 JIarHOCTUKU aBTOMOOUTIB Ta y3arajJbHUTH
1H(pOPMATHBHI ENEKTPUYHI 1 MEXaHIYHI TapaMeTpH.
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2. OOrpyHTyBaTy NMPUHIUIIK 1HTErpamii pi3HOPIAHUX JaHUX Y KOMIUIEKCHHX METO-
Jlax JIarHOCTUKHU Ta BUSBUTH NPOOJIEMH X 3aCTOCYBaHHSI.

3. Po3poOutn pexomeHaaiii Mog0 MmiaBUIICHHS €()EKTUBHOCTI JIarHOCTUKU Ha
OCHOBI IHTETPOBAHOTO aHAIII3y MapaMeTpiB.

Buxuian ocHoBHoro marepiasy. CyyacHi IiIXoau JIo iarHOCTHKK aBTOMOO1ITIB (op-
MYIOTBCSl HA OCHOBI iHTETpallii METO/IB KOHTPOIIIO ENEKTPHYHMX 1 MEXaHIYHUX Mapame-
TPiB, IO JIa€ 3MOTY 3a0e3MEeUUTH OLIBII MOBHE W JIOCTOBIPHE OIIHIOBAHHS TEXHIYHOTO
CTaHy TPAHCIIOPTHUX 3aco0iB. TpaauIliiiHi METO/IM, OPIEHTOBAHI HA 130JIbOBAHUI aHAI3
OKpEMHX BY3JIB, TOCTYIIOBO 3aMIIIlyIOThCsI KOMITIEKCHUMH ITiJIXOJIaMH, SIKi BPAXOBYIOTh
B32€MO3B’SI30K IPOIIECIB Y CUCTEMax aBTOMOOLIS. 3HaYHA yBara MpuALIsE€ThCsl BAKOPHC-
TaHHIO OOPTOBHUX JIarHOCTUYHHX CHCTEM, CEHCOPHUX MEPEX Ta MU(PPOBUX MPOTOKOTIB
OoOMiHY JTaHUMHU, 1110 3a0e3MeuyroTh Oe3NepepBHUI MOHITOPUHT HapaMeTpiB (YHKILIO-
HyBaHHS. Y IIbOMY KOHTEKCTi JIOLILHO PO3MEKyBaTu BOyJIOBaHE JIarHOCTYBaHHS, IO
pealtizy€eThCs 3a IOTIOMOTOK0 OOPTOBUX CHCTEM CaMOJIIarHOCTHKHU (OOPTOBa JIIarHOCTHKA,
on-board diagnostics, OBD; yniikoBani miarHoctuuni cepsicu, Unified Diagnostic
Services, UDS) 13a0e3mnedye KOHTPOJIb TAPaMETPIB Y pEIKUMi peaibHOTO Yacy, Ta 30BHIITHE
JUArHOCTYBaHHS, SIKE 3IIHCHIOETHCS 13 3aCTOCYBAHHSIM CIICI[iali30BaHUX J[IarHOCTHYHUX
NPUCTPOIB 1 CTEHIIB Y IPOILIEC] TEXHIYHOTO 00CITYTOBYBaHHS Ta Iepe10adac mormoIeHr
aHaJi3 TEXHIYHOTO CTaHy BY3JiB. Y [IbOMY KOHTEKCTI IOETHAHHS EIEKTPHIHUX TTOKAa3HH-
KiB (Hampyra, CTpyM, CUTHAJIM JIATYUKIB) 13 MEXaHIYHIMH XapaKTEpPUCTUKaMU (BiOpallis,
3HOC, TEMIEPaTypHI PEKUMHU) CTBOPIOE NIEPEIYMOBH ISl PAHHBOTO BUSIBJICHHSI BiJIXH-
JICHB 1 MPOTHO3YBaHHS TEXHIYHOTO CTaHy JeTajel MaluH (Tadi. 1).

Tabmnms 1
Cy4acHi nigxoau 10 1iarHOCTUKH aBTOMOOIJIiB HA OCHOBI €JIEKTPUYHHUX
i MexaHIYHUX MapamMeTpiB

JiarnocrnyHi napa-

Miaxi CyTHiCTH IIpakTHYHe 3HAYEHHS
VAXUL y MeTpHu p

O1iHIOBaHHS CTaHy

[Tapamerpuunuii ananiz

3a BiAXHWJICHHAM
KOHTPOJIbHUX TIapa-
METpiB

Hampyra, ctpym, THCK,
TeMIeparypa

BusiBneHHsI BiAXHICHD
pexuMiB pobOTH

Bib6pauiitaa giaraoc-
THKa

AHaJi3 KOJIMBAITEHIX
MIPOIIECiB BY3TiB

Yacrora, ammuriTyna
BiOpariii

BusiBnenHst 3HOCY migmmn-
HUKIB, Iepeiay

TepmoniarnocTrka

KoHTposb TermoBux
pEeKHUMIB

Temmneparypa, TerIoBi
110JIsL

Inentudikamis neperpisis
1 IepeBaHTAXKEHb

Enexrponna 6oprosa
JIarHOCTHKA

Buxopucranus
BOY/IOBaHUX CHCTEM
KOHTPOJTIO

Koau HecnipaBHOCTEH,
CHTHAJIM JJaTYHKIB

OrnepaTuBHE BUSIBIICHHS
BiIMOB

AKycTH4YHA AiarHOC-
THKa

AHaJi3 3ByKOBHX
CUTHAJIIB

PiBenb nrymy, crexkrp

PaHHe BUSBJICHHS MeXaHiu-
HUX JedeKTiB

KommnekcHuii miaxiz

IaTerpauis pisaux
METOLIB

CyKyTHICTbD €JeK-
TPUYHUX i MEXaHIYHUX
rapaMeTpiB

ITigBUIIIEHHST TOYHOCTI Jiia-
THOCTUKHU

IDicepeno: cghopmosarno asmopom na ocnogi [1, c. 58; 3, ¢. 25; 5, c. 40, 7, ¢. 450, 9, p. 2328;

10,'p. 650; 13].

Y mpakTurli TeXHIYHOI eKcIuTyaTarii HalOoUThI e()eKTUBHUM € TIOE€THAHHS HaBe/Ie-
HuX migxoxiB. Hanpuknan, ¢dikcalis BiIXWICHb HAIPYTH B CHCTEMI JKUBJICHHS cama 110

110
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co0i He JI03BOJIsIE BCTAHOBUTH MIPUYHHY, OJJHAK y TIOEAHAHHI 3 MiABUIICHUMH BiOpaIri-
SIMM TE€HEepaTopa JIa€ MiJICTaBU JIarHOCTYBAaTH MEXaHIYHUI 3HOC MiJIIIUITHUKIB. AHa-
JIOT1YHO JIOKaJbHUH NleperpiB KOHTAKTHHUX 3’ €JIHAHb, BUSBICHUH TEPMOIarHOCTHKOIO,
4acTo KOPEIIOE 31 3POCTAHHSM EIIEKTPUYHOTO OMOpY Ta MiATBEPKYETHCS IMapame-
TPUYHUMU BUMIPIOBaHHIMH. Y CEPBICHIN MPAKTUI 1€ Peali3y€eThCs SIK MOCIiTOBHHIH
a0o0 mapayieNbHUI aHaii3 AaHuX: OOPTOBA JIIarHOCTHUKA CHTHAIIZYE PO BiIXWIICHHS,
a (i3UYHI METOJM YTOUHIOKTH JpKepeso nedekry [5, c. 40; 7, ¢. 450]. Takuii miaxis
Jla€ 3MOTY YHUKATH MOMHUIIKOBOT 3aMiHH CIIPABHUX KOMITOHEHTIB, CKOPOUYE Yac MOUIYKY
HECTIpaBHOCTEH 1 3a0e3rneuye oOIpyHTOBaHE IJIAHYBAHHS PEMOHTY, IO € KPUTHYHUM
JUTSI IHTEHCHBHOT SKCILTyaTallil TPaHCIIOPTHUX 3aC00IB.

[HpopMaTHBHI TiarHOCTHYHI TApAaMETPH IEKTPHYHOTO 00NIaHAHHS Ta TEXHIYHOTO
CTaHy JieTajci ManH (JOPMYOTh OCHOBY 00 €KTUBHOIO OILIIHIOBAHHS IPaIle3aTHOCTI
aBTOMOOi/IS B yMOBaX eKCILTyaTallii. [X iHopMaTHBHICTh BU3HAYAETHCA UYTIMBICTIO JI0
JierpaialliiHUX MPOIECiB, CTA0IILHICTIO BAMIPIOBAHHS Ta 37[aTHICTIO BiJJ00paXaTu mpu-
YHHHO-HACTIIKOBI 3B’SI3KM MIXK €JICKTPUYHIMH i MEXaHIYHUMHU siBUIaMU. EnekrpudHi
rnapaMeTpy XapaKTepU3yloTh (PYHKI[IOHAJBHUN CTaH CHCTEM KEepyBaHHS 1 JKUBJICHHS,
TO/I SIK MEXaHIuHI MOKa3HUKH BiJOOpakaroTh (Pi3MUHMIA 3HOC 1 3MiIHY T€OMETPUYHUX
a0o AMHAMIYHUX BIacTHUBOCTEH neraneil. HaiOinbinm ehekTHBHMM € BHKOPHCTaHHS
napameTpiB, 10 3MIHIOIOTBCSI HA PAHHIX CTAJisX Ie(PEKTOYTBOPEHHS Ta MAIOTh CTIHKHHA
3B’SI30K 13 KOHKPETHUMH BUJIaMU HECIIPAaBHOCTEH (Tadm. 2).

Tabmuus 2
IndopmaTuBHi AiarHOCTHMYHI MapaMeTPH eJIeKTPHUYHOI0 00 1aHAHHS
Ta TEXHIYHOI0 CTaHY AeTajleil MalIMH

I'pyna .
. IMapamerp XapaKkrepucTuKa JliarHocTHYHe 3HAYeHHS
napamerpiB
Hanpyra PiBeHb eNleKTpHUYHOrO MOoTeH- | BinoOpaxkae cTabiabHICTD JKHB-
Py iay B KoJlax JICHHSI Ta HAasBHICTH BTPAT
[HTEHCHBHICTb EIEKTPUYHOTO Bkasye Ha HABaHTAKECHHS
Cuna cTpymy .
. HOTOKY Ta MOXKJIMBI IIEPEBAHTAKEHHS
Enexrpuuni -
Oni Benmunna enexTprHaHOro Jlae 3MOry BUSIBUTH KOHTaKTHI
P OTIOpY eJIEMEHTIB ne(eKTH Ta Aerpagamio 305l
. o . . XapakTepu3yrTh PeKUM poOOTH
CurHaiam 1aT4ukiB Buxinni 1ani ceHcopi PAKTEPH3Y P p
CHCTEM
Bi6pauis KonuBaneHi npouecu B Aera- | CBiguuTh npo 3HOC, AucOanaHe,
P JIIX Je(EeKTH i IIUITHUKIB
. . Bkasye Ha iepeBaHTa)KeHHS a00
Temneparypa TennoBuii cTaH By31iB .
.. IT1IBUIIEHE TEPTS
MexaHiuHi1 ; - -
IIvar AKyCTHYHI XapaKTepPUCTUKI Jlae 3Mory ineHTHQIKyBaTH
Y pobotu MIOYATKOBI Je(EeKTH
. BinoOpaxaroTs CTymiHb 3HOC
3azopu Ta odTH TeomeTpuyHi BiIXMICHHS J100p y y
Ta OPYIIEHHS I0CaJI0K

IDicepeno: cghopmosarno asmopom na ocroéi [1, c. 59; 3, ¢. 27; 5, c. 41, 6, c. 174, 9, p. 2330;

10,'p. 655; 11, p. 51385; 13].

[IpakTuvHa 3HAYYIIICTh HABEICHUX IMApaMETPiB BU3HAYAETRLCS 1X 3MaTHICTIO Bifo-
Opakatu (Qi3UIHY MPHUPOAY JerpadarlifHuX MPOIEeciB i PopMyBaTH CTiHKi miarHOC-
THYHI O3HAKW Ha paHHIX CTaIisgX BiAMOB. Bimmosimgao mo monoxers SO 13374-1:2003
[14], epexTuBHA miarHOCTHKA TiepenOavdae He Juire (Hikcariro IePBUHHUX CUTHAIB,
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a X IOCJIIOBHY TpaHC(OpMaIlio y AIarHOCTUYHI IHIUKATOPH Yepe3 aHali3 TPEH B,
KOpEJISIii 1 TOpOoroBux BinxuieHb. Lle o3Hauae, Mo iHPOPMATUBHICTL MapaMerpa
3pOCTAE 3a YMOBH MOT0 IHTEPIIPETAIlil B CHCTEMI B3aEMOIIOB’ I3aHUX TIOKa3HUKIB, a HE
130JIbOBAHO.

VY peanbHHX yMOBax eKCIUTyaTalii XapaKTepHUM € TO€JHAHHS EIeKTPHYHUX
1 MEXaHIYHHX 3MiH, [0 POPMYIOTh KOMIUIEKCHI 03HAKH HeCTIpaBHOCTeH. Hampuknan,
JUTSL €JICKTPOABUTYHIB CUCTEM JOTIOMIXXHOTO OOJIalHAHHS (BCHTHJISTOPH, MaMBHI
HACOCH) 301IIbIICHHS crTokuBaHOTro cTpymy Ha 10-20 % 3a HOMiHANBHOI HANIPYTH,
SKEe CYMpPOBOKYETHCS MIJBUIICHHIM TeMIepaTypu koprycy Ha 15-25 °C Ta 3mi-
HICHHSIM TIKIB y CIEKTpi BiOpamii, CBIAYUTH MPO 3POCTAHHS MEXaHIYHOTO OMOpY,
HalJacTille yepe3 3HOC MiIUITHUKIB a00 MOPYIICHHS MACTHILHOTO pexumy [15].
[30;1b0BaHU KOHTPOIL CTPYMY B TaKOMY BHITaJIKy HE JJA€ MOXKIMBOCTI BiJJOKpe-
MUTH €JEKTPUYHY MPUYUHY BiJl MEXaHIYHOI, TOJI SIK CYMICHUU aHaJi3 mapaMeTpiB
dbopMye OIHO3HAYHY JIarHOCTUYHY iHTepnpeTallito. [TogiOHa 3aKOHOMIPHICTh CITO-
CTEpIraeThes IMij Yac aHayli3y KOHTAKTHUX 3’ €JIHaHb: JIOKaJIbHE 301JIbIICHHS €JICK-
TPUYHOTO ONOPY HABITH HA JECATKH MiJliOM MPU3BOAUTH J0 IHTEHCUBHOTO TEIJIOBH-
JiJeHHSs, o (IKCYeThCs TepMorpadiuyHUMH METOJaMU y BUTJISII TEMIIEpaTypHUX
aHoMalii, siki nmepeBumyoTh Gon Ha 10-30 °C. [Ipu npoMy cynyTHI KOJUBaHHS
HANpyrW Ta HECTAOUIBHICTH CHTHANIB JATYUKIB JAIOTh 3MOTY ileHTU(]IKyBaTu
He smme ¢akT aedekty, a 1 HOoro Jokamizamio. Y MpakTHIl TeXHIYHOTO 00ciy-
TOBYBaHHS 116 BUKOPUCTOBYETBHCS JJIsi 3amo0iraHHs BiMOBaM EJIEKTPOIPOBOJKU
i eJIeKTPOHHUX OJIOKIB KEpyBaHHs, Jie MexaHiuHi ¢pakropu (BiOparii, mocnabieHHs
3’€JIHaHb) 0e3M0CepeHBO BIUTMBAIOTH HA SJICKTPHUYHI XapakTepucTuku [9, p. 2330].
BaxxnmuBuM € TakoXkK ypaxyBaHHsSI HIBUAKOCTI 3MiHM napameTpi. [l1aBHe 3pocTaHHs
BiOpaIiiiHOT aMILTITY/IM B MOEJHAHHI 3 HE3HAYHUM, aji¢ CTAOIIbHUM IIiJIBUIICHHIM
TEeMIIepaTypH CBiYHUTH MPO TOYATKOBI CcTaii 3HOCY, TOMI K Pi3Ki CTPHOKH elieK-
TPUYHHMX TapaMeTpiB YacTille BKAa3ylTh Ha TMOPYIICHHS KOHTakKTiB abo nedexTu
i3omsnii. Takuid minxig gae 3Mory GopmMyBarTd MiarHOCTHYHI MOJIEIi, OpIEHTOBaHI
Ha BUSBJICHHS TEHJICHIIIM, a HE JIWIIIE TPAHUYHUX CTaHIB, 10 BIIMOBIAaE CyYacHUM
BHMOTaM JI0 00CITYroByBaHHS 32 PaKTUYHUM CTAHOM.

OOrpyHTYBaHHS NPHUHIUITB MOOYJIOBM KOMIUIEKCHHX METOJIIB J1arHOCTHKH 0a3y-
€THCs HA IHTErpalii pi3HOPIJHUX JaHUX, IO XapaKTEPU3YIOTh EICKTPHYHI Ta MEXaHI4HI
NpOIIeCH, 3 METOIO (POPMYBAHHS Y3TO/KEHUX JIIarHOCTUYHUX 03HaK. KirtouoBuM € nepe-
X1J1 BijI 130JIbOBAHOTO aHAIi3y mapameTpiB JI0 IX CHHXPOHI30BaHOI 00poOKH Ta iHTEp-
mperarii y Mexax €JIMHOT JIarHOCTHYHOI MOJICNI, [0 MiJABHIIY€E TOUHICTh 1 JOCTOBIp-
HICTh OI[IHIOBAHHS TEXHIYHOrO cTaHy (Tadi. 3).

B3aemopnis HaBeleHUX MPUHIUMIIB GOPMYE IUTICHY T1arHOCTHYHY MOJAECTb, y SIKii
JIaHi pi3HOI MPUPOAN MEPEXOAATH i3 PIBHS PO3PI3HEHUX CUTHANIB Y CUCTEMY Y3TOJKe-
HUX 03HAaK TEXHIYHOTO cTaHy. OTpUMAaHHS eJIEKTPUYHUX ITapaMeTpiB uepe3 yHipiKoBaHi
miarHoctuuHi cepiicu (anmi. Unified Diagnostic Services, UDS) BianmosinHo 10 ISO
14229-1:2020 [16] 3abe3neuye CTpyKTYpOBaHHUN TOCTYII /10 iH(OpMaIii eneKTpOHHUX
OJIOKIB KepyBaHHS, OJJHAK iX iHTepnpeTalis Ha0yBae 3MIiCTy JIUIIIE B TOEAHAHHI 3 MeXa-
HIYHMMHU Ta TEIUIOBUMH XapakrepucTukamu. Came iHTerpailisi Ja€ MOXKJIMBICTh Tiepe-
WTH Bij dikcarii BiIXUICHHS 10 PO3yMiHHS MEXaHi3My HOTO BUHUKHEHHSL.
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Tabuui 3

IpuHuunu nody10BH KOMILIEKCHUX METOAIB 1iarHOCTUKH
HA OCHOBI iHTerpauii pi3HOpiTHUX TaHUX

Hpunuun

CyTtHicTb

Peamizamist

HpaKanHe SHAYCHHS

Inrerpais 1aHux

O0’enHaHHS TapaMeTpiB
pi3HOi IpUpOIH

KomOinyBaHHS eniek-
TpI/IqHI/IX, MeXaHqul/IX
1 TEIJIOBUX CUTHAIIIB

ITixBUILIEHHS TOBHOTH
OIIHIOBAHHS CTaHY

YacoBa CHHXPOHi-
3aLis

V3romkeHHs TaHUX 3a
YaCOBUMU MITKaMH

CuHXpOHHHUH 30ip CUTHa-
JIB 3 PI3HUX CEHCOPIB

3abe3neyeHHs KOpeK-
THOCTI aHaJli3y IpoueciB

Hopwmamizamis

[IpuBeneHHs mapameTpiB
JI0 €IMHO1 IITKAJIA

MacmTaOyBaHHs Ta Qb
Tpalis CUTHAJIIB

[NopiBHIOBaHICTH PI3HAX
TTOKA3HHKIB

Buspnenns Amani3 3anexxHocreit Mix | Beranosienss npu-
Kopensmiiiauii aHami3 | B3a€M03B’s13KiB MK CTPYMOM, TEMIIEPaTy- YIHHO-HACI TKOBUX
rnapamMeTpaMu poto, BiOpariero 3B’A3KIB

3MiHa OPOroBHX 3Ha-
YeHb 3aJIe)KHO BiJl YMOB
eKcIuTyaTarii
BararopiBreBa cTpyk- Posmnontin Ha piBHI curHa- | [ligBHUIIEHHS TOYHOCTI
Typa aHaji3y JIiB, O3HAK 1 PillICHb iHTepIpeTanii

IDicepeno: cghopmosarno asmopom Ha ocnosi [2, c. 13; 4, c¢. 318; 5, c. 41; 7, c. 452; 8,
9, p. 2332, 12].

SHIKEHHS [TOXHOOK [ia-
THOCTUKH

VYpaxyBaHHS 3MiH peKH-

AanTuBHICTH ;
MiB poOOTH

lepapxiunicTh

[Toka30BUM € BHIIAJ0K, KOJH BiIXUJICHHS Y TPHBAJIOCTI IMITYJIbCIB KEpYBaHHS BUKO-
HAaBYMMH MEXaHi3MaMH CyNPOBOKY€ETHCSI HE3HAYHUMHU, ajie CTIHKMMHK 3MiHaMu BiOpa-
HifiHOrO ()OHY Ta TEMIIEPAaTYPHOTO PEXHUMY. [30JIb0BaHO TaKi 3MiHU MOXYTh 3alHIa-
TUCSI B MEXax JOIyCTUMHX 3HAueHb 1 HE TPAKTyBATHCS SIK HECHPaBHICTh, MPOTE iX
CHUHXPOHHUII MPOSIB (OpPMYE 03HAKY TTOYATKOBOI CTaIi1 MEXaHIYHOT ierpaianii. ¥ oMy
BUIIAJIKY YaCOBE Y3TO/DKECHHS JaHUX € BU3HAUAJIbHHUM, OCKUIBKH Ja€ MOXKJIUBICTH BiJl-
OKPEMHTH 3aKOHOMIpHY pEakilil0o CHCTEeMHU BiJi BUIAJIKOBUX KOJNMBaHb CUTHaIiB. He
MEHII CyTTEBHM € TIPUBEJICHHS ITAPAMETPIB JI0 Y3TOPKEHOTO BUIIISALY, 110 POOUTH MOXK-
JIMBUM IX CHUIBHUHN aHaJIi3 1 BUSBJICHHS CTIMKUX 3aJI)KHOCTEH. BeTaHOBIICHHS KOpes-
1T MX €JIEKTPUYHAM HABaHTAXKEHHSIM, TETUIOBUMH e(DEeKTaMH Ta IHHAMIYHHMH XapaK-
TEPUCTUKAMH Jia€ 3MOTy (pOpMYBaTH JiarHOCTHYHI MATEPHU, SIKi HE CIOCTEPITaloThCs
ITij] 9ac aHami3zy okpeMux napameTpis [8]. KinbkicHe OLiHIOBaHHS TICHOTH Ta HAPSIMKY
TAKOTO B3a€MO3B’A3KY AOIIBHO 31MCHIOBATH 3a JIOTIOMOTOI0 KoedilieHTa Kopemsiii
[Mipcona, mo BU3HAYAETHCS SIK:

_ G- D@i-»)
"oy = o - = —,
J(EL e 02 G- 92)

)

JIe X XapaKTepHu3ye eNeKTPHYHI mapaMeTpu (cuja CTpyMy, Hallpyra), a y — MeXaHiuHi
Ta TEIUIOBI MOKa3HUKH (BiOparlii, Temrieparypa). BukoprcranHs IbOTO TIOKa3HHUKA J1a€
3MOTy MepelTH Bif MpocToro (hikcyBaHHsS BiIXWJIEHB A0 BCTAHOBJIEHHS NMPUYUHHO-
HACJIIIKOBHX 3B’A3KiB MIX IpolecaMu pi3Hoi ¢iznvHoi mpupoau. IIpakrtudna peairi-
3aIlisi TaKoTro MiAXOAYy MOKe OyTH MPOUTIOCTPOBAaHA HA TPUKIAJAL JIarHOCTUKH eIleK-
TPOABUTYHA JIOTIOMIKHUX CHCTEM, ISl SKOTO B TIPOIEeCi eKcIuryaTarii 3agikcoBaHO
3pOCTaHHA CHIIM cTpyMy 3 8,5 A mo 10,2 A, mijBUINEHHS TeMIepaTypu KOpIycy i3
45 °C no 62 °C ta 30inbLIeHHS aMIUIiTyau BiOpaniit npubausHo Ha 30 %. Po3paxyHok
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koe(ilieHTa Kopelsii MiXk CTpyMOM 1 BiOpartieto 1aB 3HadeHHs 1xy = 0,82, a Mix cTpy-
MOM i Temrepatypoto — rxy = 0,76, 1110 CBITYUTH PO HASIBHICTH CTIHKOTO B3aEMO3B’SI3KY
MK TTapaMeTpamMy Ta Ja€ 3MOTY IHTEpIIPeTYBaTH BIIXHUJICHHS SIK HACITIJIOK 3POCTaHHS
MEXaHIYHOTO OMOpPY B IIiIUIMITHUKOBOMY By3Ji. HaBemeHui npukian miaTBEpIKye
NPaKTUYHY JIOLIJIbHICT BUKOPUCTAHHS KOPEISIIIHOTO aHai3y sK 1HCTPYMEHTY iHTe-
IPOBAHOI JIIarHOCTHKH.

30kpema, CTiiiKe MO3UTUBHE 3HAYCHHs KoeditieHTa kopessiii (rxy > 0,7) Mixk 3poc-
TaHHSIM CTPYMY ¥ aMIUTITY/I010 BiOpalliii CBiTYUTH PO ITiABUICHHS MEXaHIYHOTO OTIOPY
B 00epTOBHX By3JlaX, IO € XapaKTEPHUM JUIsi 3HOCY HiANIMITHUKIB a00 TMOpPYIICHHS
MaCTHJIGHOTO PEXHMY. SIKIIO aHaloriyHa 3ajJeXHICTh OJHOYACHO CIOCTEPIraeThCs
MDK CTPYMOM 1 TeMIIEpaTyporo, Iie MiTBEPIIKYE CHEPreTUYHY TPUPOIY BTpaT 1 Jae
MOYKJIMBICTh BUKJIFOUATH BUIIAIKOBI KOJIMBaHHS HaBaHTakeHHsA. HaroMicTh cirabka abo
BIJICYTHSI KOPEJISIIIis 32 HAsIBHOCTI BIIXMJIEHb CTPYMY BKa3ye Ha HMOBIPHY €IEKTPHUHY
NPUPONy HECTIPaBHOCTI (eDeKTH KOHTAKTIB, 130Js1ii a00 EeNeKTPOHHUX KOMITOHEH-
TiB). [IpakTHYHO 1Ie 03HAYaE, IO JIarHOCTUYHE pilleHHS (OPMYETHCS HE 32 OKPEMUMHU
napameTpamMu, a 3a iX y3ro/KeHOI0 JTUHAMIKOI: CHHXPOHHE 3POCTaHHS eNEKTPUIHUX
1 MEXaHIYHUX TIOKA3HUKIB IHTEPIPETYETHCS SIK MPOSIB BHYTPIIIHBOI JIerpajalii By3na,
TOAI SIK ACHHXPOHHI 3MiHHM CHUTHAJI3YIOTh MPO JIOKaJIbHI a00 BUIAJKOBI MOPYIICHHS.
TakuM YMHOM, KOpPENALIHHUN aHalli3 BUCTYIa€ IHCTPYMEHTOM iHTerpallii pizHOpiIHUX
JIaHUX, 110 3a0e3leuye MiJBUIINCHHS TOYHOCTI ineHThu(ikamii 1e(eKTiB Ta CTBOPIOE
OCHOBY JIJIsl TIEPEXO/y J0 MPOTHO3HOTO OIIHIOBaHHS TEXHIYHOTrO cTany. Hampukman,
MOETHAHHS TIOCTYIIOBOTO 3POCTaHHS CTPYMY 3 HECUMETPHUYHHMH 3MiHAMH BiOparliii-
HOT'O CIIEKTpa BKa3y€ Ha JIOKATI30BaHUH JEEKT, 10 MPOSBISETHCS Y BUTIIS/I YaCTKOBOT
Jerpajainii OKpeMuX eJIeMEHTIB By3Jia, TOJi SIK pIBHOMIpHE MiIBUIICHHS BCiX Mapame-
TPIB YacTilIe BIAMOBIIAE 3aralbHOMY ITIEPEBaHTAKEHHIO CHCTEMH. Y TepMiHaX KOpes-
ifHOTO aHasi3y Iie BijioOpakaeThesi y GOpPMyBaHHI Pi3HUX THITIB 3aJ€KHOCTEH: JUIs
JIOKaJIi30BaHUX JC(PEKTIB XapakTepHa HecTablibHa a00 YaCTOTHO-3aJICKHA KOPEIAIis
MK MapamMeTpamMu, TOJ SK y pa3i MepeBaHTaKeHHs CIIOCTEPIracThCs CTIHKUI BUCOKHI
PIBEHB NPSIMOT KOPEJISIIIii MK CTPYMOM, TEMITEPaTypoIo Ta BiOpaili€ro.

3 ypaxyBaHHsIM 3MIHHMX YMOB €KCIUTyarTallii Taka MoJielib moTpedye amanrarii 10
PEKUMIB POOOTH, IO JIa€ MOXKIIMBICTh YHUKATH XHOHHMX CHpAIfOBaHb Yy MEPEXiIHUX
mporecax 1 30epiratd 4ymIMBIiCTh JI0 peaibHUX JedekTiB. Lle mocsaraerscst muisixom
aHaJi3y KOpelsiiil y KOB3HUX YaCOBUX BIKHAX Ta BpaxXyBaHHS JUHAMIKU 3MiHH Koedi-
IIEHTA TXY, 10 Ja€ 3MOTY BiJIOKPEMHUTH KOPOTKOUYACHI (IYKTyaIii BiJi CTIHKHX jerpa-
JNAiiHUX TEHIEHIIN.

VY3aranbHEeHHS pe3yabTaTiB Ha Pi3HUX PiBHSAX 00poOKu (hopmye oOrpyHTOBaHE Jlia-
THOCTHYHE PIIIEHHS], Y SKOMY KOJKEH ITapaMeTp pO3IIIsIa€ThCsl HE 130JIbOBAHO, a sIK elle-
MEHT CUCTEMH B3aEMOIIOB’ I3aHUX 03HaK [9, p. 2332]. [Ipu ibomMy came y3ro/pkeHi 3MiHNA
napameTpiB, MiATBEPKECHI KOPEISIIMHUME 3aJIC)KHOCTSAMH, HA0yBalOTh CTAaTyCy Jlia-
THOCTUYHMX 1HJUKATOPIB, TOI K OJMHUYHI BiIXUJICHHs 0€3 MiATBEPKCHHS 3B’ A3KIB
pO3MIAIa0ThCs K MeHI iHpopMaTuBHi. Lle 3a0e3mneuye miABHUIIICHHS TOYHOCTI 17CH-
TUdiKalii HecripaBHOCTEH 1 CTBOPIOE MEPETYMOBH ISl TIEPEXOJY JIO TPOTHO3YBAHHS
TEXHIYHOTO CTaHy, a He Juie (ikcarii Horo mopyueHsb.

3acTocyBaHHs KOMIUICKCHUX METOIB JIarHOCTHKH B YMOBaX pealibHOI eKcIuTyara-
i1 YCKIIATHIOETHCSI HU3KOI0 B3a€MOIMOB’SI3aHUX MPOoOJieM, 10 BUHUKAIOTH Ha eTarax
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OTpHMaHHS, iHTerpalii Ta inreprperanii Janux. OHIEO 3 KIFOYOBUX € 00MEKEHA Y3ro-
JDKeHICTh 1H(opMarii pi3HOT IPUPOIU: eNeKTPHYHI mapameTpH, noctynHi yepe3 UDS
BignoBigHO 10 ISO 14229-1:2020 [16], BinoOpaxaroTh MEPEBAXKHO (PYHKIIIOHATLHUI
CTaH EJEKTPOHHHUX CHUCTEM, TOJI SIK MEXaHiuHi Je(eKTH MPOSBISIOTHCS OTOCEPEIKO-
BAHO, 1110 YCKJIAQJHIOE 1X OJHO3HAYHY iMeHTH]IKaIit0. Y MiJACYMKY OJHAKOBI BIJAXH-
JICHHSI CUTHAJIIB MOXKYTh BINIOBIIaTH PI3HUM MPUYUHAM, IO 3HIKYE JTOCTOBIPHICTH
IIarHOCTUYHUX BUCHOBKIB.

CyTTeBUM OOMEKEHHSIM € JIMHAMIYHHNA XapakTep eKCIUTyaTalliiHUuX PEKHMIB,
y MeKax SKHX IMapaMeTpu 3MIHIOIOThCS IIiJI BIUTMBOM HaBaHTa)KEHb, TEMIIEPATYPH
Ta BiOpariii, hopMyroun HecTaOUIbHI Ta 3amymicHi curHaiu. Lle yckianHioe Bui-
JICHHSI CTIHKUX JIIarHOCTUYHUX O3HAaK 1 MiJIBUIIYE PU3MK XUOHUX iHTeprperarii [12].
JlonaTtkoBO BUHUKAE MPOOIeMa YaCOBOI HEY3TO/DKEHOCTI JaHUX 13 PI3HHUX JDKEPEJ, 110
CIIOTBOPIOE TIPUUMHHO-HACITIZIKOBI 3B’ I3KM MiXK MapaMeTpamH.

BojHouac icHyrOUi AiarHOCTUYHI MOJIENI YacTO HEAOCTATHBO aJlalTOBaHI /10 3MiH-
HUX YMOB €KCILTyarallii, OCKUIbKH OpIEHTOBaHI Ha CTallloHapHI pexumu abo oOme-
eHi Habopu napameTpiB. [IpakTHYHI TPYIHOIL TTOCHITIOIOTHCSI 0OMEKEHUM JIOCTYTIOM
JIO TOBHOI JiarHOCTUYHOI iH(opMaIlii Ta HEOOXIJHICTIO OOPOOKH BEIMKHX OOCATIB
JAHUX Y pealbHOMY 4Yaci, IO MPHU3BOIUTH J0 BUKOPHCTAHHS CIPOIICHUX aJTOPUTMIB
[11, p. 51385]. CykynHicTh nux (aktopiB 0OMexye e(eKTHBHICTh KOMIUIEKCHOT Jlia-
THOCTHKH 1 CTPUMY€E BIIPOBAJKEHHS TT1JIXO/[IB, OPIEHTOBAHUX HA MPOTHO3YBAHHS TEX-
HIYHOTO CTaHy TPaHCIIOPTHHX 3ac00iB.

[ligBuiieHHss eEeKTUBHOCTI J1arHOCTUKK aBTOMOOLIIB HAa OCHOBI 1HTETPOBAHOIO
aHaJi3y eNEeKTPUYHUX | MEXaHIYHUX TTapaMeTpiB JOIUIBHO 3a0e3MeuyBaTH Yyepes3 ypo-
Ba/DKCHHS Y3TOJLKEHUX MIIXOJIB 10 300pYy, 0OpOOKH Ta iHTepIpeTallii JaHuX, OPi€HTO-
BaHMX Ha BUSBJICHHS MPUYMHHUX 3B’S3KiB MIXK Mapamerpamu. Hacammepen nomiibHO
3a0e3MeYNTH CHHXPOHI30BaHMH 30ip elekTpuyHnX curHaiiB yepe3 UDS BinnoBigHo /10
1SO 14229-1:2020 [16] i3 MeXaHIYHHUMH Ta TEIUIOBUMHU ITOKA3HUKAMHU, 1110 Ja€ MOYKIIH-
BicTh (hopMyBaTu IUTICHY KapTHHY (YHKIIOHyBaHHS BYy3:iB. Lle ycyBae THUIOBY mpo-
OJIeMy PO3IIIIBHOTO aHAaTi3Y, KOJIM €JICKTPUYHI BIAXUICHHS HE CIIBBITHOCSTHCS 3 (hi3HUy-
HUM CTaHOM JieTaiiei. JIoibHIM € 3aCTOCYBaHHS KOPEJSIIHHOIO aHaJIi3y apaMeTpiB
y JUHaMIII, 0 Ja€ 3MOTY MEePEeXOAUTH Bij (ikcaiii BiIXWICHb 0 1X IHTepIpeTalrii.
Hanpukiaza, ojHOUacHe 3pOCTaHHS CTPyMY, TEMIIEpaTypy Ta BiOpalliii TOBUHHO pO3-
IJISIIATUCS SK €MHA JIIaTHOCTUYHA O3HAKA, a HE K He3aJICXKHI BIIXUIICHHS, 1110 3HAYHO
MIJBUIIYE TOYHICTh JIOKai3alii aedekTiB. BakIMBUM € TaKXK BUKOPUCTAHHS TPEH-
JIOBUX MOJIENEH, sIKi BPaxOBYIOTh HE JIUIIE TPaHUYHI 3HAUCHHS, a i NIBUJKICTH 3MIHH
napameTpiB, o 3a0e3reuye BUSBICHHS paHHIX CTaii 3HOCY.

EdexTuBHICTD A1arHOCTHKH MiIBUIIYETHCS 32 YMOBH aJ1aMTallii HOPOrOBHX 3HAUYCHb
JI0 peaJbHUX PEKUMIB eKcriTyaranii. dikcoBaHi HOpMATUBHY HE BPaxOBYIOTh BapiaTHB-
HOCTI HaBaHTaXXEHb, TOMY JIOLIIBHO 3aCTOCOBYBATH aJalTUBHI KPUTEPIi OI[IHFOBAHHS,
10 3MIHIOIOTHCS 3aJICKHO BiJl YMOB poOoru cucremu. [lapanenbHo HEOOXiIHO 3a0e3-
MEYUTH HOPMANi3allilo JaHUX Pi3HOT Qi3MYHOI NPUPOIH, HIO JIA€ 3MOTY 3IHCHUTH iX
KOpPEKTHE TOPIBHSHHSA Ta BUKOPUCTAHHS Yy €JWMHIA aHamiTHuHid mopeni. [TpaktuaHo
JIOLIIJIbHUM € BIPOBA/KCHHsI 0araTOpiBHEBOTO aHaJi3y, 3a SIKOrO MEPBUHHI CHUTHAIIN
MPOXOJATh eTamu (iNbTpallii, y3araJlbHEHHS W IHTEpHpeTallii, 110 3MCHIIYE BILIUB
IIYMIB 1 BUMAJKOBHUX BiAXWIeHb. Lle nae MOKIMBICTh POpMYBaTH CTiHKi 1iarHOCTUYHI
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03HAKW Ta 3HWKYE PU3UK MOMHIIKOBHX pillleHb. J[01aTKOBO HEOOXiHO 3a0e3neunTH
POBILIMPEHHST AOCTYIY JO0 JIarHOCTUYHUX MapaMeTpiB 1 MiJBUINEHHS X iHpopmaTuBs-
HOCTI HUISIXOM KOMOIHYBaHHS JaHUX OOPTOBHX CHCTEM 13 30BHIIIHIMH BHMIipIOBaIb-
HUMHU 3ac00aMu. 3arajioM IiJ{BUIICHHS ¢()EKTUBHOCTI JIIarHOCTHKH JTOCSTAETHCS Uepe3
CHCTEMHY IHTErpaiio pi3HOPITHUX [apaMeTpiB, OPIEHTAII0 Ha IX B3a€MO3B’SI3KU
Ta BUKOPUCTAHHS aJalTUBHUX 1 JUHAMIUHUX MOJICNICH aHaji3y, 110 3a0e3neuye nepe-
XiJ1 B1Jl P€aKTUBHOTO BUSIBJICHHSI HECITPABHOCTEH JIO MPOTHO3YBaHHS TEXHIYHOIO CTaHY
TPaHCIIOPTHHX 3ac00iB.

BucHoBku. 3a pe3yinbraraMy JOCIIPKEHHS BCTAHOBJICHO, IO TiJIBHIICHHS e(eK-
THUBHOCTI JIIarHOCTUKH aBTOMOOUIIB JIOCSTAEThCS 3aBISKH IHTETpallil eJeKTPUYHUX
1 MEXaHIYHUX MapaMeTpiB Ta iX aHai3y y B3a€MO3B’S3KY, IO Ja€ 3MOTY IEPEXOIUTH
BiJ (hikcarlii BIIXWIICHB JIO0 BUSIBJIICHHS MeXaHI3MiB Jie(heKToyTBOpeHHs. JloBeCHO, 1110
HaOLTBII 1HQOPMATUBHUMH € TapaMeTpH, PO3DISIHYTI B JUHAMII Ta KOPEJSIil, 1110
3a0e3reuye paHHIO 1ACHTU(IKALI0 HECIpPaBHOCTEH. BCTaHOBICHO, 10 OCHOBHUMH
npoOiieMaMy € HEY3TOJDKEHICTh PI3HOPIMHUX JaHWX, CKIQJHICTh IHTEpIpeTalii npu-
YUHHO-HACIIKOBUX 3B’S3KIB, BIUIMB 3MIHHUX PEXHMIB €KCIUTyarallii Ha CTa0ijib-
HICTh CHTHAJIIB, & TAKOX OOMEXEHA aJ[alTUBHICTh JIarHOCTUYHUX MOJEICH 1 ToCTyn
J10 panuX. e 3HMXKY€e TOYHICTH JIarHOCTUKU ¥ YCKIIAIHIOE 11 MPaKTHUYHY peasi3alliio.
OOrpyHTOBaHO JOIIIBHICTH BIPOBAKEHHSI CHHXPOHI30BaHOTO 300py JaHHUX, KOpEs-
[IITHOTO Ta TPEHJIOBOTO aHaNi3y, aalNTHBHUX KPHUTEPIiB i OaratopiBHEBUX Mojeieh
00po0OKH, 1110 3a0e3reuye mepexij 0 MPOrHO3HOTo 00CIYroByBaHHs. IlepcrieKTHBU
MOJAJIBIINX JIOCIIJIKEHb OB’ s13aHi 3 PO3POOJICHHSIM IHTEICKTyallbHUX MOJIC/ICH 1HTe-
rpauii JaHuX, MiJBUIICHHSIM CTIHKOCTI 10 3aIllyMJICHHS W aJlalTalli€l0 alrOpUTMIB 0
YMOB PeaJIbHOTO Yacy.
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Anomauisn

Bemyn. [Tiozemni cazocxosuiya ghopmyroms egpexmughy cucmemy nio3emMHoz2o 3oepieari-
HA 2A3Y, WO € KIT0YOBUM MEXHOIO2TYHUM e/leMeHmMOoM ICHYI0YO0I 2a30MpaHCcnopmHol cucme-
MU KpaiHu ma 0ae MOXCIUBICIb UPIULY8ATNU HUZKY THHCEHEPHO-MEXHONOIUHUX 3A60aHb.
Y 36’s13Ky 3 eaviciusicmio Oe3nepebiinoco ma HaoiliHO20 QYHKYIOHYBAHHS MAKUX CXOBULY
AKMYATLHOIO 3ATUMAEIBCS NPOOIeMa KOHMPOMIO IXHbO2O CIAHY, BUSHAYEHHS CIPYKMYD-
HUX 0COONUB0CMEN GKMUBHOI 30HU MA KAPMYSaHHs HANPAMKIE NOWUPEHHS 8UCOKONPOHUK-
HUX 1 3aCMIUHUX 30H Y Medcax pesepeyapro2o niacma. Memor € ananiz xapakmepucmux
RIO3eMHO20 CXOBULYA 2A3Y HA PISHUX emandax eKCHIyamayii (2e01020-npoMuciogux napame-
mpie nAACmosoi cucmemu, 3uin 00 EMHOL 2ycmuHu 2azy ma QitbmpayiiHO-€MHICHUX 61dAC-
mueocmetl niacmogoi cucmemu). Pezynomamu. /locniosceno xapaxmep nogeodinku eeo-
JI020-NPOMUCTIOBUX NAPAMEMPIB NIACMOBOT CUCTHEMU NIO3EMHUX CXOBULY 23y MA iX 3MIHU
V 4aci, SIKI NO8 SI3aHI 31 AMIHOI PEHCUMIE eKCIyamayii, 3a O0NOMO20K0 [HHOPMAMUEHO20
napamempa o6 emnoi eycmunu nopio. Hasedeno memoouxy po3paxyuky sminu 006 emHoi
2YCMUHU 2a3Y Y 8UNAOKY YUCTIO 2A308020 pedcumy exchiyamayii eazocxosuwa. llpoana-
JE308AHO 3MIHY DITbMPAYItIHO EMHICHUX BIACIMUBOCHEL NIACOBOT CUCEMU Y 38 SI3KY 13
YUKTTYHOW eKcniyamayiero eazocxosuuia. Posensanymo numanms 06 evnoi deghopmayii
SAUHUCIUX NOPIO NOKPUULIOK aDO 2TUHUCTIUX NPONIACHIKIE Y NOPOOAX-KOLEKMOPAax 4epe3
BMIHY HANPYICEHO20 CIMARY 8 NOPOOAX-KONEeKMOpax, Wo GNIUGAE HA 3MIHY Koepiyicnma
nopucmocmi OJisl 2IUHUCTIUX NOPIO YHACTIOOK YUKATUHOL eKCIIYamayii ni03eMHUX cXo8uy
easy. Posenanymo eéniue uunnuxie na smpamu 2asy niozemHux cxosuwyax. Bucnoexu. Hase-
OeHi pe3yibmamu 00CIIOHCEHb MONCYMb BUKOPUCIOBYBAMUCS NIO YAC BUPIULEHHS NUMAHD
MoOepHizayii ma excniyamayii niozemMHux cxosuuy 2asy. Lle dacmo 3mozy nputivamu piviet-
Hsl NPO BHECEHHS 3MIH HA PI3HUX emanax eKCuayamayii 0ia 30epexicerHs nPUpoOHO20 2azy.

Knrouoei cnosa: 3mina 2ycmunu 2azy, 6000HACUYEHHS 2A30HOCHUX NAACMIB, 00 eMHA
Oehopmayis, Koeghiyichm nopucmocmi, 6mpamu BPUPOOHO20 A3y, YUHHUKU.
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Summary

Introduction. Underground storage facilities of gas create a powerful underground
gas storage system, which is an important technological link in the country's existing
gas transportation system, capable of solving a number of issues. Given the importance
of uninterrupted and effective operation of underground storage facilities, the problem
of monitoring their condition, determining the structural features of the active zone and
mapping the directions of extension of highly permeable and stagnant zones within the
reservoir layer is relevant. Purpose. The purpose is to analyze the characteristics of
underground gas storage at different stages of operation. To achieve the goal, the following
research tasks were formulated: study of changes in gas density, water saturation of gas-
bearing layers and compaction of clay rocks, which are caps, losses of natural gas in
underground storages. Results. The nature of the behavior of geological and industrial
parameters of the layer system of underground gas storages and their changes over time,
which are associated with changes in operating modes, was studied using the informative
parameter of rock bulk density. The method of calculating the change in gas bulk density
in the case of a purely gas mode of operation of a gas storage facility is presented. The
change in the filtration and capacity properties of the reservoir system in connection
with the cyclic operation of a gas storage facility is analyzed. The issue of the volumetric
deformation of clayey rocks of the caps or clayey interlayers in reservoir rocks is
considered due to a change in the stress state in reservoir rocks, which affects the change
in the porosity coefficient for clayey rocks due to the cyclic operation of underground gas
storage facilities. The influence of factors on gas losses in underground storage facilities
is considered. Conclusions. The results of this study can be used to support operational
decisions for underground gas storage facilities, enabling informed adjustments at
different stages of operation to optimize natural gas retention.

Key words: change in gas density, water saturation of gas-bearing reservoirs,
volumetric deformation, porosity coefficient, natural gas losses, factors.

Betyn. ["a30Bi mig3eMHi CXOBHINA — 1€ CTPATETIYHUN €HEPTETHIHUIN pecypc, STKAH

JTa€ MOXUTHBICTE 3a0€3MIEUNTH CHEPTETHUHY O€3TeKy, CTa0LThbHICTh TIOCTaYaHb 1 3aXUCT
BiJI 30BHIIIHIX PU3HUKIB, MATPAMYBATH OTAIOBAIBHI CE30HHU Ta 3MCHIIIUTH 3aJICKHICTh
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BiJI IMIIOPTY, & TAaKOX BIJIirpae BayKJIMBY POJIb Y €BPONCHCHKIH €HEPreTHUHIN CHCTEMI.
Hespakaroun Ha CKJIQJHOINI, BUKJIWKAHI BINCHKOBHMHU JisIMH, YKpaiHa HaKOIWYHJIA
JOCTATHI 3aI1acy JUIsl ONATIOBAaJIbHOTO CE30HY.

YacTrHa razy Takox iMmnopryerbes 31 CxigHoi €Bporu (ITombimi, Yropuwau, Cio-
BaY4MHHM Ta 1H.), 1100 MiATPUMYBAaTH PiBEHB 3aI1acis.

Chin 3ayBaxknuTH, mo migzemHi cxopuia razy (ITCT) mig vac BifiHH QyHKIIOHYIOTH
y cTabiTbHOMY PEKUMI, 3a0€3MeuyroYr BHYTPINIHI MOTpeOH Ta 30epirarodu eBpoIiei-
ChKIi 3aIacH, Mmomnpu pusuku o0cTpiniB. OCHOBHI mOTy»)HOCTI (moHaa 12 mupa kyoO.
M) 30Cepe/PKEHI MepeBaxxHO Ha 3axoji. ['a30Ba iH(ppacTpykTypa € OIbIll CTIHKOI 3a
CJIEKTPUYHY, aJie TIOTpeOye 3aXHUCTYy.

IMocranoBka npo6saemu. bes Buxopucranus [ICIT Baxkko ysiBUTH HOpMabHE QYHK-
[[IOHYBaHHSI Ta30TPAHCIIOPTHOI CUCTEMH Oyb-siKoi Kpainu. [1i13eMHi cXoBHIIA 3auIia-
IOThCS 3aXHUIIEHUMHU, 3arajibHa CUCTeMa 30epiraHHs € CTIMKOI, X04a Ha3eMHI 00’ €KTH
3a3HaBas nomkokeHb. [ICI 3a0e3neuyroTh OalaHCyBaHHS CHOKUBAHHS, ITiTPH-
MaHHsI TUCKY B TpyOOIPOBOI JJIsl HAIIHHOTO MOCTAaYaHHs B Pa3i 3HWKEHHS TeMIepa-
TYp Ta pe3epB Ha BUTIaJIOK aBapiid. CIiji BIIMITUTH, 10 €BPOIIEHCHKI KOMIIaHii aKTHUBHO
BUKOPHCTOBYIOTh YKpaiHCBKI CXOBUINA, 3aKa4YIO4M TYIW CBOI 3amacu razy (st 30epi-
raHHs), 10 CBIJYUTH MPO JOBIpY 110 HaJidHOCTI cuctemu. [lin yac BiliHM Ta30TpaH-
CTIIOpTHA cucTeMa YKpaiHu 30epirae rHyduKicThb, IO Ja€ 3MOTY OIePaTHBHO BUPINIYBaTH
MUTaHHsI TOCTaYaHHs B Pa3l JIOKAJIbHUX MOLIKOKEHb, OCKIJIBKU Ha IIeH Yac TpyOoIpo-
BiJIHA CHCTEMa CIOPY/PKCHa 3 MOMXJIMBICTIO TIepeKadyyBaHHS ra3dy pi3HUMH HUISTXaMHU,
3MIHIOIOUHM HAMPSMKHU MOTOKIB. Y BUITAJIKy aBapiil 4M MOUIKO/HKEHHSI OKPEMOT JIIISTHKA
TPAaHCIIOPTYBaHHSI HE 3yIIHHSETHCS, & TPAHCIIOPTYETHCS PE3EPBHUMH HIISIXaMH, TIPOJIO-
BKYIOUH [TOCTAuaHHS Ta3y.

Omxe, HEOOXIHO MPOBECTH JCTajbHHI aHaii3, SKI YUHHUKH BIUIMBAIOTh Ha
MUKJIIYHY eKCIUTyaTallilo MiI3eMHUX CXOBUII Tazy. Lle gacTh 3Mory npuiiMaTy pileHHs
PO BHECEHHS 3MiH Ha Pi3HMX €Tarax eKCIUTyarallii JJis 30epeXeHHs IPUPOIHOTO rasy.

AKTyaJbHIiCTh AOCJTIIKEeHHSI Ta 3B’A30K aBTOPCHKOI0 J0pPO0KY 3 Ba:KJIMBUMH
HAYKOBO-NPAKTHYHUMH 3aBJaHHAMU. 3 OIVISIIy HAa CTPATETIYHY POIIb MiA3EMHUX CXO-
BUIII Ta3y aKTyaJIbHUM € 3aBJIaHHs 3a0e31eueHHs iX Oe3nepeOiifHol Ta e)eKTHBHOT eKc-
ruryaraii. Y boMy KOHTEKCTi 0COOIHMBOT YBaru NOTpeOyIOTh TUTAHHSI KOHTPOITO TeX-
Hi4HOTO i Teonorigynoro crany [1CI, BUSBIEHHS CTPYKTYpHHUX OCOOIMBOCTEH aKTUBHOT
30HH Ta MPOCTOPOBOIO OKOHTYPOBAHHS 30H 13 MiBUINECHO MPOHUKHICTIO 1 3aCTIHHUX
JUISTHOK y ME@Xax IUIacTiB-pe3epByapiB. Po3B’s13aHHS 3a3HAUCHHX 3aBJJaHb MOXKJIBE Ha
OCHOBI aHaJTi3y AMHAMIKH T'€0JI0rO-ITPOMHUCIIOBHX MapaMeTpiB miactoBoi cucremu [1ICT
Ta 1X 4acoBHX 3MiH, 00yYMOBJICHUX BapialisMu PeKUMIB eKkciiTyaraiii. Came B IbOMY
NoJISIrae MPaKTHYHE 3HAUCHHS OTPUMAaHHUX aBTOPOM HAyKOBHX PE3YJIbTATIB.

AHai3 ocTaHHiX gocaigxkeHb i myOaikaniii. BupimeHusaM 3aBmanb, OB’ I3aHUX
i3 BIUIMBOM DIBHSI 30BHILTHBOTO HABAHTAXKCHHSI Ha JIe(OPMYBaHHS IMOPia 1 3MiHY iX
nepopMaIifHuX 1 €eMHICHO(UIBTpaiiHIX BIACTUBOCTEH, Y PIi3HI POKH 3alMaucs
Cagkis b. I1. T'imep P. @, ®uk 1. M., ®eayrenko A. M., Cepemrok M. JI. Ta ixmi [1; 2;
3]. V [4] naBeneHo, 1m0 A PI3HUX aMILTITYIHUX TPYH MPOCTEKYETHCS TIEBHA 3aJIeXK-
HiCTh cTabimizamnii pocTy 00’€MHHX nedopMariii 31 30UIBIICHHSM KUTBKOCTI IMKIIiB
3MiHH TTOPOBOTO TUCKY. J{OCIHI/PKEHHSI TeOMEXaHIYHUX MPOIECciB K (QakTop KapOoHi-
3aliiHUX MEPETBOPSHb HaBeAeHO y [5]. [IuTanHio 3MiHKM KOe(illi€HTa TOPUCTOCTI JIJIst
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IJIMHUCTUX MOPIJ] YHACIIIOK IUKIIYHOT eKCILTyaTallii mi3eMHUX CXOBHII ra3y MPUCBS-
yeHi pobotu [6; 7]. YV [8] oOrpyHTOBaHO MapaMeTpH 30H 3MIIHEHHS MOPIJ HABKOJIO
BUPOOOK Ta KPUTHYHOT iHPPACTPYKTYPH, 3alIPOIIOHOBAHO METO/IH 1H €KIIHOTO 3aKpi-
TUICHHSI, 10 JIal0Th MOYIJIMBICTh ONTUMI3yBaTH CTBOPEHHS 3aXUCHOTO €KpaHy, 3HU3UTH
nedopMariii Ta MiIBUIIATH CTIMKICTD MMiI3EMHHUX CIIOPY/. 3 aHaJi3y JiTepaTypHHUX JKe-
pen MoXHa 3p0OUTH BHCHOBOK, 1110 BUHHKJIIA TIOTpeda MpoaHaizyBaT XapakTepUCTHKH
IiI36MHOTO CXOBHIIA Ta3y Ha PI3HUX eTanax eKCIUTyaTallii, OCKiIIbKH 32 3MiHHU PEKUMIB
po0OTH cXOBHIIIA BiIOYBa€THCS 3MiHA EKCIUTyaTaIliiHUX TTapaMeTpiB.

MerTo10 € aHai3 XapaKTEPUCTHK ITi[36MHOTO CXOBHIIA Ta3y Ha PI3HHUX eTarax eKc-
utyaraii (reosoro-rpoMHUCIOBUX NTapaMeTPiB IIIACTOBOI CHCTEMH, 3MiH 00’ €MHOT TyC-
TUHHM Ta3y Ta QLIBTpaIiiiHO-eMHICHUX BIaCTHBOCTEH IIIACTOBOI cucteMu). J{ist mocsr-
HEHHS TIOCTaBJICHOT MeTH Oy/Ii chOpPMYJILOBAHI TaKi 3a/aui JOCITIKSHb: TOCIIHKEHHS
3MIHU TYCTHHU Ta3y, BOAOHACHYCHHS Ia30HOCHUX IJIACTIB Ta YUIIJIbHEHHS TIIMHUCTUX
MOPiJL, SIKi € TOKPHIIKaMHU, BTpaTH rpupoaHoro rasy B [1CT.

HoBu3Ha monsirac y KOMIUIEKCHOMY JOCHI/DKEHHI YMHHHKIB, IO BIUIMBAIOTh Ha
MUKITIYHY eKCIUTyaTalio MiI3eMHUX CXOBHUII ra3y (pekuM poOOTH MiI3eMHUX CXOBHIII
rasy, 3a SIKOrO Ta3 peryJsipHO 3aKadyeThCsl i BIIOUPAETHCS MPOTATOM POKY ab0 HaBiTh
KiJIbKa pa3iB Ha piK, a He 30epiraeThcst JOBro 0e3 pyxy). Pe3ynbraru HaykoBOi poOoTH
JIaJlyTh 3MOTY BYACHO PO3POOUTH 3aX0/IX MIO/I0 3a1I00IraHHs BAHUKHEHHS IIOTCHIIHHNX
3arpo3 IiJ| 4yac eKCIUTyaralii M 3eMHIX CXOBHII] rasy.

BuxJsiajennst ocHoBHOTo mMartepiaJjy. JIoCiiDkeHHs TMHAMIKH T'€0JIOr0-IIPOMHUCIIOBHX
rapameTpiB IIACTOBOT CUHCTEMH TiJ3eMHHUX CXOBHII] Ta3y Ta iX 4aCOBMX 3MiH, 3yMOBJICHHX
BapiallissMi PEKUMIB EKCILTyararlii, 3MIHCHIOETbCS 3 BUKOPHCTAHHSM 1H(QOPMATHBHOTO
MOKa3HUKA 00’ €MHOT T'yCTHHH TPCHhKUX TOpiJl. BH3HAYaIBEHOIO 0COOIUBICTIO MPOLIECIB, 110
Bi10yBarothest B [1CT, € uKITiYHMiA XapakTep BIUIMBY OMepalliil HarHiTaHHs Ta BiIOOpy razy
Ha BMIIIy04i TOPOJN-KOJIEKTOPH, TIPHIOMY IIBHIKICTb IIUX MPOLIECIB CYTTEBO MEPEBHIIYE
BIJITIOBIJTHI TIOKA3HUKH, XapaKTEpHI TS IPUPOTHUX TA30BHX POIOBHIIL.

Bapro 3a3HauynTH, 110 T€OJIOTO-IPOMHCIIOBI MapameTpH IuacToBoi cuctemu [1CT
BH3HAYAIOTh MPHUPOJIHI Ta TEXHOI'CHHI yMOBH (YHKIIIOHYBaHHS CXOBHIIA i Oe3roce-
pPeIHBO (POPMYIOTh YMHHHUKH, IO BIUIMBAIOTh HA WOTO LHUKIIYHY eKCIUTyaTariito. Taki
napamMeTpH, SIK KOJEKTOPCHhKI BIACTHBOCTI IUIACTA, HEOJHOPITHICTH Ta TPIIIUHYBa-
TICTh MTOPOBOTO TIPOCTOPY, TUTACTOBUI THCK 1 TEMIIEpaTypHi YMOBH, BOJJOHACHYCHICTb
Ta HAsBHICTh T'a30BOJSIHUX KOHTAKTIiB, 3yMOBJIOIOTH MOXIJIMBI PEKMMHU 3aKadyBaHHS,
30epiranHs Ta Bijoopy rasy. Omke, YnHHUKHY 1UKTiuHOT ekciutyaTaii [ICT € nposiBom
BIUTMBY T€0JIOTO-IIPOMHUCIIOBHX MapaMeTPiB Ha TEXHOJIOT1UHI Ta eKCIUTyaTaliiHi Xapak-
TEPUCTHKH CXOBUIIA.

Besnocepenne nocmiKeHHsT 3MiH T€0JI0T0-NeTpodi3MYHUX IMapaMeTpiB y IMiJI3eM-
HUX ra30CXOBHIIAX NOTPeOy€e 3HAYHUX MaTepiallbHUX BUTPAT, Y 3B’ 513Ky 13 UMM Ha MpaK-
THUI TIMPOKO 3aCTOCOBYIOTHCSI HEMPSIMI METOM aHamizy. Jlo TaKMX METO/IB HaJICKATh
PO3paxyHKH Ha OCHOBI JJaHUX 0araTopiyHUX eKCIUTyaTaliiHIX CIIOCTEPEkKEHb 3a pobo-
TOIO T'a30CXOBHIIL, JIAOOPATOPHI TOCIPKEHHS 3pa3KiB MMOPiA-KOJICKTOPIB Ta X aHaJIoTiB
B YMOBaX, MAKCUMaJIbHO HAOIIKEHUX J10 TutacToBuX yMoB [1CT, a Takok MareMaTHYHE
MOJICITFOBaHHS (DI3MUHUX MPOIIECIB, 110 BiIOYBAIOTHCS B MiJJ3EMHUX Ia30CX0OBUIIAX.

VY pa3i ekcruryarallii Ta30CX0BHINA B UUCTO Ta30BOMY PEKUMI JIMHAMIYHI TIPOLIECH,
0 BiZ0yBaIOThCSl B ra30HACHYCHUX IJIACTaX IMiJI3EMHOTO CXOBHIIA Ta3y, 3yMOBIIOIOTh
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3MiHy 00’€MHO{ TYCTHMHH ra3y, a OTXe, 00’€MHOI T'YCTHHU T'a30HACHYCHOI IOPOJIH.
Bu3HauanbHUM YMHHHMKOM TPU [[LOMY € Bapiallisi TYCTHHH ra3sy, CIpHYHMHEHa HOro
CTHCHEHHSIM a00 PO3LIMPEHHSIM Y TIpolieci IUKIITYHOI ekcrutyaTanii. O0’eMHY TYCTHHY
ra30HaCHUYEHOT OPOIU &, MOYKHA BU3HAYMTH 3 BUKOPMCTAHHSAM BiJIOMOi eTpodi3naHO1
3a5Ie)KHOCTI [4]:
c,=0, (1-K)+0o,-K, €]

le 0, — TYCTUHA CKEJETa TMOPOJM; 0, — IyCTHHA rasy; K, — koedilmieHT abCcomoTHOl
MOPHUCTOCTI.

['yctuna rasy o, 3a€kuTh BiJl HOTO XiMIYHOTO CKJIajy Ta IUIACTOBHX YMOB i MOXKe
OyTH 3 JOCTaTHHOIO TOYHICTIO BU3HAUEHA 3 BUKOPUCTAHHSM PIBHSHHS CTaHy PEajbHOTO
rasy (y3aranbHeHoro piBHsHHS Knaneiipona — Menneneesa):

pV=Z-nRT, 2)
Ie p — miacToBuit Trck, MlIla; T — remneparypa B miacri, K; V — 06’em rasy, M5, Z =27
(p,T ) — xKoe(iIieHT CTUCINBOCTI Ta3y; R — yYHiBepcaibHa ra3oBa crana, J[x/(Mons-K);
N — KUTBKICTB Ta3y, MOJIb.

: 3)

Jie 7 — Maca rasy; 1— MOJIsIpHa Maca.
[lincrapnsroun criBgigHomeH s g, = m/V 1a (3) y (2), OTpUMAEMO JUIsl [yCTHHH rasy:

S 4

3miHa QiTpTpaIifHO-EMHICHHUX BIIACTUBOCTEH IITACTOBOT CHCTEMH € BiJOMUM HACITiI-
KOM ITUKJIIYHOT eKCIUTyaTallii Mmia3eMHIX CXOBHII Ta3y. [lopiBHIEHUI aHaI3 pe3yIibTa-
TiB 7a00paTOPHUX TOCIHIKEHb 1 YMCETHLHOTO MOAENIOBAHHS TIOKa3ye, 10 HaiOibIme
3MEHIICHHSI MOPUCTOCTI BiAOyBa€ThCS 31 3POCTAHHSAM aMIUTITYAH MOPOBOTO THCKY,
MIPH IIEOMY TTOPSAOK OTPUMAHUX BEJIMYHH € y3ro/keHnM [4]. 111 MonenpHOTo 3pas3ka
MCKOBUKY 3 MTOYATKOBOIO MOPUCTICTIO 42 %, aMILTITYI0I0 KOJHUBAaHb ITOPOBOTO THCKY
5 MIIa ta KiTpKIiCTIO MUKJIIB, IO JOPIBHIOE IIECTH, MAKCUMAaJIbHE 3HIKCHHS ITOPHC-
tocTti ctanoBmio 0,2 %. Ilpu 11bOMy 3 KO)KHUM HACTYITHUM ITUKJIOM CIIOCTEPIraeThes
MOCTYTIOBE 3MEHIIIEHHS KoedilieHTa mopucTocTi (puc. 1). AHami3 eKcriepruMeHTaTbHIX
JTAHUX CBITYUTH, 110 HE3aJIEKHO BiJl TOYATKOBOTO 3HAUYEHHS ITOPUCTOCTI 1 CyTTEBE 3HU-
JKEHHS BiIOYBa€THCS 0 7—8-TO MUKITY HaBaHTaXeHHs. [lomanpima excruryararis mpak-
THYHO HE MPU3BOJUTH IO 3MiH €MHICHUX MMapaMeTpPIB IUIacTa-KoJEKTOpa. 3 Oy Ha
te mo Ha JlammaBcekomy IICIT Ha TemepimHiit Yac BUKOHAHO 27 TTOBHUX ITUKJIIB HATHI-
TaHHS Ta BIAOOPY Tra3y i3 3AIyICHHIM yYChOTO MTOPOBOTO 00’ €MY BiAMOBIIHO A0 TEXHO-
JIOTIYHOTO MPOEKTY MUKIIIYHOI eKCIUTyaTarii, 3MiHy Koe]ili€eHTa IMOpUCTOCTi TUTaCTOBOT
CHCTEeMH MOYKHA BBa)KaTW HE3HAYHOIO Ta TAKOIO, II0 HE YWHUTH iICTOTHOTO BIUIMBY Ha
3arajbHy 3MiHY T€OTYCTHHHUX BIACTHBOCTEH ra30HACHYCHHX TIIACTIB.

Hacngenicts mopoBoro mpocTopy (iroiqoM BH3HAYAETHCS SIK YacTKa 00’€My Bi-
noBigHOTO (IIIOiTy B 3arajJpbHOMY 00’€Mi TOp, sIKi BiH 3aiiMae. 3a MPUPOTHUX YMOB
MOPUCTE CEPEOBHUIIE TIPCHKUX TOPiJ MOBHICTIO 3alIOBHEHE Ta30BOI0 Ta/abo pimKoro
dazamu. [Ipupomuuii ra3 y miiacTOBUX yMOBaxX 3aBKIu MepeOyBae y piBHOBA31 3 BOISI-
HOIO TTapor0, a Ta30HACHYEHI MTOPO/IH, KPIM ra3y, MICTITh TaKOX 3B’S3aHy, & B OKPEMHX
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Puc. 1. I'eoeycmunnuii 3piz y mosuyi npodykmuero2o eopuzonmy HJ/[-8
HUICHbOOAUIABCHKOI CEIMU CAPMAMCLKO20 APYCY HEO2eHy

BUMAJKaX 1 BiIbHY BoAy. BojoricTe rasy OmmcyeTbcsi KOHLIEHTpALielo BOAM B Mapo-
Bili (hazi cucTeMu «ra3 — Boay 1 3a3BUYall XapaKTEPU3Y€EThCSI MACOBUM BiJHOLICHHIM
BOJSTHOT Mapu 10 CYXOro rasy. 3a CBO€IO (Pi3UUHOI0 MPUPOJOI0 MPOLECH BOJIOTOYyTPH-
MaHHS B IPUPOAHOMY Ta3i € aHAJIOTIYHUMHU JI0 TPOLECIB, 1O BigOYBaIOTbHCS B MOBITPI.
KinpkicTh Boau, Sika MICTUTBCS B Ta3i, BU3HAYAETHCS HacaMIiepes TepMOOapuYHUMH
YMOBaMH, 30KpeMa THCKOM P Ta Temreparypoto 1. TpuBainuii uac BBaKajaocs, 110 BMIiCT
BOJIOTH HE 3aJICXKHUTh BiJl KOMIOHEHTHOTO CKJIaly Ta3y, a HACHYCHHH BOASHOIO Mapolo
MPUPOIHUM T'a3 MICTUTH TaKy camy KUIBKICTb BOIM, SIK 1 TIOBITPA 32 1ICHTUYHUX 3Ha-
YeHb TUCKY Ta TemiiepaTtypu (tabm. 1). [IpoTe BcTaHOBICHO, 1O 38 HU3BKHUX THCKIB 1Ii
BiIIMIHHOCTI € HE3HAYHUMHU, TOAI SIK 31 3pOCTAHHSIM THUCKY PO301KHOCTI iCTOTHO 301J1b-
myroThes [9].
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Tabmnms 1
Bwmict Boam (y rpamax) y 1 M* moBiTpsi, HACHYEHOT0 IapaMu BOJIH
3a pi3HUX TeMIepaTypH Ta THCKY

Temie- Tuck, MIla

parypa, 1 5 10 15 20 25 30 35 40 45 50
0 49 0,98 0,49 | 0,327 | 0,254 0,2 0,16 0,14 0,12 0,11 | 0,098
5 6,8 1,36 0,68 | 0,453 | 0,34 0,27 0,23 0,2 0,17 0,15 | 0,136
10 9,4 1,88 0,94 | 0,627 | 0,47 0,38 0,31 0,27 0,24 0,21 | 0,188

15 12,9 | 2,58 1,29 | 0,86 | 0,65 | 0,52 | 0,43 | 0,37 | 0,32 | 0,29 | 0,258
20 17,4 | 3,48 1,74 | 1,16 | 0,87 0,7 0,58 0,5 0,44 | 0,39 | 0,348
25 23,1 | 4,62 | 231 1,54 | 1,16 | 0,92 | 0,77 | 0,66 | 0,58 | 0,51 | 0,462

HasiBHICTB y CKIIa/li MPUPOIHOTO Ta3y BYIJIEKUCIIOTO Ta3y Ta CIPKOBOAHIO CIPUSIE
MIIBUIIEHHIO HOTO BOJIOTOCTI. BOmHOUAac MPHUCYTHICTH a30Ty, HABIIAKH, 3YMOBIIOE ii
3MEHIIICHHS, OCKIIBKH 1€ KOMIIOHEHT 3HWKY€ BiIXHIJICHHS Ta30BOT CyMIIITi BiJl BIIACTH-
BOCTEH 1€aJIbHOIO ra3y Ta XapaKTepU3yeThCsl MEHIIOI PO3UYMHHICTIO y Boi. 31 3poc-
TaHHSIM TYCTHHH a00 cepeHbOI MOJIEKYISPHOI MacH rasy, o 00yMOBIICHO ITi/IBUILICH-
HSIM BMICTY Ba)KKUX BYIJICBOJHIB, BOJIOTICTh T'a3y 3MEHIYETHCSI BHACHIOK B3a€MOIIi
MOJIEKYJ [IUX KOMITOHEHTIB 3 MOJIEKYJIaMU BOJH. J[0JJATKOBUM YHHHUKOM 3HIKCHHS
BOJIOTOCTI € HAasiBHICTH y IJIACTOBUX BOJAX PO3YMHEHUX COJIEH, SIKI CIIPUUUHSIOTH 3MEH-
LIEHHS MapLialbHOIO THCKY BOJSHOT MapH.

Ilim yac excrutyarariii /lamaBchKoro miq3eMHOTO CXOBHWINA Ta3y pa3oM i3 BHUIOOY-
THEM TPUPOAHHMM Ta30M Ha TMOBEPXHIO BUHOCHTBCS TIEBHA KUIBKICTH BOAM, OOCSTH SIKOT
PCECTPYIOTBCSI Ta BIIOOpaXKarOThCs y ce30HHMX 3BiTax mpo podory [ICI. O6’em Bune-
CCHOI BOJIOTM [IOIUTFHO XapaKTepPHU3yBaTH sIK BIAHOIIEHHS KUTHKOCTI BimiOpaHOi BOIH
o 0o0’emy BimiOpaHoro razy. CepenHi Ce30HHI 3HAUYeHHs BMICTY BOAM B Ta3i, IO Bif-
Oupaetbcsi, HaBeeHI Ha PUCYHKY 2 [4, 6]. 3a HOpPMaJIbHHUX YMOB MakKCUMAaJIbHUH BHE-
COK BOIM B 3araibHy 00’eMHy Tyctuny raszy amascekoro IICIT cranoButs 5,6-10* kr/m?.
OCKiJIbKH 31 3pOCTAaHHSAM IIACTOBOTO THCKY BOJIOTOHACHYEHICTB a3y 3MEHILYEThCS], 38 TEPMO-
OapHYHIX YMOB eKcIuTyaralii J{aaBchKoro ra3ocXoBuIlia BHECOK BOAM B 3arajibHy 00’ €MHY
IyCTHHY Tasy Oyjie mie HikumuM i craHoBuTMe 0,23¢107 kr/M3, 1110 BiIOBIAe TPHOIM3HO
0,12 % Bix cymapHOi 3MiHM TYCTHHH Ta3y, 3yMOBIIeHOI Tiporiecamy excrutyarartii [1CI.

Puc. 2. Cepeonitl cesonnuil émicm 600u (y kinoepamax) y 1 m® eidibpanozo 2azy
3a HOpMATLHUX YMO8 (Oani Jawascvroeo BYII3I)
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Hunst rutactoBoi cucteMu JanmiaBchKOro TiJI36MHOTO CXOBHINA a3y XapaKTepHUH
YHCTO Ta30BUI PEKUM POOOTH, 32 SIKOTO BIUIUB 3MiH BOJJOHACHUYCHHS Ta3y Ha 3arajbHy
3MiHY TYCTHHHU MOPiJ € MiHIMAJILHUM. Y 3B’SI3KY 13 IIUM IIiJ] 4ac iHTepIpeTalii pe3yib-
TaTiB TPaBITAI[IIHOrO MOHITOPUHTY Jjisi yMOB JlamaBChbKOrO Ta3o0BOrO pe3epByapa
BIUIMBOM KOJIMBaHb BOJIOHACHYCHHS MOYKHA 3HEXTYBATH.

Bimomo, 1o 3MiHa HaNpy»KEHOTO CTaHy B MOPOAAX-KOJIEKTOpaxX CIIPHYHHSIE 00’ €MHY
JeGopMariiro MIMHUCTUX NOKPHUIIIOK 00 IITMHUCTHX MPOIIAPKIB y MEKaX KOJIEKTOPChKUX
nopin. JlocnimkeHHIM 3MiH Koe(illieHTa TOPUCTOCTI TNIMHUCTUX MOPIJI 38 YMOB ITUKIIIY-
HOI eKcIuTyarallii MiJI3eMHUX CXOBHII Ta3y MPUCBSIUEHO HU3KY HAyKOBUX poOiT [6, 7].
VY3aranpHEHHs iX pe3ysbTariB CBIMYHUTH MPO BIJICYTHICTH CYTTEBHX 3MiH IMOPUCTOCTI
IJIMHUCTUX TOKPHIIOK 1 TPOIIAPKIB 32 PETYISIPHOTO 3HAKO3MIHHOTO KOPOTKOTPHUBAJIOTO
HABaHTAKCHHsI TPUBATICTIO 4—6 MicsiiB. Takuil YacoOBUM 1HTEPBaJ € HEAOCTATHIM ISl
nposBy QiIbTpamiiHUX MPOIECiB (QIIOIIIB Yepe3 MaJONPOHUKHI ITTMHUCTI MIOKPUIIKH,
1110 JIa€ 3MOTY HE BPaxOBYBaTH 1li €()EKTH B IMOAAJIBIINX OI[IHKAX.

3B’30K MiX 1HQOPMATUBHUM TOKAa3HUKOM OO0 €MHOI TYCTHHHU TipCHKHX IOPIiJ
Ta 00’€MHOIO TYCTHHOIO ra3y i ra30HacH4eHOi Mopoan Mae (Gi3myHHul Ta CTPYKTYPHO-
(GyHKI[IOHATBHUI XapakTep.

IndopmaruBHHU TIOKa3HUK 00’€MHOI TYCTHHH TIPCBKUX MOPiA BioOpakae iHTe-
rpajibHI BIACTUBOCTI CEpPEIOBUINA — CITIBBITHOMICHHS TBEP0i a3y Ta MOPOBOTO MPO-
CTOpY, CTYIiHb TIOPUCTOCTI Ta Xapakrep (uroinoHacuueHHs. TakuM YMHOM, BiH € y3a-
raJbHEHO0 XapaKTePUCTUKOIO CTPYKTYPHOTO CTaHy MOPO/IH Ta i1 (hi3UIHUX MapamMeTpiB.

O0’eMHa TyCTHHA ra30HACHYCHOT TOPOAM (POPMYETHCS SIK PE3YJIbTaT CYMapHOIO
BHECKY MiHEpaJIbHOI MaTpHili Ta (QIIIOiiB, 10 3aN0BHIOIOTH TOPOBUI POCTIp. 3a HasIB-
HOCTI Ta3y T'YCTHHA IIOPOJM 3MEHIIIY€EThCSI MOPIBHIHO 3 BOJIOHACHYEHUM a00 TTOBHICTIO
MiHEepaJlbHUM CTaHOM, OCKUJIBKHU T'yCTHHA Ta3y CYyTTEBO MEHINA 3a TYCTHHY PiJIHH 1 TBEp-
101 pazu. Came 1151 pi3HUIIS 1 3yMOBITIOE 3MIHY IHTETPAJILHOTO MMOKa3HUKA I'yCTUHHU.

Otxe, iHpOpMaTHBHHI TTOKa3HUK 00’ €MHOI I'YCTUHHU TiPCHKUX TIOPijl BUCTYyTAE 0a30-
BOIO (DI3MYHOIO XapaKTEPUCTUKOIO CEPEIOBHINIA, TOJII SIK 00’ €MHA I'YCTHHA Ta3y BU3HAYA€E
BEITMUMHY BIIXWJICHHSI CYMapHOI T'YCTHHH TIOPOJHY Bif 11 (JOHOBOTO (HETra30HACHUYECHOTO)
crany. O0’eMHa T'yCTHHA I'a30HACHYCHOI ITOPOJIU € TTOX1THOI0 BEIMYMHOIO, IO BiloOpa-
JKa€e B3aEMOJIIIO CTPYKTYPHHX MapaMeTpiB MOPOIH Ta Hi3UYHUX BIACTUBOCTEH (IIFOTTY.

TakuM YUHOM, MK 3a3HAYCHUMU TMAapaMeTpaMH iCHye NpsMuil Qi3HIHHUN 3B’ SI30K:
CTPYKTYpHHMH CTaH MOPOAM BHM3HAYa€ UYYTIWBICTH 11 TYCTHHHM JIO MPUCYTHOCTI Tasy,
a BJIACTUBOCTI ra3y ()OPMYIOTh BEJIMYUHY I[I€1 3MiHU.

Cri 3a3HaYUTH, 110 3apyOKHUN Ta BITYM3HSIHUN JIOCBIJ MiJ3eMHOTO 30epiraHHsI
razy MiJITBEp/KY€E MOKIMBICTh €KCIUTyaTallii CBEPJIOBUH 3 MIKKOJIOHHUMH THCKaMH
110 2 MIla ta BurikanHsM rasy 10 100 Mm%/ 100y, TOOTO BUTIKaHHS ra3y € IIaHOBO-TIEPe/I-
OauyBarumu [10].

Brparu razy B Mexkax miuacra-o0’exTa 30epiraHis 0OyMOBIIEHI ITOCTYIIOBHUM HacH-
YECHHSIM MaJIOTIPOHUKHUX 30H, Mporecamu audy3ii Ta copOiii razy, Horo po34rnHEHHIM
y BOJI MiJ yac 30epiraHHsi y BOJOHOCHOMY TOPH30HTI, a TAKOXK 3allleMIICHHSM ra3y 3a
MOCTYTIOBOTO 3aBOJIHEHHS IIacTa. 3a OIiHKaMH 3apyOiKHUX 1 BITUYM3HSIHUX aBTOPIB,
TaKi BTpaTy He epeBHINyOTh 1—1,5 % akTrBHOTO 00’ €My 3a mmkn [11; 12].

JIo BHYTPIlIHBOIUIACTOBUX BTPAT CJIijl BijHecTw i 9,1 mupa M3 3anumikoBoro oydep-
HOTO 00’ €My Ta3y, KMl Ha IIeH Yac 3aMIHUTH HEMAE YnM.
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Omxe, s Oe3rneuHol eKCIuTyarallii Mma3eMHUX CXOBHII ra3y MOTPIOHO MPOBOIUTH
aHaJIi3 XapakTepUCTHK Ha PI3HUX eTanax iX eKcIuryararfii.

BucnoBku. JJocnipkeHo xapakTep MOBEIIHKH TEOJI0TO-IPOMHUCIIOBHX TTapaMeTpiB
IJTACTOBOT CUCTEMH IT1I3¢MHHUX CXOBHII Ia3y Ta iX 3MiHHU B Yaci, SKi OB’ s3aH1 31 3MIHOIO
PSKUMIB €KCIUTyarallii, 3a JIOTIOMOT0k0 iH)OPMATHBHOTO MapaMeTpa 00 EMHOT TYCTHHU
nopiz. HaBesieHO METOIMKY pO3paxyHKy 3MIiHH 00’ €MHOI T'YCTHHU Ta3y Y BUINAJKY YUCTO
ra30BOr0 PeKUMY eKcIutyatarii razocxoBuina. [IpoananizoBaHo 3MiHy (inbTpaliitHo-
€MHICHHMX BJIACTUBOCTEH IJIACTOBOI CUCTEMHM y 3B’SI3KY 13 IIUKIIIYHOK SKCIUTyaTaIlier0
ra3ocxoBuiia. Po3rinsHyTo muTanHs 00’ €eMHOT e opMallii NIMHUCTUX MTOPi TOKPHIIIOK
200 IMHUCTHUX MPOTUIACTKIB Y MOPOIaX-KOJIEKTOPax Yepe3 3MiHy HalpyKeHOTO CTaHy
B TIOPOJIaX-KOJIEKTOPaX, 110 BIUIMBAE Ha 3MiHY KOe(illieHTa MOPUCTOCTI IS IIMHUCTUX
MOPIJ] YHACIIIOK IIUKJTIYHOT eKCILTyaTallil miI3eMHUX CXOBHII Ta3y. PO3IIsIHyTO BILIUB
YMHHUKIB Ha BTPATH ra3y MiJ3eMHUX CXOBHIaX. HaBeneHI pe3ysibraTH JOCIIIKEHb
MOXYTh BUKOPHCTOBYBATHCSI ITi]] YaC BUPIMICHHS TUTaHb EKCIUTyaTallii i13eMHUX CXO-
Bl razy. lle macte 3Mory npuiMaTH pillieHHs! PO BHECEHHS 3MiH Ha Pi3HMX eTarax
eKCIUTyarTarii Juist 30epekeHHs IPUPOTHOTO rasy.

3a pe3ysibTaraMy aHaji3y YMHHHUKIB, 110 BIUIMBAIOTh HA IMKIIYHY CKCILIyaTallio
I1CT, MoxIMBe BHECEHHS 3MiH Y PEXKHMMH 3aKadyBaHHs, 30epiranHs Ta Bidopy mnpu-
POJIHOTO Ta3y, 30KpeMa KOPUTYBaHHSI TEMIIB 1 00CSTIB 3aKauyBaHHs, TPAHUYHUX 3Ha-
YEeHb IUIACTOBOIO THCKY, TPUBAJOCTI EKCILIyaTalliHHUX LUKJIIB, OOCSATIB aKTHBHOTO
Ta Oy(epHOro rasy, a TakoXk PEKUMIB pOOOTH CBEP/UIOBUH 1 KIHIICBUX MapaMeTPiB Biji-
0opy, 10 Ja€ 3MOTy 3MEHIIIMTH BTPATH Ta3y, 3amo0irTd 0OBOJHEHHIO Ta 3a0e3MeUnTH
MiJBUINCHHS ¢(PEeKTUBHOCTI i HaiHOCTI excrutyaraitii [1CT.

JITEPATYPA

1. CaskiB b. II. Ilinzemue 30epiranns razy B Ykpaini. Kuis : Kuii, 2008.
240 c.

2. Opnos O. O., @uk I. M. Ta in. bitymonadrorazoreonoriune paloHyBaHHs,
Ha(TOBI 1 Ta30Bi POAOBHILA Ta MiJ3EMHI CXOBHUINIA a3y YKpaiHH : MOHO-
rpadis. IBano-®pankisebk : Cumponis popre. 2015. 540 c.

3. ®enyrenko A. M. [Ipobnemu Ta mepcrneKTUBH PO3BUTKY Mi3eMHOTO 30€e-
piranns razy B Ykpaini. Haykoeuil gicnux. Cman i nepcnexmugu niozem-
HO20 30epicanns 2asy 6 Yipaini. 2004. Ne 2 (8). C. 9-14.

4. Tlerposcekuii O. I1., ®equenko T. O., Tpauyk A. 0. ['eoryctunsi xapak-
TEPUCTHKH TIJIACTOBOI CHCTEMHU MiA3€MHOIO CXOBHWIA ra3y Ha pi3HUX
eramax ekcroryaramii (Ha mpukinani [lamaBchkoro IMmi3eMHOTO pe3ep-
Byapy). Possioka ma po3pobxa magmosux i 2azosux poooguwy. 2014.
Ne 3 (52). C. 79-86.

5. Bulat A., Krukovskyi O., Bulich Yu., Bezruchko K., Burchak
O. Geomechanics as a factor of carbonification transformations at various
hierarchical and scale levels. I'eomexniuna mexanixa. 2024. Bum.170.
C. 156-164.

6. Timep P. @., Caskis b. Il. Texnonoriuni ocobmauBocTti crBopenust [1CTT
Vkpainu. Pozgioka i pospooxa. Cepis «Ipancnopm i 30epicanns 2asyy.
IBano-®pankiscwk, 1998. C. 15-34.

128 ISSN 2616-7360



PO3BUTOK TPAHCIIOPTY
Ne 2(29), 2026

7. Uepnosa O.T. AHaui3 po3BUTKY MEPEXKi MiI3eMHUX CXOBHII Ta3y YKpaiHU.
Pospobka pooosuwy : 36. nayk. np. 2014. T. 8. C. 261-276.

8. Slashchov 1., Slashchova O., Seleznov A., Shmyglov V., Kryvenko
Ye., Brizheniuk V. Justification of the parameters of injection rock
hardening zones around mining workings and buried structures of critical
infrastructure. /'eomexniuna mexanixa. 2024. Bun. 170. C. 165-180.

9. Timep P. @, I'imep I1. P, [lepxau M. I1. [Tinzemue 30epiranus ra3y. JIbBis :
Hentp €porn. 2007. 224 c.

10. Yepnosa O.T. TexHoj0Ori4HI 0COOMMBOCTI KCIUTyaTallii MiI3eMHUX CXO-
By razy. VI Misicnapooua koughepenyin « Akmyanoui npobremu po3sumiy
ceimoeoi naykuy. C. 80—86.

11. Apomenxko O. JI. Cranuii po3BUTOK IiIIPUEMCTB TI1136MHOTO 30epiraHHs
rasy: UISIXU JOCsTHeHHS. Haykosuil gichux leano-@pankiscbkoeo Hayio-
HANbHO20 MexHiuno2o yrisepcumemy nagpmu i 2azy. 2016. Ne 2. C. 91-96.

12. Chernova O., Vytyaz O., Martyniuk R., Fedorovych I. Rational methods
of operation of underground gas storages and mitigation of energy losses.
Nafta-Gaz. 2022. No. 3. P. 187-196. DOI: 10.18668/NG.2022.03.03.

REFERENCES

1. Savkiv, B.P. (2008). Underground gas storage in Ukraine [Pidzemne
zberihannia hazu v Ukraini]. Kyiv: Kiy. 240 p. [in Ukrainian].

2. Orlov, 0.0., Fyk, LM, et al. (2015). Bitumen-oil-gas-geological zoning,
oil and gas fields, and underground gas storage in Ukraine: Monograph.
[Bitumonaftohazogeolohichne raionuvannia, naftovi i hazovi rodovyshcha
ta pidzemni skhovyshcha hazu Ukrainy]. Ivano-Frankivsk: Symphony
Forte. 540 p. [in Ukrainian].

3. Fedutenko, A.M. (2004). Problems and prospects of underground gas
storage development in Ukraine [Problemy ta perspektyvy rozvytku
pidzemnoho zberihannia hazu v Ukraini]. Scientific Bulletin. Status and
prospects of underground gas storage in Ukraine, 2(8), 9—14 [in Ukrainian].

4. Petrovskyi, O.P., Fedchenko, T.O., & Trachuk, A.Yu. (2014). Geodensity
characteristics of an underground gas storage reservoir at different stages of
operation (a case study of the Dashava underground reservoir) [Heohustynni
kharakterystyky plastovoi systemy pidzemnoho skhovyshcha hazu na
riznykh etapakh ekspluatatsii (na prykladi Dashavskoho pidzemnoho
rezervuaru)]. Rozvidka ta rozrobka naftovyvkh i hazovykh rodovyshch,
3(52), 7986 [in Ukrainian].

5. Bulat A., Krukovskyi O., Bulich Yu., Bezruchko K., & Burchak, O. (2024).
Geomechanics as a factor of carbonification transformations at various
hierarchical and scale levels. Geotechnical Mechanics, 170, 156—164.

6. Himer, R.F., & Savkiv, B.P. (1998). Technological features of the creation
of underground storage facilities in Ukraine [Tekhnolohichni osoblyvosti
stvorennia PSG Ukrainy]. Exploration and Development. Series “Transport
and Storage of Gas”. Ivano-Frankivsk. 15-34 [in Ukrainian].

ISSN 2616-7360 129



PO3BUTOK TPAHCIIOPTY
Ne 2(29), 2026

10.

11.

12.

Chernova, O.T. (2014). Analysis of the development of underground
gas storage network in Ukraine [Analiz rozvytku merezhi pidzemnykh
skhovyshch hazu Ukrainy]. Field Development, 8,261-276 [in Ukrainian].
Slashchov, 1., Slashchova, O., Seleznov, A., Shmyglov, V., Kryvenko, Ye.,
& Brizheniuk, V. (2024). Justification of the parameters of injection rock
hardening zones around mining workings and buried structures of critical
infrastructure. Geotechnical Mechanics, 170, 165-180.

Himer, R.F., Himer, P.R., & Derkach, M.P. (2007). Underground gas
storage. Lviv: Center of Europe. 224 [in Ukrainian].

Chernova, O. T. (2020). Technological features of underground gas
storage operation [Tekhnolohichni osoblyvosti ekspluatatsii pidzemnykh
skhovyshch hazu]. VI International Conference “Actual Problems of
World Science Development” (pp. 80-86) [in Ukrainian].

Yaroshenko, O.L. (2016) Sustainable development of underground gas
storage enterprises: ways to achieve it [Stalyi rozvytok pidpryiemstv
pidzemnoho zberihannia hazu: Shliakhy dosiahnennia]. Scientific Bulletin
of the Ivano-Frankivsk National Technical University of Oil and Gas, 2,
91-96 [in Ukrainian].

Chernova, O., Vytyaz, O., Martyniuk, R., & Fedorovych, 1. (2022). Rational
methods of operation of underground gas storages and mitigation of energy
losses. Nafta-Gaz, (3), 187-196. https://doi.org/10.18668/NG.2022.03.03.

Jlara nepiiioro HaJxo/pKeHHs cTarTi 10 Bupanus: 10.03.2026
Jara npuiiHATTS CTaTTi 0 APYKY Micis periensyBanHs: 15.04.2026
[Hara myOmnikanii (onpumtogaenns) crarti: 01.07.2026

130

ISSN 2616-7360



Hayxose BumanHs

PO3BUTOK TPAHCIIOPTY

HayxoBwui1 )XypHast

Bumyck 2(29), 2026

3acHoBHUK — OnechKuil HalllOHAJILHUH MOPCHKUN YHIBEPCUTET

Vxpaincoxoro
ma aHeAiilcbkoio MoBamu

Bumaerscd 3 xxoBTHA 2016 p.

®opmar 70x108/16. 'apritypa Times New Roman.
ITamip odcer. Ludposwuii npyk. YM. apyk. apk. 10,73.
3amoB. Ne 0726/642. Haxnan 200 mpum.
Hara po3mimenns onnaita — 01.07.2026 p.
Hata npyxy — 07.07.2026 p.

BunaBaunTBO 1 qpykapHs — Bumapamuanii gim «I enpBeTHKAY
65101, Ykpaina, M. Oneca, Byin. [ammesi, 6/1
Tenedonn: +38 (095) 934 48 28, +38 (097) 723 06 08
E-mail: mailbox@helvetica.ua
CBimonrBo cy0’€KTa BUIABHUYOI CIIPABH
JK Ne 7623 Bim 22.06.2022 p.



Scientific publication

TRANSPORT DEVELOPMENT

Scientific journal

Issue 2(29), 2026

Founded by Odesa National Maritime University

In Ukrainian and English

Since October 2016

Format 70x108/16. Times New Roman Font.
Offset. Digital printing. Conventional printed sheet 10,73.
Order No 0726/642. Edition of 200 copies.

Date posted online — 01.07.2026
Date printed — 07.07.2026

Publishing House “Helvetica”

65101, Ukraine, Odessa, 6/1 Inglizi St.
Phone: +38 (095) 934 48 28, +38 (097) 723 06 08
E-mail: mailbox@helvetica.ua
Certificate of publishing entity
JIK Ne 7623 as 0f 22.06.2022



