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Pedaxuiiina konezis:
TosoBa pemakmiiinoi kosrerii: Kamincska Terama I'puropiBaa — QOKTOP €KOHOMIUHKX HAyK, IIpodecop
(Kuis, Ykpaina)
3acTyImHUK ToJI0BU pemakiiiiinoi koserii: Kypuiao Bomogumup IBaHoOBUY — [OKTOp IOPUINYHUX HAYK,
mpodecop, 3aciry:keHuii ropuct Yrpainu (Kuis, Yrpaina)
3acTyIrHUK T'oJIOBU penakiiiinoil kojerii: Tapaceuko Ipuua OsiekciiBHA — TOKTOP €KOHOMIUHUX HAYK,
apodecop (KuiB, Yxpaina)

Po30in «<EKOHOMIYHI HayKu»:

Unen penakiiiinoi koJierii: Ajsies Illaga Tuduric orytm — I0KTOpP €KOHOMIUHHUX HAYK, IIpodecop, diieH
Panu — mayxosuii cekperap ExcriepTHoi pagu 3 ekoHoMiuHUX Hayk Buroi Arecratritinoi Komicii mpu [Ipesu-
menToBi Asepbaiimxancerol Pecrry6uriku (Cymrait, Asepbaiimkanceka Peciry6irika)

Yinen pemakiriiinoi kosierii: Bamaurok Isan @egopoBUY — JOKTOP €KOHOMIUHHUX HAYK, mTpodecop (IBa-
Ho-DPpaHKIBCHK, YKpaiHa)

Unen pemaxiiiinoi koserii: Bapmam Cepriit BoroguMupoBud — 0KTOp €KOHOMIUHUX HAyK, Ipodecop
(KuiB, Ykpaina)

UYnen penaxiriiiaoi xoJsierii: Boumap Mukosa IBaHoBHMY — [0KTOP €KOHOMIUHUX HAYK, mpodecop (Kuis,
Yxpaiua)

Uien pemakiiiinoi kosterii: Beasamos Tanar EaBepoBiy — nokT0op ekoHOMIUHKX HAYK, goieHT (Kuis, Ykpaina)

Unen pepakiiiiinoi koserii: Bmosenko Haramia MuxaijiBHA — JOKTOP €KOHOMIUHKX HAYK, IIPodecop
(KuiB, Ykpaina)

Unen penaxiiiiiaoi koserii: ['o6auk Bomogumup BacuasoBuY — MOKTOP €eKOHOMIUHUX HAYK, KAHIUIAT
(istocodecrrrx HayK, Tpodecop, Sacay:xeHuit ekoHoMicT Yirpainu (Mykauese, Ykpaina)

Unen penakiiiiaoi koserii: I'puabko Ana IlaBixiBHa — QOKTOp eKOHOMIUHUX HAYK, mpodecop (Xapkis,
Yxpaiua)

Uinen penmakriitinoi kosierii: I'ymamenko JIro6o8 BacusriBHa — HOKTOp €KOHOMIUHUX HAYK, ITpodecop (Bin-
HUIIA, YKpaiHa)

Uiten penaxkiriiinoi xosterii: Jdepiit Bacuas AHTOHOBHY — MOKTOP €KOHOMIUHUX HAYK, mpodecop (TepHo-
iIb, YKpaiHa)

Ynen penakiiiinoi kosterii: Jleancexkno Muxkosa [IaBjioBuY — MOKTOP €KOHOMIUHUX HAYK, ITpodecop,
ujIeH-KopecnoHaenT MixKHapoaHOI akageMil IHBECTHITIHN 1 eKOHOMIKK OyIiBHUIITBA, akageMik Arxamemii Oy/miB-
HULTBA YKpaiHnu Ta YKpaiHcbKol TexHoJsioriuHoi akanemii (Kuis, Ykpaina)

Uiten penaxriiituoi kosierii: {paran Osena IBamniBHa — MoKTOp eKoHOMIUHUX HAYEK, mpodecop (KuiB, Ykpaina)

Unen pepaxiiiiinoi kosierii: Emine Jleiina Kuar — mokrop ekoHoMiuHux HayK, morenT (TypeuunHa)

Uiten pemaxiriiinoi kosterii: €Egimenko Hamis AmaTostiiBHA — JOKTOpP €KOHOMIUHEUX HayK, mpodecop (Hep-
kacu, Ykpaina)

Uisen penmaxiriiiaoi koserii: 3apyubka OQsena IlapiaiBHa — MOKTOP eKOHOMIUHUX HAYK, mTpodecop (uimpo,
VYkpaiua)

YsteH pemaxkiritivoi kKosierii: 3esicko Inaa MuxaiiBHa — JOKTODP €eKOHOMIUHUX HAYK, IIPodecop, akaaeMik
Axanewmii exonomiunux Hayk Ykpainu (Kuis, Yikpaina)

UneH penmaxiiiiaoi Koserii: 3ock-Kiop Mukosia BasiepiiioBuY — JOKTOpP €KOHOMIYHUX HAYK, Ipodecop
(ITonraBa, Ykpaina)

Ynen penaxkiiiinoi kosierii: Inpuyk IlaBiao I'puropoBud — 10KTOP €KOHOMIUHHUX HAYEK, Ho1ieHT (JIbBIB,
Yxpaiua)

Uiten pemaxiiiiaoi kosterii: Kapimkymos sKacyp IMman6oeBuy — moKTOp eKOHOMIUHUX HayK, goreHT (Tam-
keHT, Pecriy6itika Y30ekucram)

Yinen pemaxiriiiaoi koserii: Kimouan B’sueciiap BacuiaboBuY — JOKTOP €KOHOMIUHUX HAYK, ITpodecop
(Muxkostais, Yxpaina)

Unen pepaxmiiiaoi kosterii: Kommtiok Oxcana IaniBHa — J0KTOP €KOHOMIUHUX HAYK, podecop (JIbBIB,

Yxpaiua)

UneH penaxiiiinoi kosterii: KpaBuenko Onbra QuekciiBHa — JOKTOp eKOHOMIYHUX HayK, mpodecop (Kuis,
Yxpaiua)

Uiten pemaxiiitaoi koserii: Kypmmo JIromMmumia IsumopiBHa — 10KTOp eKOHOMIUHEUX HaAyK, mpodecop (Kuis,
Yxpaiua)

Uisen pepaxiiiiaoi koserii: Kyxmenko Osier BacniasoBuu — I0KTOp eKOHOMIUHUX HAYK, Tpodecop (Kuis,
VYkpaiua)
Unen penaxkiiitinoi koserii: JIofiko Basiepisa BikTopiBHa — M0KTOp €eKOHOMIUHUX HayK, mpodecop (Kuis,

Yxpaiua)
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Yiren penmaxkiriiiuoi kosrerii: Jloxamosa Harana OsiekciiBHA — QOKTOP eKOHOMIUHNX HayK, mpodecop (JIbBiB,
Yxpaina) .

Yisen pemaxkiriitaoi kosterii: Masik Mukosa MocumoBuY — TOKTOP €KOHOMIUHMX HAyK, Tpodecop (Kuis,
Yxpaiua)

Unen penaxiriiinoi kosierii: Mirye Ipuna IlerpiBHa — mokTOp eKoHOMIUHUX HayK, mpodecop (Uepkacu,
Yxpaiua)

Uiten pemaxiiiitoi kosrerii: Himeunko Birasmiii CepriiioBud — I0KTOp €KOHOMIUHUX HAYK, morieHT (Omeca,
Yxpaiua)

Uiten pepaxiriiiaoi koserii: Omiiauk Onekcanap BacuaboBHY — 0KTOP €KOHOMIUHHKX HAYK, IIPodecop
(XapkiB, Ykpaiua)

Uisen penmaktitiaoi Koserii: Ocmaruyenko Bomogumup OrekcaHapoBHUY — IOKTOP €KOHOMIUHUX HAYK,
mpodecop (Kuis, Yrpaina)

Unen pemakuiiizoi koserii: Oxpimenko Irop BirasifioBuu — 1okTop eKoHOMIUHUX HAYK, mipodecop (Kuis,
Yxpaiua)

Unen pepaxkiiiinoi kosierii: [lacka Irop MukoJsiaiioBuY — M0KTOP €KOHOMIUHUX HaAyK, mpogdecop (Bixa
IlepxkBa, Yxpaiua)

Uien pemaxkiiiiinoi kosierii: Pagymosa Karepuuna MukosiaiBHA — QOKTOP €KOHOMIUHHUX HAYK, IIpodecop
(Kuis, Ykpainua)

Yiten pemakiriiinoi kosterii: Pamcewpkmint Auapii IOpifioBuu — moxTOp eKoHOMIUHEKX HAyK, mpodecop (Kuis,
Yxpaina)

Ysen penaxiriiiuol kosterii: CesiBepcroBa JIrommuia CepriiBHa — T0KTOp €KOHOMIUHUX HAYK, ITpodecop
(KuiB, Yrpaina)

UneH penaximiiinoi koserii: Cmostin Irop BasmeHTHOBHMY — NOKTOP €KOHOMIUHUX HAyK, podecop (Kuis,
Yxpaiua)

Unen pemaxiriitiol kojierii: CynmoBa Ouseca OQirekcaHapiBHA — TOKTOp €eKOHOMIUHHUX HAYK, ITpodecop,
akameMik Axamemil ekoHOMIuHMX Hayk Yipainu (Kuis, Ykpaiua)

Uinen pemakiiiinoi koserii: TaukiaeBcska Haramia CraHiciiaBiBHA — JOKTOP €KOHOMIUHUX HAYK, IIPO-
(ecop (Xepcon, Yrpaina)

Ysen penaxiiiinoi kosterii: Tokap Bosogumup BorogumMupoBrd — T0KTOP €KOHOMIYHUX HAYK, ITpodecop
(KuiB, Yrpaina)

Ysen penaxkiriiinol kosterii: Tynpunacska CBiTiana QiiekcaHApiBHA — TOKTOP €KOHOMIUHUX HAYK, ITPO-
tecop (Kuis, Yrpaina)

Uien pemaxkiiiiinoi koJsierii: YmkeBcbka JIroomuiaa BitaxiiBHAa — QOKTOP €KOHOMIUHHUX HAYK, IIpodecop
((Kuromup, Yrpaina)

Unen penakiiiinoi koserii: llleBuyk fIpociaas BacuaboBUY — MOKTOp €KOHOMIUHUX HAYK, CTAPIINI HAy-
KOBUiA crriBpobiTHUEK, qoreHT (HoBoBosmmHChK, BostmHebka 00651., YEpaina)

Ynen penaxiitinol koserii: llmakapyk Jligia BacumiBHa — MOKTOp €KOHOMIUHMX HAYK, ITPOGecop, WiIeH-Ko-
pectioagenT HAH Vkpaiuu (Kuis, Ykpaiua)

Uinen pepakitizoi kosterii: Illlmak BamenTnn ApkagifioBUud — JOKTOpP eKOHOMIUHMX HaYK, mipodecop (Kuis,
Yxpaina)

Unen pepaxkmiitol kKoserii: CkpuHbKOBChEHE Pyciian MukosiafioBUY — KaHIUIAT €eKOHOMIYHUX HAYK,
mpogecop (JIsBiB, Yikpaina)

Uinen pemaxkiiiiiaoi koJsierii: Cysmronos lllepanu HypamueBua — fqokrop distocodii 3 eKOHOMIUHUX HAYK
(PhD) (Tamrent, Pecniy6tika Y30exkucram)

Uien pemaxiiiiaoi kosterii: Peter Bielik — Dr. hab. (CiroBamnpka Pecry6orika)

UYsen pefakuiitaoi kosterii: Eva Fichtnerova — University of South Bohemia in Ceské Budgjovice (Yecska
PecmyGutika)

Ysren pemakriiiinoi koserii: Jozsef Kaposzta — Dr. hab. (¥Yropiuua)

Uisen penaxiiiiitoi kosterii: Henrietta Nagy — Dr. hab. (Vropiuna)

Uisten penaxiiiiitoi koserii: Anna Toré-Dunay — Dr. hab. (Vropiquaa)

Ynen penaxiiiinoi kojerii: Miroslaw Wasilewski — Dr. hab., Associate professor WULS-SGGW
(Tlompmia)

Yiaen pemakiiiinoi xojierii: Natalia Wasilewska — Doctor of Economic Sciences, professor UJK
(ITonpma)

Po30din «Texniuni nayxku»:
Unen penaxkiitinoi koserii: Besgikos Anarostiii CepadiMoBuy — qoKTOp TeXHIYHUX HAYK, Ipodecop ([ Hi-
mpo, YkpaiHa)



Uinen pepaxiiiiaoi kosrerii: Kyssmin Osier BosromuMupoBuy — qOKTOP TeXHIUYHUX HAYK, Impodecop (Kuis,
VYkpaiua)

Yiten penmaxkiriiiaoi kosterii: JIynmesnko Irop AHaTo/TifioBHY — TOKTOP TEXHIUHUX HAYK, Tpodecop (Kpemen-
uyK, YKpaiHa)

Unen penakiiiinoi kosterii: Measauk BikTopia MukosiaiBHa — JOKTOp TeXHIYHUX HayK, mpodecop (Kuis,
Yxpaiua)

Unen pemaxiiiiitoi koserii: PymanmeB Auarostiii OieKkcaHIpoBHY — TOKTOP TeXHIYHUX HAYK, ITpodecop
(Kpamaropchek, YikpaiHa)

Unen pemaxiiiiaoi koserii: Cepreiiuyk Ouer BacuiboBuu — qokTop TexHIUHNX HAYK, mpodecop (Kuis,
Yxpaiua)

Uiten pepaxmiiinoi kosierii: Cremanos Quiekciii BIKTOpoBHY — IOKTOP TEXHIUHKUX HAYK, IIpodecop (Xap-
KiB, YKpaiHa)

e pemaxiitinoi kosterii: Ya6au Bitasii BacuinoBua — 1oKTop TeXHIYHUX HAYK, Tpodecop (Kuis, Yrpaina)

Uiten penakriiiinoi koserii: Annb-AGabHex Xacau Asti Kacem — kaumumar rexuivanx Hayk (AMMaH, I7Iop,uaHiﬂ)

Unen pepaxiriiitoi koJierii: ApTioxoB ApreM €BreHoBHMY — KaHIUIAT TeXHIYHUX HayK, goreHT (Cymmu,
Yxpaiua)

Uinen pepaxiiiinoi kosierii: Bamup6ein Aganar Iemain — kaHguaaT TeXHIYHAX HAYK, TOJIOBHUM HAYKO-
Buii crrertiasict (Baky, Asep6aiimxanceka PecrryOstika)

Unen penaxkiriiiaoi kosierii: Ka6ymos HoziM:xoH AGoyKapiMOBHY — TOKTOP TEXHIYHUX HAyK, gorieHT (Pe-
cry0Jtika Y36ekucTan)

Unen penmakiriiinoi kosterii: KoubkoB I'eopriii IropoBuu — kangugar rexHivHux HayK, npodecop (Kuis,
Yxpaiua)

Unen penaxkiriiinoi koserii: Ilouy:xeBckuii Oser JIMUTPOBHY — KaHIUAAT TEXHIYHUX HAYK, Ho1eHT (Kpu-
Buii Pir, Ykpainua)

Unen penakrtiiinol xoJsierii: CanbkoB Iletpo Muko/iaitoBu4 — KaHIUIAT TEXHIYHUX HAYK, morieHT (Jlmi-
mpo, YKpaina)

Po30din «Ilcuxonoziuni HayKu»:
Uien pemaxiriiiuol koserii: Illep6an Terana JIMuTpiBHA — MOKTOP IICUXOJIOTIYHUX HAYK, ITpodecop, 3a-
CJIy?KeHUH MPAaIliBHUK OCBITH YKpainu, pekrop MykauiBcbkoro nep:kaBHoro yHiBepcurery (MykaueBe, Ykpaina)
Yiten pepaxiitinoi xosterii: Kopeyn Cepriit IBanoBuu — KaHaumar meuxoJiorivuux Hayk, morent (ITox-
raticeka, CioBarpka Pecry6itika)
Unen penakiiitnoi kosierii: dinmpoBa-PyceBa Kpacumipa I'eoprieBa — kaHIuaaT ncuxoJIoTivHUX HAYK,
nmortent (ILtoBaie, Pecniy6stika Bonrapis)

Po30din «Icmopuuni Hayku»:
Unen pemaxitiiiaoi koserii: Biman Cepriit OmekcifioBHa — moKTOp icTopuuHmx HAYK, AoreuT (Kuis, Yikpaina)
Uisen pemaxiiitiaoi kosterii: Jloop:kancekuii Onexcanap BosmoguMupoBuY — MOKTOP iCTOPUYHUX HAYK,
npodecop (UepHibiri, Ykpaina)
Unen pepakiiiinoi Kosierii: Ypazimosa Tamapa Bomogumupisaa — PhD in History of Art, morient (Hyxyc,
V36exucran)

Po3din «<Meduuni nayku»:

Unen pemakiiiiiaoi kosierii: Camoxin Anarostiit BIKTOpoBHY — TOKTOp MeIUUYHUX HAYK, ITPodecop, 3aciIy-
skeHui gikap Yipaiunu (KuiB, Ykpaina)

Uien penaxiriituoi koserii: CeupumoB Mukosa BacuiasoBuu — MoKTOp MEOUUHUX HAYK, TOJIOBHUH HAy-
KOBUI CHiBPOOITHUK BiJIJTy eHIOKPUHOJIOTIUHOI Xipyprii, KepiBuuk LlenTpy niaberuuwoi cronu (Kuis, Yxpaina)

Yisten pemaxiiiiiaoi kosterii: Cre6aiok BeeBosiog BosroguMupoBUY — TOKTOP MEIUUHUX HAYK, IIPOdecop
KPUMIHAJICTUEY 1 cyqoBol Mmemunnun, Hapomuuii I'epoit Yrpaiuu, aciayskenunii gikap Yrpainu (Kuis, Yrpaina)

Unen penaxiiiiaoi Kosierii: Kynpisaosa Jlapuca CepriiBaa — KaHqugaT MeIUYHNAX HAYK, JOIEHT KPUMi-
HaJIICTUKHU Ta CymI0Bol ekciieprosiorii (Xapkis, Ykpaina)

Po30din «CintbcbK020cn00apCcbKi HAYKU»:
Unen penaxkiiiinoi koserii: Bougmap Onexcamagp BormanmoBuY — KaHIUIAT CLIIBCHKOrOCIIONAPCHKUX HAYK
(Vxpaiua)
Usen penaxriituoi koserii: [llapamMok Terssua CepiiBHa — KaHIUIAT CiIBCHKOTOCTIONAPCHKUX HAYK, TOIIEHT
(duinpo, Yxpaina)
Yien pepaxiitinoi koserii: Katalin Posta — Prof. Dr. (Yropiuaa)
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Po3zdin <Mucmeumeoznascmeo»:
Yiten pemakiriiinoi kosterii: Cumak Auna IBaHiBHA — KaHOMOAT MUCTEIITBO3HABUNX HaYK, moeHT (KumuHis,
Pecny6mixa Mosimosa)

Excnepmu:

JIromrenko Auapiiit MuKoJIaiioBHY — MPOBIAHUN 1HKEHEP-TOCTIIHUK, apXITEKTOP MOOIJIBHUX CHUCTEM,
€KCIIepT y ITPOeKTYBaHHI MacIITaboBaAHUX MOOLIBHUX Ta posmofaijenux cucreMm, wied IEEE, aBrop HaykoBo-
TeXHIYHUX cTarell y rajaysi MooLIbHOI apxiTekTypu Ta high-load miardopm, marictp npukIameEol MaTeMaTUKA

Hosocen Cepriit BoromuMmupoBuy — mifpuemers y cepi eiekrporaol koMmepirii, 7-figure Amazon FBA
wholesale mpomgaserrs, crapmmuii wien eCommerce & Digital Marketing Association (ECDMA), aBTop KHurH
«Amazon Wholesale Advantage: Winning Playbook», crrikep miskHapomuux xoudepenrriit (CIIIA, €spona, Jla-
THUHCBbKA AMepuKa)

Cuporenko Auapiii BosiomuMupoBuY — IpoBiHUI 1HKEHEP-IOCTITHUK, €KCIIEPT 3 iHAyCTPiaIbHOI aHa-
srituku 1 Mmetpostorii, wieH IEEE, aBrop BuHaxXoiB 1 HAYKOBUX Ipallb y TaIysi KOHTPOJIIO IIPOMUCIIOBUX BUKUIIB
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STRUCTURING MULTICHANNEL DEMAND
GENERATION SYSTEMS IN THE GLOBAL
EMPLOYMENT SERVICES MARKET
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Summary. This conceptual article examines how demand is generated, segmented, and converted in the global employment
services market — a market whose institutional heterogeneity, territorial fragmentation, and acute legal and personnel risks
make the interorganizational customer journey unusually long and multi-actor. Drawing on customer-journey and buying-center
research, switching-cost theory, the internationalization literature, and transaction cost economics, the article develops an
integrative account of multichannel demand generation as a single commercial system whose effectiveness depends on the
internal coherence of segmentation, messaging, content, channels, and commercial routing. Its contribution is threefold. First,
it proposes that demand in cross-border employment services be segmented along three interacting axes — the client’s prior
experience with international hiring, the mode of market entry, and the composition of the buying circle — rather than by generic
firmographic variables. Second, it identifies an affective dimension of demand specific to this market: the perceived overload of
technical buyers confronting a high-stakes, largely non-technical entry decision. Third, it advances a structural argument that
horizontally optimized providers underperform in high-specificity segments such as technology, where specialized provision
holds the advantage. These claims are stated as five explicit propositions available for empirical testing, and the argument
concludes with a staged implementation model — diagnose, design, pilot, scale — for practitioners. The article will be useful to

business development leaders, go-to-market strategists, and commercial teams in international employment services.
Key words: global employment services market, demand generation, B2B customer journey, buying center, demand segmen-
tation, cross-border employment services, employer of record, go-to-market strategy.

ntroduction. In the global employment services

market, demand generation has become a core co-
ordinating function, because the market it operates in
is fragmented across jurisdictions and institutionally
diverse. As cross-border hiring expands, digital labor
platforms proliferate, and compliance requirements
intensify, clients increasingly need an intermediary
that can connect a personnel need to legal, payroll,
and organizational infrastructure at speed. In this
environment demand rarely arises on its own. It must
be cultivated through the sequential explication of
service value, the reduction of perceived risk, and the
continual confirmation of supplier reliability. Conse-
quently, the importance of digitalization and interme-
diate institutions for the labor market has been noted
[15; 16], and studies on interorganizational customer
journeys have shown that for companies the key to
competitiveness is to master the entire service contact
chain as a system [14].

(oMol
10

The behavior of the corporate buyer has also be-
come considerably more complex in recent years [28].
The decision to purchase an employment service is
formed incrementally and includes several levels of
coordination within the client company. Typically, the
discussion involves the HR function, the finance unit,
the legal department, procurement, and operational
managers. The path to a deal therefore runs through
many touchpoints, spread over time and differing in
function: some frame the problem, some help compare
solutions, and some exist to overcome internal objec-
tions and build consensus among the stakeholders
involved. A concept of the interorganizational customer
journey as a complex, relational, and multistage con-
struct of procurement processes, decision centers, and
interfirm relationships is emerging in the literature
[11]. Moreover, recent studies find that the alignment
of customer experience occurs simultaneously at the
individual, team, and organizational levels [9], which
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further multiplies the points a demand system must
coordinate [26]. For precisely this reason, demand in
the employment services market cannot be regarded as
a reaction of a single individual to a single marketing
message.

This suggests that single-channel marketing is
a poor fit for environments in which the client tra-
verses a long evaluative trajectory, where different
channels and stages are invoked at various times, and
where different information is processed depending on
organizational role. Research suggests that customer
journey management improves firm outcomes when
the company preserves the integrity of customer re-
lationships, structures the sequence of interactions,
and aligns digital and in-person forms of interaction
[14; 26]. The customer-journey construct itself, as
consolidated by Lemon and Verhoef [24], conceives
the journey as a sequence of prepurchase, purchase,
and postpurchase stages composed of touchpoints that
differ in ownership — brand-owned, partner-owned,
customer-owned, and social/external — only some of
which the firm directly controls. Becker and Jaak-
kola [1] likewise distinguish firm-controllable from
non-controllable stimuli and argue that experience
management consists in steering the customer toward
intended responses across them. Coherence matters
precisely for this reason: the firm cannot dictate every
touchpoint, only orchestrate consistency across those it
owns and respond deliberately to those it does not. In
the employment services market, this is especially im-
portant because trust develops slowly, and an unsuit-
able supplier choice can carry meaningful implications
for staffing continuity, compliance, and cost. Therefore,
any further consideration of a multichannel demand
generation system must proceed from the premise that
a channel constitutes part of a broader architecture of
persuasion, navigation, and coordination of interests
within the client company.

Although the global employment services market
has grown in economic significance, scholarly atten-
tion to it remains unevenly distributed. Cross-border
employment services — employer-of-record models,
outstaffing, and international staffing — have been
analyzed mainly in terms of their legal, regulatory,
and tax implications [19]. While academic scholar-
ship on the operational aspects is emerging, it still
remains limited. Yet, systematic research from a busi-
ness-to-business (B2B) perspective remains scarce
for these services. This scarcity is exacerbated by the
fact that the more general B2B literature on custom-
er journeys and buying centers [14; 28; 11; 22] does
not consider its specific interorganizational demand
management processes due to the institutional het-
erogeneity, territorial fragmentation, and specific legal
and personnel risks involved. A gap therefore remains:
how demand is generated, segmented, and converted
in cross-border employment services has not been ar-
ticulated as a coherent commercial system.

This article addresses that gap by proposing
a multi-axis model of demand segmentation for cross-
border employment services. Its contribution is three-
fold. First, it holds that demand in this market cannot
be adequately segmented by generic variables such
as need, scale, or organizational maturity, and struc-
tures it instead along three interacting axes: the cli-
ent’s prior experience with international hiring (first-
time versus incumbent-switching), the chosen mode
of market entry (a small beachhead versus full-scale
establishment), and the composition of the buying
center, which in technology shifts toward technical
leadership acting as economic buyer. Second, extend-
ing an underexplored thread in organizational-buying
research that recognizes the role of emotion alongside
rational evaluation, it identifies an affective dimen-
sion specific to this market: the perceived overload of
technical buyers facing an inherently non-technical,
high-complexity entry decision, which operates as an
independent determinant of demand. Third, it advanc-
es a structural argument that horizontally optimized
providers — efficient for generalized cross-border hir-
ing — underperform in high-specificity segments such
as technology, where role-specific conditions become
the decisive criterion, thereby defining where a spe-
cialized demand system must concentrate. Existing
research on professional service operations [25] does
not address the demand-segmentation architecture
required to sustain role-specific specialization at scale.
This structural argument is advanced as a testable
proposition (developed as P5 below) rather than an
established result, and it is explicitly bounded: where
role-specificity is low, horizontally optimized providers
retain the advantage on coverage, speed, and cost.

Methodology. This article is conceptual in nature.
Following Jaakkola’s [17] account of conceptual re-
search designs, it combines two of the four templates
she identifies: theory synthesis, which integrates find-
ings dispersed across separate literatures into a more
coherent whole, and typology, which organizes a phe-
nomenon into distinct, theoretically grounded types.
Sources were selected from peer-reviewed literature
published primarily between 2016 and 2026, supple-
mented by foundational theoretical works [e.g., 32;
18], with purposive sampling prioritizing fit to the
cross-border employment context and organizational
buying research rather than systematic-review cov-
erage. Experience and entry mode are treated as the
two independent conditioning dimensions, chosen to
isolate the conditions that govern buying-center com-
position and decision pathways, with these dimensions
interacting to define segments within which demand
properties remain stable. The analysis concentrates
explicitly on the technology segment of cross-border
employment services, where the mismatch between
technical decision-weight and non-technical service
attributes creates distinctive demand conditions not
present in generalized labour provision. The aim is not
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to test hypotheses on primary data but to construct
an integrative account of demand generation in the
global employment services market and to specify how
demand in this market can be segmented. Consistent
with the requirements of conceptual work, the theories
drawn upon and their role in the analysis are made
explicit below.

The analysis draws on several bodies of literature
that function as its domain theories. B2B customer-
journey and buying-center research [24; 1; 28; 11; 14;
26; 23; 4] supplies the model of multi-actor, multi-stage
interorganizational demand and the mechanics of in-
fluence within the buying center. Pre-purchase inter-
action and trust formation in HR services [22] supplies
the mechanism of value formation before contract, and
the organizational-buying literature on emotion in os-
tensibly rational decisions [20] supplies the affective
component of the argument. The segmentation and
structural claims additionally draw on switching-cost
theory [6; 3], the internationalization literature on
market selection, entry mode, and staged commitment
[18; 27; 2; 13], and transaction cost economics [32; 12].
Evidence on the structure and scale of the market is
drawn from the International Labour Organization
[15; 16] and from recent labour-market analysis of
growth in complementary-human-skills demand rel-
ative to substitutable-skills decline [30]. Sources were
selected purposively for their fit to the cross-border
employment context rather than through systematic-
review sampling, consistent with a synthesis-and-ty-
pology design whose goal is conceptual integration
rather than exhaustive coverage. The analysis is ad-
ditionally informed by the author’s experience leading
commercial functions in the global staffing and employ-
ment services sector, used as an interpretive lens on
the synthesized literature rather than as a source of
primary data. Because the author holds a commercial
role at a specialized provider, this position is disclosed
explicitly; the structural claims about specialized ver-
sus generalized provision are grounded in the cited
literature rather than in proprietary experience.

The synthesis proceeds by comparing how these
literatures treat segmentation, messaging, content,
channels, and commercial routing, and by integrat-
ing them around the organizing claim that demand
becomes a stable flow of deals only when these ele-
ments are internally coherent. Where the argument
advances claims that the existing literature does not
yet establish — the three-axis segmentation, the role
of the technical leader, the affective dimension in this
specific market, and the structural limits of horizon-
tally optimized provision — these are stated as explicit
propositions (P1-P5 below), in the manner of a con-
ceptual model paper [17], so that they are available
for subsequent empirical testing. Because the study
is conceptual, it does not provide primary empirical
validation of these propositions; that limitation and
the resulting research agenda are addressed below.

12

Results and Discussion
The Market and Its Buying Dynamics

Following the introduction, the subject of analysis
must be delineated more precisely, as the global em-
ployment services market comprises a set of hetero-
geneous intermediary and operational solutions that
connect employers with labor resources, payroll in-
frastructure, and legal support. This market includes
temporary and permanent staffing services, the en-
gagement of workers through an external employer,
international payroll administration, management of
contingent workers, the outsourcing of recruitment
functions to a specialized provider, support for inter-
national mobility, and services related to compliance
with labor requirements across different jurisdictions.
Such a market composition has emerged under the
influence of digitalization and the expansion of cross-
border employment. The International Labour Orga-
nization associates this shift with the growth of digital
labor platforms and with the deepening of intermedi-
ary forms of labor organization in the global economy,
which renders the employment services market both
more capacious and more heterogeneous [15]. This
means that demand formation must be structured
so that a single company can simultaneously require
recruitment, payroll, personnel administration, and
legal protection. This institutional and territorial spec-
ificity is not merely an operational complication; it
shapes how demand itself must be segmented and ad-
dressed — a commercial consequence that generalized,
horizontally optimized provision tends to overlook.

A particularly salient manifestation of this complex-
ity can be observed in the technology industry, where
firms frequently combine rapid international expan-
sion with volatile hiring plans, scarce specialist talent,
and geographically distributed teams. These attributes
of employment services usage we can denote as com-
pressed decision times, sudden market engagement,
and constant labor-force adaptation. Hence, the clients’
demands are a compressed mix of hiring urgency, role
specificities, cross-border payroll, precise contractor
classifications, and last but not least continuity of ex-
ecution in great growth spurts. For these reasons, the
technology industry is the market sector most relevant
to the study of multichannel demand generation, as the
most important attributes of the service provider are
speed, compliance reliability, operational scalability
and ability to deploy a workforce in several jurisdic-
tions simultaneously. Recent evidence drawn from tens
of millions of job postings across several economies
shows that demand for skills complementary to Al has
grown substantially, even as Al substitutes for rou-
tine task execution [30]. This complementarity-rather
than direct Al adoption alone-intensifies the need for
employers to source diverse and specialized talent,
placing additional coordination demands on external
service partners navigating multiple skill categories,
jurisdictions, and rapid hiring cycles.
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The complexity of this market stems largely from
the service’s very structure. The client purchases not
an isolated operation, but a bundle of processes, obli-
gations, and guarantees that affect hiring, payments,
taxes, employment status, cross-border data transfers,
and the risks of labor disputes. The pre-contractual
stage acquires a distinctly trust-based character. Re-
search in the field of HR services for organizations
shows that value in the early stages is formed through
interaction, the joint clarification of expectations, and
the gradual reduction of uncertainty [22]. This occurs
because the potential client evaluates the supplier
through the prism of competence, predictability, and
the ability to account for the client’s context. Within
the logic of employment services, this is especially
consequential because an error in supplier selection
has repercussions for workers, budgets, and legal com-
pliance. Therefore, demand here arises through the
sequential accumulation of trust and cognitive cer-
tainty. The path to purchase becomes saturated with
returns to previously addressed issues and repeated
verification of arguments.

The customer journey in this market also has a cog-
nitive and affective dimension that predominantly
rational models tend to underweight. Establishing
a presence in a new market — selecting jurisdictions,
securing premises, ensuring compliance, and arrang-
ing payroll and equipment — is an inherently com-
plex and largely non-technical undertaking. When the
economic buyer is a technical leader, this complexity
frequently produces a state of perceived overload and
uncertainty [29], since the decision extends well be-
yond their domain of fluency. In this context, perceived
risk and cognitive burden operate as independent de-
terminants of demand alongside price and capability.
The stakes are amplified by the asymmetry between
what the provider prices and what the client commits:
from the buyer’s side, the decision is weighed not as
a monthly service fee but as the full cost of the expan-
sion — salaries carried many months ahead, opera-
tional time, and the exposure of a failed entry — so
the magnitude against which risk is assessed is the
commitment, not the rate. Research on organizational
buying has shown that ostensibly rational purchase
decisions are in fact shaped by emotion as well as fact,
and that receptivity to emotion-based messaging is
greater among higher-status, executive-level buyers
[20] — precisely the position the technical leader fre-
quently occupies. This thread nonetheless remains
underexplored in the employment services context.
A demand system that addresses only rational selec-
tion criteria, while neglecting the buyer’s need for
assurance that the full operational perimeter will be
handled end to end, will underperform precisely with
the stakeholder who most often holds budget authority.

Additional complexity arises from the regional frag-
mentation of demand. The norms regulating worker
status, permissible forms of outsourcing HR functions,

the calculation of mandatory payments, the storage
of personal data, and the regime governing the use
of contractors differ substantially between countries
and even within particular integration spaces. As
a result, the client’s request is almost always tied to
a specific territory and to a specific model of business
expansion. At the same time, the purchasing decision
is formed within a multilevel circle of participants.
More recently, literature around interorganizational
customer journeys describes it as an iterative trajec-
tory within and between the relationships of multiple
organizations, anchored to multiple centers of use and
coordination. The same customer journey is perceived
in different ways by the actors involved [28]; for ex-
ample, the time and quality of employee onboarding
is important to the HR function while price trans-
parency and discipline in payroll are critical for the
finance function. The legal department also considers
the legal foundations of the employment model to be
important. For procurement, supplier manageability
and the comparability of terms are essential. For oper-
ational management, executional stability and launch
timelines are decisive.

In technology-oriented segments, the composition
of this buying circle differs from the general B2B pat-
tern in a consequential way. Alongside HR, finance,
legal, procurement, and operational management, the
technical leadership function — the CTO, the VP or
Director of Engineering, and senior engineering man-
agers — frequently acts as the economic buyer or as
a decisive technical gatekeeper, determining required
headcount, the seniority and skill profile of engineers,
and whether a given block of work is externalized at
all. Its evaluation criteria are distinct: where finance
assesses payroll discipline and legal assesses the re-
gime of responsibility, technical leadership assesses
the demonstrable engineering quality of candidates,
the provider’s understanding of distributed engineer-
ing workflows, and the risk that augmentation with
external engineers erodes executional continuity and
architectural coherence. In this segment, therefore,
the buying circle is not merely broader; its center of
gravity shifts toward technical leadership, and a de-
mand system addressing only HR, procurement, and
legal will systematically miss the participant who of-
ten holds both budget authority and veto.

The Multichannel System and Demand
Segmentation

In this market, the multichannel demand system
is a coordinated structure in which every channel an-
swers to one commercial logic and works as part of
a single persuasion trajectory. Its defining property is
coherence. It sets common priorities across segments,
territories, and service lines; it assigns each channel
a function according to where the client stands on the
path to a deal. It provides continuous feedback based
on data on company behavior, depth of engagement,
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and movement through the sales funnel. It personal-
izes content for different segments and roles within
the client organization. It evaluates outcomes through
contribution to the flow of qualified deals, since it is
precisely this indicator that reflects the system’s real
commercial value. Research on interorganizational
customer journey management indicates that effective-
ness increases when a company is capable of coordi-
nating touchpoints as a unified managerial capability,
while the digitalization of the journey intensifies the
significance of such coordination due to the growth in
the number of channels, roles, and transitions between
them [14; 26]. The employment services market cycle
is shown in Figure 1.

After defining the nature of the global employment
services market and describing the multichannel de-
mand generation system as a coordinated commercial
construct, it is logical to proceed to its strategic founda-
tion. Such a system begins with a clear understanding
of which companies possess the highest probability of
moving from interest to deal. This concerns identify-
ing the target customer profile and dividing the mar-
ket into segments along three interacting axes — the

client’s prior experience with international hiring, the
chosen mode of market entry, and the composition of
the buying circle — developed in detail below. Here,
it is especially important to consider how a company
expands its workforce, how it distributes functions
between internal teams and external suppliers, which
risks it considers critical, and at what point in its
growth it encounters constraints. Segmentation in
this logic becomes a means of identifying manageable
zones of demand within which it is possible to predict
motives for contact, the depth of doubt, and the prob-
able length of coordination.

These three axes can be stated explicitly. The first
is the client’s prior experience with international hir-
ing. A first-time cross-border buyer that has never
hired abroad, or never through an intermediary, is gov-
erned primarily by uncertainty and perceived risk; the
pre-contractual trust dynamic operates at maximum
intensity, and demand work must carry a heavy edu-
cational load. An experienced buyer already working
with outsourcing or outstaffing providers, or with es-
tablished international hiring platforms, faces a differ-
ent barrier-not whether to hire abroad, but switching

Awareness

renewal

Review

Prior experience
Mode of market entry
* Buying-circle composition

shape pathway and
cycle duration

Implementation

——p stage progression

" Client-side conditions

- = 9 feedback: recurrent trust-building and verification

Negotiation

conditioning links

Fig. 1. The employment services market cycle. Clients progress through awareness, evaluation, negotiation,
implementation, and review toward renewal, with feedback loops capturing recurrent trust-building and verification.
Prior experience, mode of market entry, and buying-circle composition shape which pathway a client follows and how

long the cycle runs
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cost and demonstrable advantage over an incumbent
solution-so the commercial question becomes compar-
ative rather than educational. The second axis is the
mode of market entry, understood here as the scale
and staging of the commitment rather than its legal
form. One client commits to full-scale entry from the
outset, hiring twenty to fifty people (for illustration)
and establishing a local office, while another begins
with a small beachhead of a few engineers as a low-risk
test and scales only after the initial cohort proves via-
ble; these differ in decision velocity, risk tolerance, and
the argument that moves them. The third axis is the
composition of the buying circle, which in technology
shifts toward technical leadership, as developed above.

These axes interact rather than operate in isolation.
The experience regime predicts not only the barrier
but the maturity and composition of the client’s own
decision process: first-time buyers frequently have
not yet recognized that technical leadership must
own seniority and skill decisions and may initiate the
process through HR or procurement alone, whereas
experienced buyers typically arrive with that function
already central. Read together, the three axes yield

a workable typology — a first-time, beachhead client
requires maximum education and minimum risk, while
an incumbent-switching, full-scale client compares op-
tions and moves quickly — that translates an abstract
market into a small set of recognizable commercial
situations. These four buyer types, together with each
type’s dominant barrier and demand response, are
mapped in Figure 2, in which the diagonal indicates
the shift in the buying circle’s center of gravity from
HR or procurement toward technical leadership.

The diagonal marks the buying circle’s shift from
HR- or procurement-initiated toward technical-
leadership-centered decisions.

The journey through these decisions is itself or-
dered. A client typically settles first where to expand,;
then how to operate there — a choice with two related
but distinct components: the form of establishment,
ranging from contracting through an intermediary to
setting up a wholly owned entity, and the scale and
staging of the commitment, from a small initial cohort
to a full local operation (for illustration); and only then
with whom to contract, so that provider choice is a late
and dependent stage rather than the organizing one.

Dominant barrier:
Perceived risk scaled to the full
Full-scale cost of expansion

establishment
Demand response:

staged commitment design

Dominant barrier:
Uncertainty and perceived risk;

maximum educational need
Beachhead entry
Demand response:

Mode of market entry (scale and staging)

minimume-risk entry design

First-time x Full-scale

End-to-end assurance: education:

First-time x Beachhead

Heavy education; trust-building;

Incumbent-switching x Full-scale

Dominant barrier:
Switching costs; demonstrable
advantage over the incumbent

Demand response:
Comparative proof of advantage;
fast commercial engagement

Incumbent-switching x Beachhead

Dominant barrier:
Switching cost weighed against
a small, testable commitment

Demand response:
Comparative pilot; demonstrable
advantage on the first cohort

First-time buyer

Incumbent-switching buyer

Prior experience with international hiring

Third axis (diagonal): the buying circle's center of gravity shifts from
HR/procurement-initiated toward technical-leadership-centered decisions

Fig. 2. A typology of demand in cross-border employment services. Two axes — the client’s prior experience with interna-
tional hiring (first-time versus incumbent-switching) and the mode of market entry (beachhead versus full-scale estab-
lishment) — define four buyer types, each with a distinct dominant barrier and demand response
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This ordering mirrors the classical structure of the in-
ternationalization decision, organized around market
selection and entry mode [13]: the form of establish-
ment is a position on a control continuum that firms
move along as circumstances change [27; 2], while
commitment typically escalates in increments as expe-
riential knowledge accumulates [18] — the pattern the
beachhead entry reproduces. In cross-border employ-
ment, own entity, employer of record, and outstaffing
are the contemporary positions on that continuum,
and even clients that ultimately establish their own
entity commonly rely on intermediated hiring and
recruitment support during the transition, so the pro-
vider is relevant across the continuum rather than at
its low-control end alone. Because provider selection
depends on the country and mode choices that pre-
cede it, demand work on the early stages must address
those questions rather than the provider’s own merits,
and the provider that helps shape the mode decision
captures a more consequential point of leverage than
the vendor comparison that follows it. The sequence is
tightest where the entry is unfamiliar and high-stakes,
and it compresses or reorders for experienced buyers
who arrive with country and mode already settled.

The structure of supply differentiates demand fur-
ther. Horizontally optimized providers are built for
generalized cross-border hiring, and this is a genuine
strength: it delivers breadth of jurisdictional coverage,
speed, and operational simplicity for undifferentiat-
ed demand. The same optimization, however, leaves
a structural gap in segments with high role-specificity,
of which technology is the clearest case. Engineering
roles are subject to specialized tax and incentive re-
gimes in a number of jurisdictions, to classification
nuances particular to technical work, and to talent
competition markedly more intense than for many
other professional categories. For a technology client,
the provider’s value therefore depends not only on
compliant cross-border employment but on fluency in
the specific conditions of engineering hiring — consis-
tent with evidence that technical purchase complexity
shifts buying-center evaluation toward expert criteria
[7]. This helps explain the demand dynamic described
above: an experienced client operating on a horizontal
platform may switch not because the platform fails
at generalized employment, but because role-specific
depth becomes the decisive criterion — a consideration
on which the technical leader in the buying circle is
typically the participant who recognizes that gap first.
(The author holds a commercial role at a specialized
provider; however, horizontal platforms retain com-
petitive advantage where clients prioritize standard-
ization, cost efficiency, and multi-jurisdictional scale
over role-specific expertise).

The next level of strategic work is associated with
selecting target geographies and industry directions,
since demand for employment services arises in a con-
text of pronounced territorial and economic differences.
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Some markets create high demand for rapid employ-
ee onboarding in new countries. Others intensify the
need for payroll support and personnel administration.
Still others bring to the fore questions of employment
regime, contractor status, and local labor compliance.
For this reason, geography and industry specializa-
tion must be considered jointly. It is at this stage that
the circumstances triggering purchasing behavior on
the client side are determined, as well as which dif-
ficulties the client seeks to eliminate first and which
pain points possess the greatest force. For one group of
companies, the decisive basis becomes the acceleration
of entry into a new market. For another group, the
central motive is reducing operational overload. For
a third, the greatest significance lies in reducing legal
vulnerability. At the same time, priorities must be
established among the service lines themselves, since
different offering lines have different sales velocities,
different depths of client engagement, and different
capacities to open access to subsequent deals.

On this basis, reproducible demand work scenarios
are developed, each built around a specific market
situation. Such a scenario unites the target segment,
the concrete reason for contact, a set of meanings,
the route of contacts, and the expected commercial
objective. Within one scenario, a company may work
with organizations expanding their presence across
several countries. Within another, it may interact with
employers seeking to streamline payroll and personnel
administration. Within each scenario, it is determined
in advance which arguments will be primary, which
signals will indicate increasing interest, and which
set of channels will gradually translate attention into
a deal discussion.

In technology-oriented market segments, the
practical structuring of such scenarios increasing-
ly depends on Al-powered go-to-market strategies.
These strategies expand the firm’s capacity to iden-
tify high-potential accounts, detect early expansion
signals, and adapt commercial communication to the
probable needs of different stakeholder groups. In the
context of employment services, Al can support the
interpretation of vacancy patterns, hiring velocity,
geographic expansion signals, role seniority, skills de-
mand, and recurring changes in workforce structure.
This makes it possible to distinguish between firms
that are merely visible in the market and firms that
are approaching a concrete employment decision. For
technology companies, this analytical layer is valuable
chiefly for timing and relevance, since interest often
becomes visible through publicly observable business
activity before a formal purchasing request is issued.
The provider can therefore structure outreach and
content around observable indicators such as multi-
country hiring activity, growth in Al-related roles,
increased reliance on distributed engineering teams,
or shifts from contractor-heavy models to more formal
employment infrastructures.
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Message Architecture, Channels, and Content
Once the strategic foundation has been defined, the
architecture of the value proposition becomes crucial,
as vague formulations rapidly lose persuasive force in
the employment services market. Universal promises
oversimplify the client’s complex reality and poorly
reflect the distinctions between the situations in which
companies seek solutions. Therefore, the message
must be structured on several levels. At the first lev-
el, an overarching meaning is set. It explains why the
task of managing international employment, payroll,
and personnel administration has become especially
acute. At the second level, the specific segment’s logic
is disclosed. Here it is shown exactly how the general
problem manifests itself in a particular type of com-
pany, what constraints such companies encounter, and
what consequences inaction entails. At the third level,
the supplier’s offering is formulated. It must clearly
demonstrate the solution method, the expected out-
come, and the organizational advantages of the chosen
model. Such a composition helps preserve the intellec-
tual coherence of the entire system and avoid diver-
gence between the advertising message, educational

content, and the commercial team’s argumentation.
Particular attention must be paid to how the mes-
sage is perceived by different participants in the buy-
ing circle. In employment services, the same formu-
lation does not elicit the same response across the
buying circle. Each of these participants considers the
supplier through its own system of criteria and inter-
nal obligations. Therefore, the message must preserve
a common semantic core while simultaneously adapt-
ing to different forms of professional attention. At the
same time, the system must preserve equilibrium

between overall brand integrity and local relevance.
The role of channels in such a system is determined
by their function in the overall trajectory of demand
generation. Search promotion through paid placement
enables targeting already crystallized interests when
the client is explicitly seeking a solution. Promotion in
social networks strengthens awareness, restores the
attention of previously engaged audiences, and sus-
tains brand presence in the professional information
field. Search engine optimization and organic search
results create a long-term flow of interested companies
that begin their journey by studying the problem and
gradually move toward supplier selection. Content
marketing performs a deeper function. It builds trust,
educates the market, and helps the client conceptual-
ize its situation as a manageable solution. Webinars
and digital events create a space for deeper contact
and enable identification of the degree of readiness for
a substantive conversation. Email sequences sustain
attention during long coordination cycles and return
the client to the discussion when interest wanes. Out-
bound communication by the commercial team ac-
quires the greatest force when it is embedded within
the overall system of signals and responds to already

manifested activity. Partnership and ecosystem chan-
nels expand access to the audience and strengthen
trust by aligning with actors who already have rec-
ognized standing in adjacent fields. Taken together,
these channels form a coherent system for advancing
the client toward a deal, in which each touchpoint
reinforces the previous one and prepares the next.
These channels map onto the touchpoint categories
identified in the customer-experience literature: paid
search, organic search, content, email, and webinars
are brand-owned touchpoints; partnership and ecosys-
tem channels are partner-owned; and peer references
and professional-community signals are external or
social touchpoints beyond the provider’s direct control
[24]. The provider’s task is therefore not to own the
journey but to maintain coherence across owned touch-
points while shaping the partner-owned and respond-
ing to the social [1]. The global employment services
market strategy is illustrated in Figure 3.

As the multichannel demand generation system
grows more complex, the content system assumes par-
ticular importance, since it is precisely this system
that binds the strategic design, the value proposition,
and the work of channels into a unified logic of client
movement. In the market under consideration, content
serves as demand infrastructure. It helps the company
recognize its own problem, identify a suitable solu-
tion, evaluate the supplier, and coordinate internally.
Therefore, the content system must be constructed as
an ordered set of materials with different cognitive and
commercial loads. One part of the materials reveals
the problem itself and renders it visible to the client.
Another explains the differences between possible
classes of solutions. A third shows how the suppli-
er’s specific offer removes the identified difficulties.
A fourth reinforces trust through facts, cases, imple-
mentation results, and operational reliability. A fifth
helps the commercial side conduct the deal within the
client’s organization when coordination among several
participants is required. In such an arrangement, con-
tent ceases to be an auxiliary appendage to promotion
and becomes a mechanism for the sequential formation
of commercial readiness.

A fully developed content system requires precise
anchoring of each piece to the stage of the client’s
movement, the characteristics of the segment, the re-
gional context, and the expected next action. The same
text or analytical material cannot work equally effec-
tively during the initial interest phase, during supplier
comparison, and when the transition to substantive
contact is being discussed. For this reason, content
must be embedded in the trajectory of promotion and
must take into account in advance which action is con-
sidered desirable at each segment of the path. For the
early stage, an invitation to deeper exploration of the
topic is appropriate. For a more mature stage, an offer
of calculation, consultation, or process demonstration
is suitable. For a client who has already manifested
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sustained interest, materials are needed to support
the internal defense of the choice across the financial,
legal, and operational sides. Localized content plays
a particularly important role, since the employment
services market depends on territorial differences in
legal regime, personnel practice, and organizational
expectations. Material constructed without regard to
a specific country rapidly loses persuasive force when
the client requires clarity on local hiring, payroll, and
compliance conditions.

Maturity Signals, Routing, and Analytics

However, even a highly developed content system
does not in itself create a commercial result. Engage-
ment indicates the degree of interest, but does not dis-
close readiness to move into a deal. Reading materials,
participating in events, browsing pages, and repeat
visits acquire meaning only when they are assembled
into a recognizable structure of intent. Therefore, in
a multichannel system, evaluation is required both at
the individual contact level and at the organization-
al level. In one case, the intensity and quality of the
actions of a specific company representative are ana-
lyzed. In the other, the aggregate activity of several
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participants within a single client is tracked. Such
an approach makes it possible to see when interest
ceases to be accidental and becomes an emerging pur-
chasing movement. Additional significance is attached
to signals that trigger the system’s responsive action:
repeated visits to pages describing the solution, review
of materials relating to several countries, return to
the terms of cooperation, and participation of several
employees from the same company in the same content
journey. All of this may serve as grounds for includ-
ing the commercial team. Precise routing is required
here. Some contacts require further nurturing through
content. Others must be transferred to personal sup-
port. Still others require a delayed return to active
work. Alignment among the marketing function, the
outbound team, and sellers is the central condition
for manageable conversion, because each side must
understand the degree of client maturity and the ap-
propriate next step in the same way.

In technology-intensive client environments, this
alignment intersects with the client’s own use of Al in
hiring and workforce management, as many firms now
automate vacancy drafting, applicant sourcing, CV
analysis, shortlisting, and candidate matching. This
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adoption reshapes what buyers seek from external
providers: as generic sourcing and screening tasks are
internalized and automated, the buyer’s value function
shifts away from coverage and cost toward compliance,
contextual judgment, and role-specific depth — the
capabilities least susceptible to automation [30]. The
demand generation system should therefore articulate
provider support precisely where Al cannot substi-
tute for human expertise, while remaining analytically
balanced about bias, opacity, and data governance in
algorithmically mediated hiring [31; 21]; framed this
way, client Al-adoption reinforces rather than erodes
the structural advantage of specialized provision in
high-specificity segments (P5).

Evaluation of the effectiveness of such a system
likewise requires more complex analytics than merely
calculating cost per inquiry or the number of formally
qualified contacts. These indicators reflect only the
surface of the process and explain poorly why some
channels and materials lead to qualified deals while
others only produce the appearance of activity. An-
alytics must encompass the breadth of presence in
target segments, the depth of engagement, transitions
between stages, the influence on the formation of com-
mercial opportunities, and the ultimate contribution
to revenue. Of particular importance is accounting for
the cumulative impact of multiple touchpoints, since
a decision in the employment services market is rarely
made under the influence of a single contact. The cli-
ent may first encounter content through search, then
return through a repeated touchpoint in the digital
environment, thereafter study analytical material, at-
tend an event, and only then enter into direct dialogue.
For this reason, measurement must be conducted at
the organizational level, and the contribution of chan-
nels should be evaluated through their participation
in creating and accelerating the flow of deals. Only
such an analytical framework enables discerning the
true productivity of the demand generation system
and determining which elements genuinely move the
client toward a commercial decision.

The Operational Model and Staged
Implementation

A multichannel demand system performs only as
well as the operational model that binds strategy,
content, channels, and execution into a stable frame-
work. The team works on two levels. The center sets
direction — the segmentation principles, the value-
proposition architecture, the measurement rules, and
the shared design of demand scenarios — while local
units adapt these to particular countries, industries,
and client contexts. This is especially important for the
market under consideration, since a unified semantic
core must be preserved amid marked differences in
the legal environment, business practice, and decision-
making modalities. The function responsible for the
market packaging of the product translates service

characteristics into clear value scenarios for different
segments. The regional marketing function correlates
these scenarios with the local business environment
and specific demand sources.

The revenue operations function maintains data
integrity, signal routing, client handoff quality, and
result comparability. The commercial function trans-
forms identified and prepared interest into a negoti-
ation process and a deal. Such a structure requires
a stable rhythm of joint work, in which planning, hy-
pothesis testing, and feedback analysis occur regularly
and rest on a unified understanding of which scenarios
actually move the market. It is for this reason that
execution must be built around repeatable demand
work scenarios, each of which represents a complete
commercial construct with a clear objective, a logic of
contacts, and an expected result.

The practical implementation of such a model be-
gins with a careful analysis of the current state of the
demand generation system, as shown in Figure 4.

At this stage, it is important to identify which seg-
ments and geographies already deliver qualified com-
mercial results, where demand breaks down along
the path to the deal, which channels generate only
superficial activity, and at which points content loses
coherence with the client’s real questions. After this,
it becomes possible to design a holistic architecture
in which priority segments, service lines, the route
of client movement, the logic of messages, the roles
of channels, the rules for assessing the maturity of
interest, and the mechanisms of interaction between
the marketing and commercial sides are redefined. The
next step is to launch a limited number of pilot scenar-
ios in those market zones where there is a clear rea-
son for contact, sufficient demand concentration, and
an opportunity to gather feedback rapidly. Such a se-
quence allows avoiding excessive complication at the
outset and affords the opportunity to test the system’s
viability under manageable conditions. The client’s
mode of entry mirrors the logic by which the provider’s
own demand system must be deployed: the beachhead
client, scaling only after a proven test, parallels the
staged pilot-then-scale architecture proposed here.

Further development requires cautious scaling, in
which expansion into new regions and additional ser-
vice directions occurs only after the initial scenarios
have demonstrated a stable capacity to create qualified
commercial opportunities. Scaling, in this case, is asso-
ciated with the transfer of principles that have proven
effective, rather than the mechanical reproduction of
individual actions. Each new market and each new
service line requires repeated adjustments to content,
channels, routing, and client-readiness criteria, since
the system maintains its general logic only through
fine-tuned adaptation to the new context. Verifica-
tion and optimization must proceed continuously. It is
necessary to constantly compare expectations, actual
client behavior, and deal outcomes. It is necessary to
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refine maturity signals, eliminate superfluous touch-
points, strengthen effective connections, and reas-
semble scenarios that have lost persuasive force. In
this resides the practical meaning of implementation.
A multichannel demand generation system becomes
stable only when it develops as a manageable, learn-
ing, and internally coherent commercial environment.

Synthesis and Propositions. The foregoing anal-
ysis can be condensed into five propositions that make
the article’s conceptual contribution explicit and avail-
able for empirical testing.

P1. In the global employment services market, de-
mand converts into a stable flow of deals as a function
of the internal coherence of segmentation, messag-
ing, content, channels, and commercial routing, rather
than of any single channel. Because the journey spans
touchpoints that differ in ownership and firm-control-
lability [24; 1], coherence operates by reducing the con-
flicting signals that a multi-actor buying center must
reconcile. Operationalizing coherence as a measurable
construct-for instance, message-consistency scoring
across touchpoints or channel-role clarity scoring-
tightens falsifiability and enables empirical assess-
ment. The marginal value of coherence rises with the
length of the journey and the number of participating
actors and touchpoint owners, and is correspondingly
low for short, single-actor purchases.

P2. Demand in cross-border employment services
is more accurately segmented by three interacting
axes — the client’s prior experience with international
hiring, the mode of market entry, and the composition
of the buying circle — than by generic firmographic
variables such as size or maturity. Each axis maps
to a distinct, theoretically identified barrier that fir-
mographics do not capture: the experience axis de-
termines whether the dominant barrier is the per-
ceived risk of a first, incumbent-free purchase or the
procedural, financial, and relational switching costs
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of displacing an incumbent [6; 3] in the B2B staffing
context); the entry-mode axis reflects the incremental
escalation of commitment characteristic of internation-
alization [18] and the switching dynamics of changing
an established operation mode [27]; and the buying-
circle axis fixes whose criteria govern (P3). The three
axes should outperform firmographics on operationally
falsifiable outcomes such as conversion rate and cycle
length. The experience axis discriminates only where
a meaningful incumbent category exists, such as es-
tablished hiring platforms; absent any incumbent, it
collapses toward the perceived-risk pole.

P3. In technology-oriented segments, the techni-
cal leadership function frequently captures both the
gatekeeper and the economic-buyer or decider roles,
applying evaluation criteria distinct from those of HR,
finance, legal, and procurement. The buying-center
influence is on the side of the actor who has decision-
critical information [23]. Purchase-importance and
complexity determine which information cues lead to
a purchase [4]. These findings also apply to B2B gate-
keepers and technical buyers [7]. If the externalization
requires technical expertise, the technical evaluation
will dominate the information flow, and the technical
leader will control the information, having the budget
authority. Hence, organizational contexts extend from
the buying-center-to-ecosystem [11]. The effect holds to
the degree the work is technically specialized; as the
service commoditizes, evaluative competence diffuses
and procurement and finance regain influence.

P4. Perceived risk and cognitive burden act as de-
terminants of demand alongside price and capability,
and this effect is amplified by the seniority of the buy-
er. When a high-stakes decision lies outside the buy-
er’s domain of competence — a largely non-technical
market-entry decision confronting a technical buyer —
purchase complexity and importance raise perceived
risk and processing load [5], increasing reliance on
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assurance and affect; the stakes are amplified by a gap
between what the provider prices and what the buyer
commits: the buyer is not weighing a monthly service
fee but the full cost of the expansion — salaries carried
for six to twelve months, operational time, and the risk
of a failed entry — so the decision is evaluated against
a large multi-month commitment rather than the per-
seat rate, and it is this magnitude, not the price of
the service, that drives perceived risk and the need
for assurance. Critically, this reliance on assurance
is stronger, not weaker, among senior and executive
buyers [20], and elevated cognitive load intensifies this
dynamic [29], particularly among those who most often
hold budget authority. The effect is strongest when
the decision is simultaneously outside the buyer’s ex-
pertise and high in stakes, and attenuates for routine
repurchase or for buyers who are themselves expert
in the entry tasks.

P5. Horizontally optimized providers, efficient for
generalized cross-border hiring, underperform in seg-
ments with high role-specificity such as technology,
where specialized provision holds a structural advan-
tage. By transaction-cost logic, standardized, mar-
ket-like provision is efficient at low asset specificity
but is poorly matched as specificity rises and fit comes
to require specialized knowledge and governance [32;
12], for service make-or-buy. Role-specificity is a form
of human-asset specificity [10] — specialized tax and
incentive regimes, classification nuance, and unusually
intense talent competition — that extends the transac-
tion-cost framework into the employment-services con-
text: standardized provision cannot price or service such
specificity as well, shifting the buyer’s value function
from coverage and cost toward role-specific depth. The
specialized provider’s advantage rises with role-speci-
ficity and disappears at low specificity, where horizontal
platforms dominate on coverage, speed, and cost; con-
sistent with the broader transaction-cost debate, the
relevant contrast here is specialized versus generalized
provision rather than integration versus market.

These propositions are conceptual and are offered
as a basis for subsequent empirical work, as outlined
below.

Limitations and Future Research. This study
is conceptual, and its propositions have not been sub-
jected to primary empirical testing; the framework
should be read as a basis for investigation rather than
as a validated result. Its scope is deliberately weighted
toward the technology segment, which exhibits the
role-specificity that motivates the argument most
sharply, and the three-axis typology and the struc-
tural claim about horizontally optimized provision
may require adjustment in segments with different
specificity profiles, such as manufacturing, healthcare,
or logistics. Several constructs are also candidates for
measurement that this article does not supply — oper-
ationalizing the experience and entry-mode axes from
observable hiring signals, or measuring the perceived

overload of technical buyers and its effect on supplier
selection. Future research could test the propositions
through buyer-side surveys and decision studies in
cross-border hiring, through analysis of vacancy and
expansion data to validate the segmentation axes,
and through comparative work across industries to
establish the boundary conditions of the structural
argument. Such work would also allow the affective
dimension identified here [20] to be quantified in the
specific context of employment services.

Conclusion. This analysis has argued that de-
mand generation in the global employment services
market is best understood as a single system of com-
mercial coordination, in which segmentation, the value
proposition, content, channels, and routing operate
under one logic of advancing the client toward a deal.
What makes the market distinctive is the combination
of institutional heterogeneity, territorial fragmenta-
tion, a multilevel buying circle, and acute client sen-
sitivity to legal, personnel, and financial risk. Under
such conditions, stable demand is formed through the
sequential reduction of uncertainty, the accumulation
of trust, and the synchronization of contacts at the
client organization level. This insight carries a direct
implication: the multichannel model acquires explan-
atory and applied significance only when all elements
of the system are internally coherent.

In particular, this article contributes a multi-axis
segmentation of demand — by the client’s experience
with international hiring, the mode of market entry,
and the composition of the buying circle — together
with an affective dimension specific to technical buyers
and a structural account of why horizontally optimized
providers underperform in high-specificity segments
such as technology.

Demand generation should therefore be built as
a reproducible structure: a clear target-customer pro-
file, geography and industry considered together, prior-
itized service lines, and scenarios tied to specific mar-
ket situations. The message architecture must work on
several levels at once, holding a common semantic core
while adapting to how HR, finance, legal, procurement,
and operations each read the same offer differently.
Particular emphasis is placed on the fact that content
must perform an infrastructural function in demand
generation, helping the client recognize the problem,
comprehend classes of solutions, compare suppliers,
and prepare internal coordination. In this way, the
article proposes that content, maturity analytics, and
commercial coordination be regarded as interdepen-
dent components of a single commercial system.

The study’s practical contribution is a staged im-
plementation model: diagnose the current state of the
demand system, design a coherent architecture, launch
a limited set of pilot scenarios, and scale only those
that prove able to generate qualified commercial op-
portunities. Growth in this market requires not the
mechanical expansion of activity, but the managed
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adaptation of scenarios to new countries, segments, as a learning commercial environment with a uni-
and service lines. This leads to the article’s key rec- fied strategic core, regular feedback, and continuous
ommendation. An effective multichannel system in the  optimization of the interconnections among content,
sphere of global employment services must develop channels, and the actions of the commercial team.

JOJATKOBA IHOOPMAILIA
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3AABA ITPO JOCTYIIHICTD JJAHWUX: He 3acTocoByeThCA.

DECLARATION OF CONFLICTING INTERESTS. The author holds a senior commercial role at a special-
ized provider of international employment services — a category of firm whose competitive position is discussed
in the article’s structural argument (Proposition 5, on specialized versus horizontally optimized provision).
This interest is disclosed so that readers may weigh it. The conceptual claims advanced here are grounded in
the cited literature rather than in proprietary data or the commercial interest of any individual firm, and the
author’s practitioner experience is used only as an interpretive lens on the synthesized sources, as stated in
the Methodology. The structural claims are framed as testable propositions rather than validated findings.
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ntroduction. The global construction sector has

historically functioned as one of the most capital-
intensive and legally complex industries, where the
interplay between contractual obligations, physical
assets, and regulatory environments creates unique
vulnerabilities during periods of macroeconomic stress.
Under conditions of armed conflict and sustained eco-
nomic instability, these vulnerabilities are significantly
amplified, and the capacity of a construction business
to preserve its asset base while maintaining operational
continuity becomes the central measure of organiza-
tional viability.

Ukraine provides the most acute contemporary
case for studying this phenomenon. Following Russia’s
full-scale invasion in February 2022, Ukraine’s GDP
contracted by 28.8% that year, recovering to +5.3% in
2023 and +3.5% in 2024, yet remaining constrained
by ongoing hostilities, energy infrastructure damage,
and severe labour shortages [1]. By the end of 2024,
the World Bank estimated cumulative direct damage
to Ukrainian infrastructure at $176 billion, with to-
tal reconstruction and recovery needs reaching $524
billion over the subsequent decade, approximately 2.8

(oMol
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times the country’s nominal GDP for 2024 [2]. The con-
struction and real estate sector experienced a particu-
larly pronounced contraction, with production volumes
declining by an estimated 40% in 2022, while simul-
taneously becoming one of the key drivers of partial
recovery in 2023 through infrastructure repair and
reconstruction projects [3].

Despite this challenging context, a subset of con-
struction firms demonstrated measurable resilience,
maintaining revenue streams and preserving portfolio
value. Research on small and medium-sized enterprise
(SME) resilience under crisis conditions consistently
identifies financial discipline, diversified asset struc-
tures, and robust legal governance as critical success
factors [4; 5]. However, the specific combination of legal
and financial mechanisms that enable construction
businesses to navigate wartime conditions in partic-
ular has received limited systematic academic atten-
tion. Existing literature addresses either general SME
crisis resilience [6; 7] or macroeconomic dimensions of
conflict-affected economies [1; 3], but rarely integrates
these perspectives into a practitioner-oriented, sector-
specific framework.

Copyright © The Author(s). This is an open access article distributed under the terms of the
Creative Commons Attribution License 4.0 (https://creativecommons.org /licenses /by /4.0/)
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The scientific gap addressed by this study concerns
the absence of an integrated legal-financial security
model specifically calibrated to the operational con-
ditions of construction businesses during periods of
armed conflict and macroeconomic instability, tested
against verifiable empirical evidence.

The goal of this research is to identify, system-
atize, and empirically validate the legal and financial
mechanisms that enable construction businesses to
retain assets and sustain profitability during wartime
conditions, and to formulate an actionable framework
applicable to practitioners in conflict-affected and eco-
nomically volatile environments.

The scientific novelty of this study lies in the
synthesis of an original author’s Legal and Financial
Security System (LFSS) framework that integrates
four interdependent dimensions of organizational pro-
tection, validated against a longitudinal practitioner
case spanning 20 years of operation including three
years of full-scale war.

The primary hypothesis is that disciplined legal
structuring combined with proactive tax compliance
and real estate-focused reinvestment enables a con-
struction company to retain the majority of its asset
value and maintain positive cash flow even under con-
ditions of active armed conflict, provided these mecha-
nisms are implemented systematically and proactively
rather than reactively.

The scope of this study is limited to small and
medium-sized construction enterprises operating in
urban markets within conflict-affected economies.
Findings are not intended to be directly generalized to
large publicly listed corporations or to purely residen-
tial developers without commercial real estate opera-
tions. The study draws predominantly on Ukrainian
and international evidence; direct applicability to oth-
er conflict zones would require adaptation to local legal
frameworks. These limitations do not compromise the
core analytical and methodological contribution of the
work, which retains broad relevance for practitioners
and scholars in construction management, business
law, and post-conflict recovery economics.

The practical value of this work extends beyond
the Ukrainian context. As construction entrepreneurs
and professionals from economically disrupted regions
increasingly migrate to and establish businesses in
the United States, their experience in operating under
legal and financial duress represents a transferable
body of knowledge. The disciplined asset-protection
strategies documented here align with principles that
support small business development, urban real estate
investment, and economic diversification in the US
market, particularly in communities where immigrant
entrepreneurship plays a significant role in local eco-
nomic growth.

Materials and Methods. This study employs
a multi-method research design combining systematic
literature review, case study analysis, and comparative

institutional analysis. The choice of methodology re-
flects the nature of the research problem, which re-
quires both theoretical grounding in existing academic
frameworks and empirical validation against real-world
evidence from a specific organizational context.

The systematic literature review was conducted
across Scopus-indexed journals, OECD and World
Bank publications, and professional legal analyses.
The initial search employed keyword combinations
including “construction business financial security,”
“SME resilience wartime,” “asset protection conflict
economy,” “legal risk construction,” and “real estate in-
vestment crisis.” Sources were evaluated for relevance,
credibility, and recency, with a focus on peer-reviewed
articles and authoritative institutional reports.

The source base was classified into three categories.
The first category comprises peer-reviewed academic
publications from journals indexed in Scopus and Web
of Science, including studies on SME financial resil-
ience [4; 5; 6], corporate governance under economic
uncertainty [8], financial risk management in wartime
[9], and financial discipline in crisis contexts [7,; 10].
The second category includes authoritative institution-
al reports from organizations such as the OECD [1;
11], the World Bank [2], the United Nations Develop-
ment Programme [3], and the International Finance
Corporation [12], providing macroeconomic and sector-
specific statistical data. The third category comprises
professional legal analyses and industry reviews from
qualified legal practitioners and industry bodies [13;
14; 15], which provide regulatory and applied context
for the legal security dimensions examined.

The case study component draws on a longitudi-
nal practitioner case: a Kyiv-based construction and
real estate SME founded in 2007 that operated con-
tinuously through multiple economic crises, including
the post-2014 geopolitical instability, the COVID-19
pandemic, and the full-scale war commencing in Feb-
ruary 2022. The company accumulated a real estate
portfolio of approximately 2,500 square meters of com-
mercial property in Kyiv through a disciplined strategy
of reinvesting construction revenues into properties
on which the company had performed construction
work. At a conservative market valuation of $500 per
square meter, the portfolio represents an asset base
of approximately $1.25 million in real estate holdings.
Prior to the full-scale invasion, the business generat-
ed an annual return of approximately 10% on assets,
of which 8% was systematically reinvested and 2%
constituted the owner’s personal compensation. This
model of financial discipline, sustained over nearly 20
years, provides a uniquely robust empirical basis for
the analysis of long-term asset protection strategies
under sustained adverse conditions.

The comparative institutional analysis exam-
ines the legal and regulatory frameworks governing
construction business protection in conflict-affected
economies, drawing on the updated Ukrainian Law
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“On Insurance” (effective January 1, 2024), bilateral
investment treaty (BIT) provisions, and international
investment protection mechanisms including ICSID
arbitration and MIGA programs [13]. This dimension
contextualizes the case evidence within the broader
international legal environment relevant to businesses
operating in conflict zones.

Data triangulation across these three methodologi-
cal components ensures that analytical conclusions are
grounded in both theoretical frameworks and verifiable
empirical evidence, reducing the risk of over-reliance
on any single data source.

Results and Discussion. The scale of econom-
ic disruption caused by Russia’s full-scale invasion
of Ukraine provides essential context for evaluating
business survival strategies. Ukraine’s GDP growth
trajectory illustrates the severity and subsequent par-
tial recovery of the economic environment in which the
case study company operated.

Figure 1 presents the annual GDP growth rate of
Ukraine from 2019 to 2024, based on verified data
from the OECD Economic Survey of Ukraine 2025 [1]
and the World Bank [2]. The catastrophic 28.8% con-
traction in 2022 represents the single largest annual
economic decline recorded in Europe in the post-Soviet
period, followed by a recovery that remains partial and
fragile due to continued hostilities.

The construction sector’s trajectory within this
macro context is particularly instructive. The UNDP
assessment of Ukrainian micro and small business-
es confirmed that production capacity utilization fell

from approximately 72% of pre-war levels to 45.7%
in the 2022—-2023 period [3]. Only 9.5% of surveyed
companies reported no financial losses as a result of
the war, while the majority experienced disruptions to
supply chains, access to labor, and client bases. These
conditions created a structural divide between firms
that had established proactive legal and financial pro-
tections and those that had not.

Ukraine’s reconstruction and recovery needs, esti-
mated at $524 billion through 2035 by the World Bank
Group, Government of Ukraine, European Commis-
sion, and United Nations joint assessment [2], rep-
resent both the scale of destruction and the future
opportunity for construction businesses. Housing alone
accounts for almost $84 billion of these needs, with
transport, energy, commerce, and agriculture sectors
representing additional massive demand for construc-
tion services. For businesses that preserved their op-
erational capacity and asset base through the initial
shock, this reconstruction pipeline represents a struc-
tural growth opportunity of multi-decade duration.

The distribution of these reconstruction needs
across sectors is illustrated in Figure 3. Before turn-
ing to the risk analysis and the proposed framework,
Table 1 below presents a systematic classification of
the primary risk categories facing construction busi-
nesses in conflict-affected economies, along with their
typical exposure levels and recommended mitigation
mechanisms.

The risk landscape facing construction business-
es during armed conflict is multidimensional and
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Fig. 1. Ukraine GDP Annual Growth Rate
Source: compiled by the author based on [1; 2]
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Table 1

Risk Classification for Construction Businesses in Conflict-Affected Economies

Construction Business

Risk Category Description Exposure Mitigation Mechanism
Military / Physical |Direct damage to assets|High: facilities, equip-|War risk insurance (MIGA, DFC), dis-
Destruction from hostilities ment, real estate tributed assets
Regulatory / Legal |Frequent changes in tax, | Medium-High: contracts | Legal due diligence, force majeure claus-
Instability property, and contract law | may become void es, BIT protection

Currency Depreciation

Rapid hryvnia devalua-
tion eroding asset value

High: reduces real value
of cash holdings

Real estate as inflation hedge, USD-de-
nominated revenues

Counterparty Default

Clients/tenants unable to
pay during crisis

Medium: rental income

disruption

Diversified tenant base, advance pay-
ment clauses

Forced Asset National-
ization

State appropriation under
martial law provisions

Low-Medium: state regis-
ters assets

SPV structure, bilateral investment

treaties

Source: compiled by the author based on [9; 13; 14; 15]

interrelated. A systematic classification of these risks
helps practitioners prioritize protective actions and
allocate limited resources to the highest-impact mit-
igation mechanisms. Table 1 presents the author’s
categorization of primary risk types, informed by the
analyzed literature and case study evidence.

The central analytical contribution of this study
is the Legal and Financial Security System (LFSS)
framework, developed on the basis of the theoretical
literature, the case study evidence, and comparative
institutional analysis. The LFSS conceptualizes the se-
curity of a construction business not as a set of isolated
legal or financial tools, but as an integrated system in
which four interdependent dimensions reinforce each
other’s effectiveness.

The first dimension, corporate structure optimiza-
tion, involves the deliberate design of the legal entity
structure to minimize liability exposure and isolate
assets from operational risks. This may include the
use of special purpose vehicles (SPVs) for specific proj-
ects, holding company arrangements for the real estate
portfolio, and the separation of construction operations
from property management activities. Research on cor-
porate governance under economic policy uncertainty
confirms that firms with clearer governance structures
and defined liability boundaries demonstrate stronger
financial performance during crisis periods [8]. In the
Ukrainian context, investment protection under bilat-
eral investment treaties provides an additional layer of
security for businesses with international ownership
structures [13].

The second dimension, tax policy and compliance
management, is frequently underestimated as a secu-
rity mechanism. Transparent, audit-ready accounting
that maintains full compliance with applicable tax
obligations eliminates a critical category of legal and
financial risk. During periods of heightened regula-
tory scrutiny and martial law, businesses with clear
tax records face substantially reduced risk of asset
freezes, forced audits, or state interference. Academic
analysis of corporate tax behavior during crisis periods

confirms that firms reducing aggressive avoidance
practices in response to heightened regulatory atten-
tion tend to preserve better relationships with state in-
stitutions and face fewer operational disruptions [16].

The third dimension, asset protection through real
estate holdings, reflects a fundamental characteristic
of real property as an inflation-resistant store of value.
Unlike cash holdings, which are subject to currency
depreciation and banking system risks, or equipment,
which depreciates and may be destroyed or requisi-
tioned, commercial real estate in well-selected urban
locations maintains or appreciates in value over multi-
decade investment horizons, even surviving periods of
significant disruption. The case company’s strategy of
systematically reinvesting construction revenues into
properties it had built provides a particularly robust
illustration: the company developed deep knowledge
of the quality and structure of the assets it acquired,
and the act of reinvesting in those assets aligned the
company’s incentives with long-term value creation
rather than short-term profit extraction.

The fourth dimension, war risk insurance and legal
hedging, became increasingly structured in Ukraine
following the full-scale invasion. The new Law “On In-
surance” (effective January 2024) aligned Ukrainian
insurance regulation with EU directives, enabling
more sophisticated hybrid coverage approaches that
combine local property insurance with international
political risk insurance instruments from providers
such as the Multilateral Investment Guarantee Agen-
cy (MIGA) and the U.S. International Development
Finance Corporation (DFC) [14]. For construction
businesses with foreign capital participation, ICSID
arbitration and BIT provisions provide additional legal
backstops against unlawful expropriation or denial of
justice [13].

Figure 2 below illustrates the structural relation-
ships among these four dimensions and their expected
outcomes, as developed by the author.

The LFSS framework differs from generic crisis
management models in its sector specificity and its
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Fig. 2. Author’s Model: Legal and Financial Security Framework for Construction Businesses
in Conflict-Affected Economies

Source: author’s development based on [4; 8; 9; 13; 14]

integration of legal and financial dimensions within
a single operational architecture. Whereas most SME
resilience frameworks focus predominantly on oper-
ational flexibility and access to external finance [5;
6; 71, the LFSS places the legal governance of assets
at the center of the security model, recognizing that
a construction company’s primary vulnerability is not
operational but patrimonial: the risk of losing accu-
mulated physical assets that represent the product of
decades of reinvestment.

The longitudinal case study of the Kyiv-based con-
struction and real estate company provides concrete
empirical grounding for the LFSS framework. Founded
in 2007 under the direct management of its founder,
the company operated for 17 years prior to the full-scale
invasion and continued operations through the war
period. The founder served as both operational director
and strategic decision-maker, personally controlling
all significant legal, financial, and technical decisions,
a governance model consistent with research showing
that owner-managed SMEs in emerging economies
demonstrate higher adaptive capacity during crises
than firms with dispersed management structures [4].

The company’s financial discipline model is quan-
tifiable: a consistent reinvestment rate of 80% of net
returns, an owner compensation rate of 20% of returns
(2% of total asset value at a 10% annual yield), and
a deliberate strategy of minimal debt. This approach
is consistent with findings from financial resilience
research demonstrating that SMEs with balanced
capital structures, characterized by low leverage and

28

diversified revenue sources, demonstrate superior
resilience profiles during crisis periods [9]. In the
Ukrainian context, SMEs in western regions with
conservative financial profiles showed resilience indi-
cators (KT) of 0.89 versus 0.81 for central regions and
significantly lower for eastern conflict-exposed regions
in the same period [9].

The Ukraine M&A market data for 2023 reported
by KPMG provides broader sectoral context: despite
the war, real estate and construction remained among
the four most active sectors for transactions, with ap-
proximately 10 transactions recorded in the sector in
2023 alone, indicating continued market functionality
even under extreme conditions [15]. Foreign direct in-
vestment in Ukraine’s economy reached $3.4 billion in
agriculture alone in 2023, signaling that sophisticated
investors maintained confidence in well-structured
asset holdings [3].

Figure 3 below illustrates the distribution of
Ukraine’s identified reconstruction needs by sector
through 2035, providing context for the structural de-
mand environment that resilient construction busi-
nesses are positioned to address.

The reconstruction needs data visualized in Figure
3 are particularly significant for construction business-
es that preserved their organizational capacity through
the conflict period. The housing sector alone requires
almost $84 billion in investment, with transport ($78
billion), energy ($68 billion), and commerce and in-
dustry ($64 billion) representing additional demand
streams. Companies that enter the reconstruction
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Fig. 3. Ukraine Recovery and Reconstruction Needs by Sector, 2025-2035 (USD billion)
Source: compiled by the author based on [2]

period with intact legal structures, clear property
rights, operational teams, and established reputations
are structurally positioned to capture a portion of this
demand, whereas firms that lost assets or legal stand-
ing during the conflict period face substantially higher
barriers to participation.

Table 2 below presents the author’s synthesis of
the LFSS dimensions with their associated tools, out-
come indicators, and applicable legal and regulatory
frameworks, drawing on the case study and analyzed
literature.

The empirical and theoretical analysis converges
on a core insight: the legal and financial vulnerability
of construction businesses during wartime does not

emerge uniformly across all risk categories. Different
types of risks carry different combinations of proba-
bility and impact, and an effective security strategy
must prioritize protective actions accordingly. The au-
thor’s risk matrix, presented in Figure 4, organizes
the principal risk categories facing construction busi-
nesses in conflict-affected environments across two
dimensions: probability of occurrence and potential
business impact.

The risk matrix presented in Figure 4 was de-
veloped by the author based on the synthesis of risk
categories identified in the systematic literature re-
view [4; 9; 13; 14] and the empirical evidence from
the case study. It provides a practical decision tool for

Table 2

Legal and Financial Security System (LFSS): Dimensions, Tools, and Outcomes

Security Dimension Key Tools Applied Outcome Indicators Applicable Framework

Legal Structure SPV formation, holding compa-

ny structure, BIT clauses

Reduced liability; asset
ring-fencing

Corporate law, international
investment law

National Tax Code; OECD guide-
lines

Tax Compliance Zero tax penalties; stable

cash flow
Portfolio growth 10% p.a.
net of inflation

Asset base $1.0M+ held
through 3+ years of war

Transparent accounting, tax
planning, audit readiness

SME financial resilience frame-
work

Financial Discipline | Low debt ratio, reinvestment of

80%+ profit, cost control

Asset Protection Real estate holdings, title in-

surance, cadastral registration

Property law, insurance law

New Insurance Law Ukraine
(2024); MIGA

Risk Insurance Business continuity; loss

recovery

War risk, property, liability
insurance; MIGA programs

Source: author’s development based on [1; 4; 8; 9; 13; 14]
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Figure 4. Risk Matrix for Construction Businesses
in Conflict-Affected and Economically Unstable Environments
A
LOW PROBABILITY HIGH PROBABILITY
High HIGH IMPACT HIGH IMPACT
Contingency Planning Priority Action Required
Currency collapse, Asset destruction,
Nationalization, contract termination,
5 Total market exit forced liquidation
:
= LOW PROBABILITY HIGH PROBABILITY
LOW IMPACT LOW IMPACT
Accept & Review Monitor & Mitigate
L Minor legal disputes, Regulatory changes,
Lo short-term liquidity tax rate adjustments,
gaps labor cost growth
Low High
PROBABILITY

Fig. 4. Risk Matrix for Construction Businesses in Conflict-Affected and Economically Unstable Environments
Source: author’s development based on [4; 9; 13; 14; 15]

construction business owners and managers in deter-
mining where to allocate protective resources.

The risk matrix reveals that the highest-priority
quadrant, combining high probability with high im-
pact, encompasses asset destruction from military
action, forced contract termination, and business lig-
uidation pressure. These risks demand immediate
and sustained protective action through the full LFSS
framework. The quadrant of high probability but lower
impact, which includes regulatory changes, tax rate ad-
justments, and labor cost fluctuations, requires contin-
uous monitoring and agile compliance management but
does not threaten organizational survival in isolation.

Based on this risk architecture and the integrated
LFSS framework, the author formulates the following
strategic recommendations for construction business
owners operating in conflict-affected or economically
volatile environments:

First, title clarity must be established and main-
tained as a non-negotiable prerequisite. Every prop-
erty asset should be registered with complete and cur-
rent documentation in the state cadastral system, with
verified absence of encumbrances, liens, or disputed
ownership claims. This investment in title integrity
typically costs a fraction of asset value but provides
indispensable protection against both legal challenges
and administrative interference.

Second, financial accounts should be structured
to support transparent, audit-ready reporting at
all times. This does not require aggressive tax
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optimization; on the contrary, consistent and trans-
parent compliance creates a protective posture that
reduces the likelihood of adverse state action. During
martial law and periods of heightened regulatory at-
tention, a company with clean books is substantially
less vulnerable than one with complex or opaque fi-
nancial arrangements.

Third, real estate holdings should represent the
primary form of long-term value storage rather than
cash or equipment. Property, particularly well-located
commercial real estate in established urban centers,
functions as an inflation hedge and a crisis-resilient
asset class. The case study confirms that a portfolio of
2,500 square meters of commercial real estate in Kyiv
maintained its fundamental value through three years
of full-scale war, while cash holdings denominated in
local currency would have suffered severe depreciation.

Fourth, corporate structure should be regularly
reviewed to ensure appropriate liability boundaries
between operational activities and asset-holding enti-
ties. The use of SPV structures for specific projects and
a clear separation between the construction operating
company and the real estate portfolio entity reduces
the risk of operational liabilities reaching core assets.

Fifth, insurance coverage should include war risk
provisions through eligible international programs.
The restructured Ukrainian insurance market fol-
lowing the 2024 Law “On Insurance,” combined with
MIGA and DFC instruments for businesses with in-
ternational capital components, provides increasingly
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Table 3
Key Macroeconomic and Construction Sector Indicators, Ukraine 2019-2024
Indicator 2019 2922 2023 ‘2024
(Pre-war) (Invasion Year) (Recovery) (Continued War)
Ukraine GDP Growth (%) +3.2% -28.8% +5.3% +3.5%
Construction Sector Activity Stable growth -40% output Partial recovery | Continued caution
SME Capacity Utilization ~T72% ~46% ~56% ~62% (est.)
Reconstruction Needs (USD bn) N/A $349 $411 $524
Companies With Financial Losses ~15% ~90% ~70% ~60% (est.)
Real Estate as % of Business Assets ~30% ~45% ~52% ~55%
(resilient firms)

Source: compiled by the author based on [1; 2; 3; 15; 17; 18]

workable options for businesses that previously had
little access to conflict-risk coverage.

Table 3 below presents comparative macroeconomic
and sector indicators for Ukraine from 2019 to 2024, il-
lustrating the specific data context within which these
recommendations are grounded. The data confirm that
while the macro environment was deeply adverse, the
structural opportunity for disciplined businesses re-
mained intact throughout the study period.

The data presented in Table 3 illustrate the pro-
gressive severity of wartime disruption and the par-
tial but incomplete recovery trajectory. The system-
atic increase in real estate’s share of business assets
among resilient firms, from approximately 30% in
pre-war conditions to an estimated 55% in 2024, re-
flects a broader market recognition of property as the
preferred crisis-resilient asset class, aligning with the
strategic logic underlying the LFSS framework.

The community leadership dimension of the case
study also merits analytical attention. The compa-
ny founder’s two-time election as head of the board
of a property owners’ association representing 600
investors reflects a level of trust and recognized com-
petence that has direct business implications. In
conflict-affected economies, reputational capital and
demonstrated leadership within professional commu-
nities function as informal protective mechanisms, re-
ducing counterparty default risks and enabling access
to cooperative solutions for shared problems such as
security, infrastructure maintenance, and collective
legal representation.

The strategic frameworks developed in this article
carry specific relevance for Ukrainian-born construc-
tion professionals and entrepreneurs operating in the
United States. The operational discipline required to
navigate 20 years of construction management in one
of the most economically challenging environments
in Europe, including the management of engineering
processes, financial controls, tax compliance, and legal
risk across a full property cycle, constitutes a differen-
tiated skillset that aligns well with the demands of the
US construction and real estate investment market.

The US construction industry operates within
a well-developed legal framework that provides robust

asset protection tools, including LL.C and holding com-
pany structures, title insurance, and sophisticated
insurance markets, that parallel and in many ways
exceed the protections available in conflict-affected
markets. For entrepreneurs experienced in protecting
assets under far more adverse conditions, these tools
represent a significantly more favorable operating en-
vironment. The competencies developed in managing
construction quality, investment reinvestment cycles,
and legal compliance under wartime conditions are
transferable and potentially competitive advantages
in a market characterized by reliable rule of law and
stable macroeconomic conditions [19; 20].

The reconstruction of Ukraine, estimated to require
$524 billion over the coming decade [2], will increas-
ingly involve US-based engineering, construction, and
investment firms, creating structural opportunities for
bilingual, bicultural professionals with direct experi-
ence in Ukrainian construction standards, market con-
ditions, and regulatory environments. This intersection
of US-based professional positioning and Ukrainian re-
construction demand represents a strategic vector that
directly connects individual entrepreneurial experience
with national economic development interests, both in
Ukraine and in the United States.

Conclusion. This article addressed the central
research goal of identifying, systematizing, and empir-
ically validating the legal and financial mechanisms
that enable construction businesses to retain assets
and sustain profitability during wartime conditions.
The analysis confirms that business survival and asset
preservation under conditions of armed conflict and
economic instability are achievable outcomes when
specific, proactively implemented legal and financial
governance mechanisms are in place.

The study’s primary contribution is the Legal and
Financial Security System (LFSS) framework, an orig-
inal author’s synthesis that integrates four interdepen-
dent dimensions: corporate structure optimization, tax
compliance management, asset protection through real
estate holdings, and war risk insurance and legal hedg-
ing. The empirical evidence from the longitudinal case
study of a Kyiv-based construction and real estate com-
pany, which maintained a portfolio of approximately
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2,500 square meters of commercial real estate valued
at a minimum of $1.25 million across three years of
full-scale war while continuing to generate rental in-
come, validates the framework’s core proposition. The
risk matrix developed in this study further provides
a practical decision support tool for prioritizing pro-
tective investments across different risk categories.

The findings confirm the initial research hypothe-
sis: disciplined legal structuring combined with pro-
active tax compliance and real estate-focused reinvest-
ment enables a construction company to retain the
majority of its asset value and maintain positive cash
flow under conditions of active armed conflict, provided
these mechanisms are implemented systematically
and proactively.

The study demonstrates that the construction
sector, often characterized as particularly vulnera-
ble during conflict periods, can sustain operational

and financial viability when business owners apply
structured legal and financial governance rather than
reactive crisis management. The reconstruction of
Ukraine, with needs estimated at $524 billion over
the next decade, will disproportionately benefit con-
struction businesses that preserved organizational
capacity and legal standing through the conflict period.
The findings also carry applicability to the US mar-
ket, where Ukrainian construction professionals bring
transferable competencies in asset protection, financial
discipline, and legal risk management developed under
conditions that far exceed the adversity encountered
in stable market economies.

Future research should examine cross-country com-
parative evidence from other post-conflict construction
markets, including Iraq, Syria, and the Western Bal-
kans, to test the LFSS framework’s generalizability
across different legal and institutional environments.

JJOIJATKOBA IHOOPMAILIIA
DOIHAHCYBAHHS: Asropu He oTpuMyBasu (DiHAHCYBAHHA AJIS IIHOTO TOCTIIKEHHA.
3ASABA ITPO JOCTYIIHICTD JAHUX: He 3acTocoByeTbCA.
KOH®JIIKT IHTEPECIB: ABTopu 3asABJIAI0TH ITPO BiICYTHICTh KOHQJIIKTY iHTEpeCiB.
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PO3BUTOK MDKHAPOAHOIO ONMOJATKYBAHHS
B YMOBAX LIN®POBI3ALII EKOHOMIKU

DEVELOPMENT OF INTERNATIONAL
TAXATION IN THE CONDITIONS OF
ECONOMIC DIGITALIZATION

AHoTauis. Bctyn. Lngdposa TpaHcPopmaLis eKoHOMIKM MOPOGXKYE MPUHLMIOBO HOBI BUKAVKM Gs TPAGULIAHUX CUCTEM
MiXKHAPOGHO20 0N0gATKyBAHHS, CPOPMOBAHMX LLe B iHGYCTPIaIbHY enoxy. 3pOCTaHHS UMPPOBMX TPAHCHALIOHANbHUX KOMIA-
Hill, SIKi 3GiCHIOOTD gisiIbHICTb 6€3 Pi3NIHOI IPUCYTHOCTI B IOPUCGHKLISX, e OTPUMYIOTb 3HQYHI gOXOgH, 3a20CTPIOE npobiemy
epo3ii nogatkoBoi 6a3u Ta pO3MMBAHHS MeX (iCKANbHO20 CyBepeHiTeTy gepKas.

[pobaematuka. JocnigxeHHs npucBsyeHe TeopeTMKo-MeTogoI02i4HNM 3acagam MiXkKHapOgHO20 OMOgaTKyBAHHS B yMOBAX
umngposizauii: eBosouii KOHLENTYanbHUX NIgX0giB, creungili LMPPOBOI eKOHOMIKM IK 0O’EKTA (iCKaNbHO20 pey/IloBaHHS Ta
OL}fHLi 3aCTOCOBHOCTI iCHYIOYMX TEOPETUYHMX MOgesel.

MeTa — cucTemaTn3ais TeopeTndHUX Migxogis go MiXHaPOGHO20 0NOGATKyBAHHS LiMPPOBOI eKOHOMIKM Ta BU3HAYEHHS
NepcrnekTUBHUX MeTOgoI02IYHMX PAMOK G/ JOCTIQyKeHHS BIgrOBIgHMX MOQATKOBUX BUK/IUKIB.

MeTtogu. 3aCTOCOBAHO METOgM CUCTEMHO20 AHA/I3Y, MOPIBHSA/IbHO-NPABOBO20 AHA/I3Y, HAYKOBORO Y3a2A/IbHEHHS, a TAKOX
KPUTUYHOR20 02/151gy HOPMATUBHMX gOKyMeHTiB OECP Ta Ipynu geagustu (G20).

PesynbTatn. MpocTexxeHO eBOOLI0 TeOpil MiXXHAPOGHO20 ONOGATKYBAHHS Big KNACUYHMX NPUHLMIMIB PE3MJeHTCTBA Ta
g)Kepena goxogy go Cy4acH1X KOHLenwiii 3HayyLwoi Ln@poBoi MpUCYTHOCTI. BU3HAYEHO KI0YOBi 03HAKM LinghpOBOi eKOHOMIKM,
L0 YCKAAgGHIOTb ii 0M0gaTKyBaHHs. CMCTeMATM30BAHO METOGO/I02i4HI MIgXOgy go OLiHIOBAHHS NOGATKOBMX BUKMKIB LiN@pPO-
Bi3auii Ta MpoaHani3oBaHo 3aCTOCOBHICTb TEOPEeTUYHMX MOgeseli go onogaTkyBaHHs LingpoBozo Bi3Hecy.

BucHoBkw. IcHytoui TeopeTnyHi Mogeni noTpebytoTb CyTTEBOI aganTauii go ymoB LndpoBoi ekoHoMikK. [epcrnekTUBHUM Ha-
npssMoM € POPMYBAHHS iHTE2POBAHOI MeTOgo02i4HOI pamku, Lo NoegHyE npuHumnu Pillar One/Two OECP i3 koHUenLji€to
3HaYyLOI UMPPOBOI MPUCYTHOCTI TA IHCTPYMEHTAMM OLiHKM 6a31 0OMOgATKyBAHHS B OPUCGUKLISX CIOXMBAHHSI.

Kntoyosi cnoBa: mixHapogHe onogatkyBaHHs, UM@PoBa ekoHomika, ungdposizauis, BEPS, Pillar One, Pillar Two, 3Hauywa
UnPpoBa Np1CyTHICTb, 0NOGATKYBAHHS TPAHCHALOHAIbLHMX KOPIOPALis.

Summary. Introduction. The digital transformation of the economy creates fundamentally new challenges for traditional
international taxation systems formed during the industrial era. The growth of digital multinational companies operating with-
out physical presence in jurisdictions where they generate significant revenues intensifies the problem of tax base erosion and
blurring of states’ fiscal sovereignty boundaries.

Problem Statement. The study focuses on the theoretical and methodological foundations of international taxation under
digitalization: the evolution of conceptual approaches, the specifics of the digital economy as an object of fiscal regulation, and
the assessment of the applicability of existing theoretical models.

Purpose. To systematize theoretical approaches to international taxation of the digital economy and identify prospective
methodological frameworks for researching related tax challenges.

@ @ Copyright © The Author(s). This is an open access article distributed under the terms of the
' Creative Commons Attribution License 4.0 (https://creativecommons.org /licenses /by /4.0/)
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Materials and Methods. Methods of systematic analysis, comparative legal analysis, scientific generalization, and critical

review of OECD and G20 normative documents were applied.

Results. The evolution of international taxation theories from classical principles of residence and source of income to mod-
ern concepts of significant digital presence has been traced. Key features of the digital economy that complicate its taxation
have been identified. Methodological approaches to assessing digitalization tax challenges have been systematized, and the
applicability of theoretical models to digital business taxation has been analyzed.

Conclusions. Existing theoretical models require substantial adaptation to digital economy conditions. A promising direction
is the formation of an integrated methodological framework combining OECD Pillar One/Two principles with the concept of
significant digital presence and tools for assessing the tax base in consumption jurisdictions.

Key words: international taxation, digital economy, digitalization, BEPS, Pillar One, Pillar Two, significant digital presence,

taxation of multinational corporations.

Bc'ryn. Cyuacua 1iugpoBa peBoJIIOIiA TOKOPIHHO
3MIHIO€ apXiTEKTypPy IV100aJIbHOI EKOHOMIKH, CTBO-
PIOIOUM IPUHITUIIOBO HOBI (hOPMHU opramisarrii 6i3Hecy,
BHPOOHUIITBA TA CIOKUBAHHA. TpaHCHAIIOHAIBHI ITH(-
PoBi 1L1aT¢gOpMI, XMAapHI CepBiCH, e-KOMEePIIiA Ta II0To-
KOBI MeJliacepBicy reHepyOTh KOJIOCAJIbHI T'POIIIOBI I10-
TOKW, IEPETUHAIYHN AePKaBHI KOpIoHU 06e3 O0yIb-AKOT0
(bisuuroro pyxy toapiB uu oci6. Ile 3ymoBitoe mosaBy
byHgaMeHTATBHOI CYIIEPEeUHOCTI MK TPAIUIIiHHY-
MU IMPUHIIMIAMA MIKHAPOIHOT0 OITOIATKYBAHHSA, 1110
I'PYHTYIOTBCA Ha KOHIIEMIIil (PisMuHOT IPUCYTHOCTI,
Ta pealiaiMy HeMaTepiaabHOI [TU(PPOBOI IIPUCY THOCTI.

ITuramus eposii momaTKoBO1 6a3u it BUBEIeHHSA IIPU-
OyTkiB 3a Mesxi ropucaukiiiii (Base Erosion and Profit
Shifting, BEPS) nalysii 0co0/I1BOI TOCTPOTH ITiCJIA BH-
fABJIEHHA arpecHBHOIO IT0JATKOBOI'O IUIAHYBAHHA IIPO-
BIJHUX TeXHOJIOTiuHUX rirautiB — Google, Amazon,
Facebook, Apple Ta iummux. 3a ortinkamu OECP, BTpaTu
KOPIIOPaTUBHOTO moaaTKy BHaciaok BEPS cranosisaTs
Big 100 mo 240 mutpa. most. CIITA mopoxky [1]. B ymoBax
3aroCTPEHHA OIOKETHUX MPOOJIEM Y TTOCTIAHIEMIUHUH
Tepioft Ta 3poCTaHHA (DiCKATIBHOTO TUCKY HA [IepKaBU ITH-
TaHHA CIIPABEIJINBOT0 POSIIOMILITY IIPAB HAa OTIOATKYBaH-
HA UQPPOBUX [JOXO/IiB HAOYBae KPUTUUHOTO 3HAUEHHS.

CaMe TOMYy IOCITiIKEHHSA T€OPETUKO-METOH0JIOrIY-
HUX OCHOB MIKHAPOJTHOTO OTIOIAaTKyBaHHA B YMOBaXx
uudpoBisallii € AKTYAJIBHUM HAYKOBUM 3aBIAHHAM, 1[0
Mae AK CyTTEBE TEOPETHUYHE 3HAUEHHA IJIA PO3BUTKY
(inaHcoBol HAayKH, TAK 1 mpakTUUHE — 719 (DOPMYBaH-
HA e(PeKTUBHOT MOIATKOBOI ITOJTITUKY JIEP:KaB B YMOBaX
JI00aJIbHOT KOHKYPEHTHO1 00pOTHOU 32 PO3IIMPEHHSA
(hickabHUX pecypciB.

Awnauris mociaigsxens i IlocranoBka npoGiemMu.
IIpo6emarrka MixKHAPOIHOIO OIIOATKYBAHHA 3aBHA
nepefyBae B IIEHTPI HAYKOBUX JIOCITiiKeHb. Kitacuami
po6oru IT. Myccrpasa [2] Ta P. Beppa [3] saxnanu dyH-
JaMeHTAJIbHI IIPUHITAIIA PO3MEKyBaHHSA MIPaB Ha OTI0-
JaTKyBaHHA MUK IOPUCIUKITIAMY Ha OCHOBI KpUTepiiB
pesumeHTcTBa Ta MKepesia goxomay. L mpuniunm Gyam
Komr(piKOBaHI B JBOCTOPOHHIX ITOJATKOBUX KOHBEHITIAX,
Mo0y0BaHUX TIEPEBAYKHO 32 3pa3KoM THUIT0BOI KOHBEH-
it OECP.

3i cTpiMKUM PO3BUTKOM ITU(PPOBOI €KOHOMIKHU
y 2000-x pokax HayKoOBa QUCKYCiA ITepeopieHTyBaIach
Ha TIONIYK aJeKBaTHUX BIAIIOBi/iell HAa HOBI BUKJIUKU.

Baromuii BHECOK y po3po0Ky KOHITEMIIiii OTI0IaTKyBaH-
HA 1I1(PPOBOIT eKOHOMIKM 3pobmiu qocaiguuku P. me j1a
®Deiire Ta [1. Toster [4], AKi 00T pyHTYBaIN HEOOXITHICTD
IePEOCMUCIIEHHA ITOHATTA MOCTIHHOTO IIPeICTaBHU-
nrea. B. Apuonbz [5] mpoanasrisyBaB KOHITEIITYaJIbHL
IPo0JIeMH 3aCTOCYBAHHA IIPUHITHIIIB IPKepesia TOXOMy
110 (P POBUX TPAHBAKITI.

3i crapry npoekry OECP/G20 3 mipoTuii posmu-
BaHHI0 0asu omofarkyBautsa (BEPS Action Plan, 2013)
JIOCJTITHUITBKA aKTUBHICTD ¥ I1i#i chepi pisko 3pociia. o-
noBigb OECP «Addressing the Tax Challenges of the
Digital Economy» (Action 1, 2015) [6] crasa 6a3oBum
OPiIEHTHUPOM [IJIA IIOJAJIBIIINX HAYKOBUX PO3BiIoK. KoH-
menryansHi 3acanu Pillar One Ta Pillar Two, mio 3akpi-
IUTIOIOTH IPUHITUAIIN IIePEPO3IIOILITY IIPAB OIIONATKYBAHHA
Ta BCTAHOBJIEHHSA IJT00AJIBHOT0 MiHIMAJILHOI'O KOpIIopa-
TUBHOT'O ITOJATKy Ha piBHI 15%, meTajbHO T0CITiKYyBa-
suck y podorax JI. Oyrepa [7] Ta M. [lemmiepre [8].

Cepeq BITYUN3HAHUX AOCIITHUKIB Ipo0IeMaM MiK-
HaPOIHOTO0 TTOJATKOBOro IutaHyBaHHA Ta BEPS nipucesa-
ueni miparri B.JI. Augpyienka [9], A. M. Kpucosaroro
[10], C.I. FOpia ta in. [Turanua iudpoBoi eKOHOMIKH
B KOHTEKCTI OIIOfATKYBAHHA aHAJI3yBaJIMCh y TOCJIi-
mreruax O.I1. Kpynku [11]. Bomrouac KoMmIutekcHMEA
TEOPETUKO-METO0JOTIUHNI aHaJIi3 eBOJIIOIil MixkK-
HAPOAHOTO OMOAATKYBAHHA B yMOBax HuQpoBisarii
Ta CHUCTEeMAaTU3aIlid MiAXO0JiB J0 OIIHKMN BIIIIOBIIHUX
BUKJINKIB 3aJIMIIAIOTHCA HEOOCTATHHO PO3PO0JIEHUMU
B YKpAIHCBKIil (DiHAHCOBI Haylli, 110 1 BUBHAYAE HAY-
KOBY IIP00JIeMy ITbOTO JOCIIIZKEeHHA.

Mera crarTi nojiArae y cucremMarusallii Teope-
TUYHUX HIIXOMIB 40 MIXKHAPOJHOI'O OIOAATKYBAHHA
()pOBOI €KOHOMIKM Ta BH3HAYEHHI IIePCIeKTUBHUIX
MEeTOHOJIOTIYHUX PaMOK JIA MOCIiIKeHHsA BiIIIOBII-
HUX TI0JJaTKOBUX BUKJIMKIB Ha OCHOBI aHAJIi3y €BOJIFOITiT
KOHIIENITYaJIbHUX MOJIeJIe 1 MPUHITUAIIIB MiKHAPOTHOTO
OTIOTaTKy BAHHS.

Meronu mocaimskeHusa. MeTomo0TiuHy 0CHOBY
JIOCHIIPKeHHA CTAHOBUTDH CYKYITHICTH 3arajibHOHAY-
KOBHUX Ta cHeIjiaJbHuUX MeToniB. CucTeMHUN aHAaJIi3
3aCTOCOBYBABCA MJIA MOCIIMKEHHA MIKHAPOSHOTO
ONOOAaTKYBAHHA AK IIJIICHOI CUCTeMHU IIPUHIIUIIB,
HOpM Ta iHCTUTYIiHUX MexaHidMiB. [lopiBHAIBHO-
MPaBOBUI aHaJIi3 BUKOPUCTOBYBABCA IIPU 3iCTaBJIEH-
Hi Pi3HUX TEOPETUYHUX MOJeJell OIMOTaTKyBaHHA
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Ta OiAXOMiB PiBHUX OPUCOUKINHN 10 BperyloBaHHS
MMUTaHb UQPPOBOTO omogaTKyBauHA. MeToau HayKo-
BOT0 y3arajbHEHHS Ta abCTPAKTHO-JIOTIYHUIT MEeTO/I
3aCTOCOBYBAJINCH AJIs (POPMYITIOBAHHA TEOPETUUHUX
BUCHOBKIB. KpuTruHMit OryiAs HOpMATUBHUX JOKYMEH-
TiB OECP, G20, Komitery OOH 3 mogaTkoBUX IMUTaHb,
a tako:k Jlupexrus €C 3a6e311e4nB OCTATHIO €MITi prUY-
Hy 0a3y JOCIIiIKeHHA. XPOHOJOTIUHUN MiaXiT J03BO-
JIUB IIPOCTEKUTH €BOJIIOITIIO0 MITXOMIB I0 MIKHAPOIHOTO
OIIONATKYBAHHSA B JUHAMIIII.

PeaynbraTi nociigKkeHHS.

1.1. EBoJutioniia Teopii MizKHAPOIHOTO OIMOLAT-
KyBaHHA: MigX0OH, MOJEJIi, IPUHITUIIH

Teopia MiKHAPOTHOTO OMOAATKYBAHHA MPOMILIA
TpUBAJIUNA MIIAX (GOPMYyBaHHA Ta TpaHCHOpPMAILii.
B ii ocHoBi nexuTh QyHgaMeHTAIbHA pobjeMa Pos-
Me:KyBaHHA (QiCKAJIbHUX MpaB MiK IOPUCIUKIIAMU
B YMOBaX TPAHCKOPOHHOTO ITepeMillleHHA KaIiTay,
moxomiB Ta oci0. TpanuiliiiHo BHOKPEeMJTIOIOTE IBA KOHKY-
PYIOUMX OPUHIIUIIN PO3TOAILY IIPAB OMOAATKYBaAHHA —
MIPUHIIUIT PE3UIEHTCTBA Ta TPUHIUII JPKepeia I0X0My.

IMpuanun pesugentcrsa (residence-based taxation)
nepembavae OrMoIaTKyBaHHA PEe3UIEHTIB Jiep:KaBy 34 x-
HIMH [JOXOOAaMU 3 YChOTO CBITY, HE3AJIEKHO BiJl MiCIld
ix orpuMaHHA. BiH BTijIIOE i/1€10 «3IaTHOCTI TLIATUTH»
(ability-to-pay) i BimmoBimae iHTepecaM pO3BUHEHUX
KpaiH-ekcropTepiB kamitasny. [IpuHIUI mxepesa mo-
xoxy (source-based taxation), HaToMicTh, 3aKPIILIIOE
IIPaBo JIepsKaBU HA OMOMATKYBAHHSA TOXOMIIB, 110 (hop-
MYIOTHCA Ha il TepUTOPIi, He3aJIeKHO BiJi Pe3UIeHTCTBA
ix orpumyBaua. Biu BimoOpaskae imeto «Burogm» (benefit
principle) — mep:xaBa Hajae yMOBU [JIA TeHeparrii /10-
X0y 1 TOMY OTPUMYE IIPaBO HA ioro yactuny [2].

Knacuuna momens Macnena—Magitypa, a sromom
i Momenbua xouseniris OECP [12], sakpinuiu nmeBHUi
6ajiamc MixK UMW TPUHIIUTIAMY, BCTAHOBUBIIH, II[0
AKTUBHI JOXOIH OIIOJATKOBYIOThCS TTIEPEeBAKHO B KpaiHi
mxepesia (3a HAsABHOCTI IIOCTIHHOTO IIPeqCTaBHUIITEA),
a TacuBHi (QUBIIEHIU, POAJITI, BiICOTKN) — Yy KpaiHi
pesumenTcTBa. KIIF0uoBOI0 KOHIIEMITIE0, 1[0 BU3HAYAIA
MeKy OIOIaTKyBAHHSA B KpaiHi [Kepesia, CTajo «IIo-
cTiifiHe TIpefcTaBHUIITBO» (permanent establishment,
PE) — ¢ikcoBane miciie BemeHHA Gi3HecCy, yepes AKe
cy0’eKT ITOBHICTIO 400 YaCTKOBO 311ICHIOE TOCIIONAPCHKY
mAaneHiCTE [12].

BasxnuBuM TeopeTUIHUM BHECKOM CTajia KOHIIel-
A «<HeUTPAaJILHOCTI» OTIOaTKyBaHHA. HeliTpaabHiCTh
0710 ekcropTry kamitany (capital export neutrality,
CEN) i HefiTpasibHICT 010 iMIOpTy Kamitasty (capital
import neutrality, CIN) cramu TeopeTHYHUMU OpPi€H-
TUpamMu mpu (OPMYBAHHI CUCTEM MIKHAPOTHOTO OTIO-
IaTKyBaHHA, X0Ua TOCATHEHHA 000X OJTHOYACHO € He-
IOCS:KHUM 3aBOaHHAM [2].

ITounnarouu 3 1990-x poKiB, ITiT BIIMBOM TJI00a-
JTigarii Ta 3pOCTaHHA POJII HeMAarepiaJbHUX aKTUBIB
(iHTeJIeKTyasIbHA BIIACHICTh, OPEHIN, aJITOPUTMU) TPa-
OUIifiHA mapagurMa MiXKHAapPOTHOTO OIOAATKyBaHHA
OINMHMJIACH ITif] 3HAYHUM TUCKOM. ATpecrBHE OIAaTKOBE
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IUIaHyBaHHA TpaHcHaIoHanbHuX Koproparii (THE),
3aCHOBAaHE HA NITYYHOMY MepeMilleHHI mMpubyTKiB
JI0 HU3BKOIIOJATKOBUX IOPUCAUKINIII uepes I[iHOyTBO-
PeHHA Y BHYTPIIIHBbOPIpMOBHUX orepariax (transfer
pricing), poAsTi Ta ribpuaHi QiHAHCOBI iHCTPYMEHTH,
TOCTABUJIO ITi] CYMHIB 0a30Bi MIPUHIIUITN CHUCTEMU.
Y Bigmnosigs Ha 1i Bukauku OECP y 2013 p. iwirito-
Bajia macmraduuii mpoekt BEPS, o osHamenyBas
IM0YaTOK HOBOTO €Tamy PO3BUTKY Teopii il MpakTUuKu
MIKHapPOOHOTO OMogaTKyBauHs [1].

1.2. IloHATTA TAa KJIIOYOBI XapaKTepPHUCTHKH
IH(MPOBOI EKOHOMIKH: INIOGAILHHI KOHTEKCT

MudpoBa exoHOMIKa ABJIsIE COO0I0 CYKYIIHICTD €KO-
HOMIUHUX BiJTHOCHH, 1[0 0a3yIOTHCA Ha BUKOPUCTAHHIL
nudPOBUX TEXHOJIOTiH, [HTepHETY Ta JaHUX AK KIIIO-
40BUX (PAKTOPiB BUPOOHUIITBA Ta TpaHchopmaIlrii
minHocTi. HesBarkaroun Ha MIMpOKe BKUBAHHSA ITHOTO
TepMiHa, HOro OJTHOCTAMHOI0 BUSHAUEHHA B HAYKOBI
1 HOpMAaTUBHI JIiTEpaTypi He iCHYE.

OECP y csoiit momorifi Action 1 (2015) [6] Buokpe-
MUJIa Taki crrerudivHi prucy UMpPoBOi €eKOHOMIKH, 1110
MalTh KPUTUYHE 3HAUEHHA [JIA omoaaTrkyBaHHA: (1)
MOOLIBHICTD — HEMAaTepiaJIbHI aKTUBHU, (DYHKINT Ta pu-
3UKH JIETKO [IePEMIIIYIOTHCA MizK IOPUCIUKITiAMI; (2) 3a-
JIESKHICTD Bifl TAHUX — TaHI KOPUCTYBAYiB € KITFOUOBUM
pecypcoM [Jisa reHepariii Baprocti; (3) MepesxeBi edek-
TH — I[IHHICTb IJIAT(OPM 3pOCTae HEJIHINHO 3i 301/1b-
IIEHHAM KLTBKOCTI KOPUCTYBaUiB; (4) MaciTabyBaHHA
0e3 Mmacu — 1u(poBUil 6idHEC MOKe 00CIIyroByBaTH
MIJIBHOHU CIIOJKHBAYiB y BCHOMY CBiTi 0e3 CyTTeBUX
MaTepiajIbHUX aKTUBIB y BiITIOBITHUX IOPUCIUKITIAX;
(5) BosTaTHIbHA PUHKOBA CTPYKTYypPa — CTPiMKa M0ABa
Ta 3HUKHEHHSA 013Hec-MoesIe.

3 TOUYKHM 30PYy OIOATKyBaHHSHA, KJIFOUYOBOIO MPO0JIe-
MO0 € 3JaTHIicTh MU(POBUX KOMIIAHIH OTPUMYBaTH
B3HAYHI JOXOOM Bi[ CIIOKUBAYIB Y MEBHIN IOPUCOUKITII
6e3 Oyab-AKO01 (hisuuHOI IIpUCcyTHOCTI B Hiil. Taxk, cTpu-
MIHTOBI cepBicH, peKJIaMHi IIaTGopMu, e-KoMepITifHi
MapKeTIUIelicu Ta XMapHi IIpoBaiiiepu 3aaTHI 00CITy-
TOBYBaTHU MiJILHOHU CIOKUBAYIB, HEe MAlUM y BIfIO-
BIJTHIIT JTepskaBi KOIHOTO odicCy, CKIaLy UM cepBepy.
Ie migprBae KOHIIEIII[iFO TIOCTINHOTO IIPEICTaABHUIITBA
Ta PO3MHUBAE 3B'A30K MIiK MIiCI[eM CTBOPEHHA BapTOCTi
Ta MicIleM OTIOJATKYBaHHA.

3a gauumu Koudepenrnii OOH 3 Toprismi Ta pos-
Butky (FOHKTA]L), o6cAr rimo6aabHOo1 eJIeKTPOHHOT KO-
Mepii go 2022 p. mocAr 6yusbko 27 TpiH. gosi. CIITA
[13]. PunkoBa karmiTasisaifia Ha6GIBIINX TUPPOBUX
mwiargopm (Apple, Microsoft, Amazon, Alphabet) me-
pesuiirye BBII 6ibiiocTi gepskaB CBITY, 110 YHAOUHIOE
MaciTadu (picKaabHOr0 BUKIINKY, AKUH ITOCTAB IIepes
MIKHAPOIHUM CIiBTOBAPUCTBOM.

1.3. MeTomoJIoria OIiHIOBAHHSA IOJATKOBHX
BHUKJIHKIB nudposizamii

OriHBaHHA IIONATKOBUX BUKJIMKIB IIHM(POBi3ariii
noTpeldye CIeIiajiIbHOr0 METOI0JIOTTYHOTO IHCTPYMEHTa-
Pifo, OCKIJIBKY TPAAUIIIIiHI ITiIX0aM, 3aCHOBAHI HA aHa-
J1i31 (biBUUHUX T'POMIOBUX IOTOKIB Ta MAaTEPiaIbHUX
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aKTHUBIB, He 3[IaTHI IIOBHOIIIHHO BimoOpasuTu crrerindgi-
Ky nudpoBux GisHec-Mofieseii. ¥ HayKoBiil jgiTeparypi
BHUOKPEMJTIOEThCA KLJIbKA METOHOJIOTITUHUX MiIXO/IIB.
ITo-mepime, miaxig Ha OCHOBI aHaJIi3y JIAHITIO-
ra Baprocti (value chain analysis). Bin nmepen6auae

imenTr(dikaifio Bcix QYHKI[, pUSUKIB Ta aKTUBIB
y JIQHIIOTY CTBOPEHHA BapTOCTI MU(PPOBOI KOMITaHIT
Ta iX IPUB’A3KY [I0 BiAMOBIIHUX fopucaukiiii. Meromo-
JIoTiuHAa TIPo6sIeMa TYT MOJIATAE Y TOMY, 110 IIU(POBI ak-
TUBH (asropuTmMu, 6asu JaHUX, HeMaTepiaibHi ITpaBa)

Tabnuys 1

IlopiBHAIBbHMI aHAJII3 TEOPETHYHHUX MOJIEJIeH OIMOJATKyBaHHA HH(ppPoBOoro 6izuecy

ITapamerp nopiBHAHHA

Ananramia Tpaguiiaux
MopeJien

Hectunarriiine omoaaTky-
BaHHA

Miuimaneue onogarkysauus(Pillar
Two)

ROHHeHTyaJ’IBHa OCHOBa

IIpunnun nocriitHoro
npepacrasuuirea (PE)
Ta TpaHcdepTHe IiHOYTBO-
peHHA

IIpunIIMI MicIA CIIOKUBaH-
usa (destination); mepepos-
TOAJI TPAB OTIOIATKYBAHHSA

Beranosnenns rimo6aabHOro «MiHi-
MyMy» 11 (hiCKaIbHOT KOHKYPEHITiT

Knrouosuii mexanism

Posmmpennsa kpurepiis PE
(BEPS Action 7); onoBiI€H-
Hs TIPABUJI TPAHCPEPTHOTO

Amount A (Pillar One):
TepeposMoAisl HaIPu-
oyrxis MHK no puakoBuX

GloBE Rules (Pillar Two): miHi-
MaJbHa eeKTHBHA CTaBKa KOPIIOpa-
THUBHOTO ITofaTky 15%

IIHOYTBOPEHHSA TOPUCOUKITI T
HopmarusHa 6a3a MopesibHa KOHBEHITIA OECD/G20 Pillar One OECD/G20 Pillar Two Model Rules
OECP; BEPS Actions 7-10 Statement (2021); (2021); EU Directive 2022/2523

Multilateral Convention

Kpurepiit «38’s13Ky»
(nexus)

®diszyuHa IPUCYTHICTD:
(ikcoBaHne micie GizHecy
abo areuT

ExoHoMiuHa IPUCYTHICTD:
nmoxin moHad 1 MJIH. eBpo
Y IOPUCOUKITIT

He BcTaHOBITI0OE HOBUX Nexus-
KpuTepiiB; gie uepes cucremy UTPR/
STTR

OxoreHHsA TU(PPOBUX
MopeJien

YacTkoBe — He 0XOILIIOE
wiaThopMu Ta XMapHi cep-
Bicu 6e3 pisuunoro PE

IIMTupoxe — 3acTocoByeTHCA
mo MHK 3 moxomom moHap,
20 MJIpa. €eBpO Ta peHTa-
6enbHicTiO >10%

ITupoxe — oxormroe MHEK i3 xoxco-
JIITOBAHUM J0X00M moHax 750 MIIH.
€BPO

YuacTh I0PUCAUKITII
PUHKY 30yTy

O0MerxxeHa — JuIlle 3a Ha-
asuocti PE

Bucoka — punKOBI 1opuc-
IUKIT OTpUMYIOTE 25%
HagnmpubyTkiB Amount A

Henpava — uepes mexanism UTPR
(Undertaxed Profits Rule)

IIpoTunia arpecuBHOMY
IUIAHYBaHHIO

ITomipaa — MokIIHBOCTI
yuukHeHHA PE 3anuma-
I0ThCA

ITomipHa — OXOILTIOE JTHIIIE
HaJHOPMOBI IIPUOYTKHI
(>10% penTabenbHOCTI)

Bucoka — «mipgora» e)eKTUBHOT
CTaBKU YHEMOKIIUBJITIOE HYJIOBE
OTIO/TATKY BAHHS

Crumymnu aiid odiropu-
3arii

36epirarThca — rnepemi-
mensa IP mo Husekomomar-
KOBUX IOPUCOUKITIN BUTiITHE

SMEeHIIYTHCA AJIA Haf-
IpubyTKiB; 30epirarThca
IJIA 3BUYANHUX JJOXO/IiB

CyTTeBO BHIKYIOTHCA — e(PeKT
0(IIOPHUX CTPYKTYP OOHYJIAETHCA
1o piBHA 15%

CropaBemyinBicTb PO3-
oAy

Hwuspra — posmogist Ha Ko-
PUCTH IOPUCAUKINHN pesu-
meurcrea THE

CepenHsa — YacTKOBe
[epeHeCceHHs [0 PUHKOBUX
OPUCIUKIIH

Huspka — He nmepeposnonisise mpaBa
MiXK I0PUCAUKIIIAMU

CrknagHicTs agMiHiCTpY-
BaHHA

Bucoka — criopu mozno
TpaHchepTHOTrO IiHOYTBO-
pPeHHA

Hy:xe BrCcOKa — HOBHII Me-
XaHi3M POBIIoLILY, IT0OTpebye
MIXKHapPOIHOI KOOPAMHALIIT

Bucokxa — noTpe6ye riio6aspHOr0
00MiHy TaHUMU Ta MOHITOPUHTY
e(eKTUBHUX CTABOK

3aCTOCOBHICTE 0 MAJINAX
TOPUCOUKITIH

CepenHsa — TBOCTOPOHHI
KOHBEHIIIl YACTKOBO 3aXU-
IIAl0Th

Husbpka — 3auinae jguiie
"HagHanionaasai MHK
(moxim >20 mutpp. €Bpo)

Cepennasa — STTR (Subject to Tax
Rule) saxuiae kpainu, 110 posBuBa-
I0TLCA

CraH iMIuieMeHTAaIil
(2024)

IToBHicTIO BIIpOBaKEeHA
y GLIBIIOCTI IOPUCAUKITIH
uepes Mepesky KOHBEHIII

B nporieci — mignucanHa
Multilateral Convention
ouikyerbcsa 2024-2025

YHacTroBo — moHAA 35 IOPUCAUKITIH
npuiiasu GloBE Rules; €C —
32024 p.

TeopeTnuna mapagurma

Benefit principle + source-
based taxation

Destination-based Cash
Flow Tax (DBCFT) y monu-
dikoBaHiii popmi

Minimum taxation + anti-avoidance
(GloBE / Income Inclusion Rule)

Hayxkosi npencraBHUKN

Myccrpas [2], Bepg [3],
ne na Deiire [4], Apuosbr
[5]

Agep6ax Ta iu. [16]; OECD
Pillar One Blueprint [17]

Oyrepa [7], Oesepe i Besuta [8];
OECD GloBE Rules [17]

3arajibHa OIiHKa3aCcTo-
COBHOCTIIO [)pOBOie-
KOHOMIKH

Hepnocrarua — moTpebye
dbyunamenTaabHoi pedop-
mu moHATTA PE

IlepcriekTrBHA — IIPSAMO
opieHTOBaHA HA CIIerUiKy
nu@poBux miIaTdopm

HomnoBHIOBaIbHA — €(DEKTUB-
Ha AK 3aXUCHUN MeXaHi3M,
a He CHUCTeMHe PillleHHsA

Jrcepenio: cknameHo aBTopoM Ha ocHOBI [1; 4; 6; 7; 16]
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YacTo IOPUANYHO JIOKAII30BaHl B OOHIN IOPUCIUKITII,
TOMII SIK IX €KOHOMIUHA IIIHHICTh (DOPMYETHCS 32 PAXyHOK
KOPUCTYBaYiB 3 1HIITNX IOPUCTUKILIT [4].

ITo-gpyre, migxig Ha OCHOBI KOHIIEIIIil «y4acTi KO-
pucrtyBauiB» (user participation). Bin rpyHTyerhca
Ha Te3si, 1110 B Hu(ppoBUX 6i3HEC-MOIeIAX KOPUCTYBaUl €
AKTUBHUMU YYACHUKAMU CTBOPEHHSA BAPTOCTI — Uepes
reHepario JaHuxX, GOPMyBaHHA MepeKeBUX eeKTiB,
KOHTEHT-IIPOAYKIIiI0 Ta 3BOPOTHIIM 3B’A30K. BimmoBizgHoO,
IOPUCOUKITIA PUHKY 30yTy Mae IpaBo HA OTPUMAHHS
YACTKU OPUGYTKY ITPOIIOPIIITHO JT0 BHECKY CBOIX PE3UJIEH-
TiB [6]. Came 11€ii mizxiz jiir B ocHoBy Pillar One OECP.

ITo-TpeTe, MeTOIOMOTIUHUIA TTIAXiT HA OCHOBI «3HA-
gy1ol mudpoBoi mpucyTHocTi» (significant digital
presence, SDP). Bin nmepen6auae BcTaHOBJIEHHA HO-
BUX KPUTEPIiB «3B'A3Ky» (nexus) Mk 1udpoBum 06is-
HEeCOM Ta IOPUCAUKITIEI0, 3aCHOBAHUX He Ha (hi3UUHili,
a Ha eKOHOMIUHIN HMPUCYTHOCTI: KIJIBKOCTI AaKTUBHUX
KOPHCTYBauiB, 00CcA31 UM POBUX OIlepalliii, BeJIMUnHi
moxomiB Tomro. Kourentia SDP sanposamxena B Hu-
pexrusi €C 2018/822 Ta 3akpimieHa y mpomosuiiii €s-
poxomicii oo Digital Services Tax (DST) [14].

KinpkicHi MeTOOU OL[IHKY PO3MIpY «IIOAATKOBOTO
po3puBy» (tax gap) B u(poBiii €KOHOMIITI BKJIIOYAIOTE:
MIKpPOCUMYJIAIIIFiHE MOOEJTIOBAHHA Ha OCHOBI JaHUX
(inancosoi sBiTHocTi THK; anatis epexruBHMX m1ogarT-
KOBHUX CTABOK; MOPIBHAJIBHUM aHaIi3 peHTa0eIbHOCTI
1 pPOBHUX 1 TPAOUIIAHIX KOMIIAHIM; rpaBiTaiiili Mo-
IleJIi 1A OI[IHKU IITYYHOTO ITepPeMilleHHA TTPUOYTKIB.
ITi MmeToIM aKTUBHO PO3POOIIAIOTHECA B paMKax qOCITi-
auipkux nporpam MB® ta OECP [15].

1.4. TeopeTuuHi MOogeJIi OIOJATKYBaHHSA Bip-
TYaJILHOTO Oi3HECY: OIiHKA 3aCTOCOBHOCTI

Y HaykoBiii TiTepaTypi 10 ChOroHI He C(hOPMOBAHO
€IMHOT TEOPETUYHOI MOJIEJIi OTIoIaTKyBaHHA UG POBOTO
Oismecy. Icuyroui migxoqu YMOBHO MOXKHA KJIacHQiKy-
BaTU 3a TPHOMA HATIPAMAaMH.

Ilepinuit HanmpsaM — amanTaiisa TPATUIHHIX Mofe-
neii. Bin nepen6auae po3mIupeHHA TPAAULIITHIX KOH-
LIENITi i ITOCTIHHOTO IIPEACTABHUIITBA Ta I[IHOYTBOPEHHSA
Yy BHYTPiIIHBO(DIpPMOBUX OIIEpALifAX AJIA OXOIJIEHHA
uudpoBux 6izHec-mopeneii. [Ipukiamom € OECP Action
7 (2015), 110 posmmmpuiia susHauensa PE nis mporumii
MITYYHOMY YHUKHEHHIO CTaTyCy TIOCTIHHOTO TIPECTaB-
Hunrea. KpuTuky 11p0ro migxony BKasyoTh, 10 BiH €
KOCMETHMYHUM PEMOHTOM 3acTapijiol KOHCTPYKILi [5].

Hpyruii HarpAM — «IeCTUHALIl{He» OII0JaTKyBaHHA
(destination-based taxation). Ieit migxim mepen6auae
Iepexis 0 ONoAaTKyBaHHA MPUOYTKY KOPIOpALIiil ITe-
PEeBaKHO B IOPUCAUKITIAX CHOKUBAHHA (PUHKY 30yTY),
a He y IOPUCAUKINAX PEe3UIEHTCTBA UM mxepea. Teo-
peTuyHe OOTrPYHTYBAHHA ITHOTO MiIXOOY PO3pobiieHe
A. Asepb6axom Ta iH. [16]. Pillar One OECP 3 mexa-
HizMoM Amount A e 4acTKOBOIO peasrisalriero 1iel ifgel.

Tperiit HaTIpAM — MOJeJIi Ha 0CHOBI MiHIMAJIBHOT'O
omogaTKkyBaHHA. [J100aJIbHUIT MiHIMAJIBHUNA KOPIIO-
paruBHuit mogarok (Pillar Two, craBka 15%) saBiise
c00010 TIPUHITUIIOBO HOBY T€OPETUYHY KOHCTPYKIIIIO,
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CIPSAMOBAHY He HA IIepeposTIo/IiI ITPaB ONOIaTKyBaHHS,
a Ha BCTAHOBJIEHHS «ITJIOTW» [JIs (PiCKAIIBHOI KOHKY-
PeHIrii Mixk ropucaukIiaMu. Lla mogess 3maTHa cyTTeBO
00MEKUTH MOXKJIMBOCTI arpeCUBHOTO TTOIATKOBOTO T1J1a-
"HyBaHHA nudposux THE [7].

71 yHAOUHEeHHA MOPiBHAJIBHOTO aHAaI3y 3a3Ha-
YeHUX MiAXO0IiB y Tabmili 1 ysaraJgbHEeHO 1X KJIIOUOBI
mapaMeTpH.

O11iHKa 3aCTOCOBHOCTI 3a3HaUYEHUX MOJEJIeH 3aCBi-
uye, 110 JKOHA 3 HUX OKPEeMO He € JOCTATHBO [JIf
BUPIIIEHHA BChOTO CIEKTPa HNpobJieM OMogaTKyBaH-
HA [MUPPOBOI eKOHOMIKM. AfarnTaliis TpaguiiiiHux
MojieJiell € TTaJliaTUBHUM pPillleHHAM, JeCTUHAIliliHe
OTIOATKYBAHHSA CTUKAETHCA 3 ITPOOJIEMOI0 BUSHAUEHHSA
MICIIA CIIOYKMBAHHSA /1714 HeMaTepiaJIbHUX ITOCJIYT, a Mi-
HiMaJIbHE OTIOJaTKyBaHH:A, Xo4a i e()eKTUBHE IIPOTHU
arpecUBHOTO IJIAHYBAHHA, He BUPIIIye NUTAHHA CIIpa-
BEIJTUBOTO POBMOMIJIY IIPaB OMOJATKYBAHHA.

IlepcriekTBHUM € (DOPMYBaHHSA iIHTETPOBAHOI MOJIe-
Ji, sKa moeuye: (1) OHOBIIEH]I KpuTepii «3B'A3KY», 3aCHO-
Baui Ha Kounemii SDP; (2) mexanism Amount A Pillar
One i mepeposroaity HagnpubyTkiB Besmknx MHK
Ha KOPUCTh PUHKOBUX IOPUCAUKINI; (3) Tyio0aIbHUI
mi"iManeHui mogaTok Pillar Two sk saxucHuii mexa-
Hi3M Bif (ickasbHOI KOHKypeHIrii. [TomioHa inTerposa-
Ha paMKa 30aTHa OJHOYACHO MiIBUIIUTH e(eKTUBHICTD,
CITPaBEeQJINBICT Ta CTIHKICTb CHCTEMU MIiKHAPOIHOTO
OTIOIATKYBAHHSA B yMOBax Iudposisarrii.

BucuoBku. IlpoBenene qocitimkeHHA J03BOJIAE
c(hOpPMyYJTIOBATH TAKI HAYKOBI BUCHOBKH.

ITo-miepiire, Teopisa MizKHAPOTHOTO OTIOATKYBaHHSA
TIPOMIILJIA €BOTIOIIHHUH IJIAX B 6230BUX IIPUHITUAIIIB
pesuIeHTCTBA TA IKepesia JoX0/y, chopMOoBaHUX § XX
CTOJIITTI, [0 CyYaCHUX KOHITEII[ii 3HAUYII0l 11 poBoi
MIPUCYTHOCTI Ta MepPepos3mOIiy IIPaB OMOAATKYBAH-
HA, 1[0 BiAIIOBIAAOTH peariaM IIu(pPoBOl eKOHOMIKH.
Tpamuriiina KOHCTPYKITIA HOCTIHHOTO IIPeNCTaABHUIITBA
BUABUJIACH HE3TATHOI0 OXOIUTH CIIEITU(IKY THU(PPOBUX
0l3Hec-MoeJIei.

ITo-mpyre, 1udpoBa eKOHOMIKA € AKICHO BiIMiHHUM
00’ekTOM (PiCKaAIBHOTO PEryII0BAHHSA MOPIBHAHO 3 TPA-
IUITIHHOI0 €KOHOMIKOI0, OCKIJIBKY XapaKTePU3YyeThCA
MOOLITBHICTIO HeMAaTePiaJIbHUX aKTUBIB, 3QJIEKHICTIO BifT
MaHUX, MEPeKeBUMHU e(peKTaMu Ta 3IATHICTIO 10 MAaCIII-
TabyBaHHA 0e3 (Pi3MUHOI IIPUCYTHOCTI B PUHKOBUX IOPYIC-
nukiiax. i xapakTepucTUKU CUCTEMHO MiIPUBAIOThH
YNHHY apXiTeKTypy MIXKHAPOTHUX TTOJATKOBUX ITPABUIIL.

ITo-TpeTe, MeTomOJIOTIYHMIT apceHAJT /1A OI[IHKU
MOJATKOBUX BUKJIMKIB ITM(POBI3allii BKIOUAE aHAITI3
JIAHITIOTA BApTOCTi, KOHIIETI[II0 YYacTi KOPUCTYBaUiB
Ta MaXi[ 3HAUymol u@pPoBol IPUCYTHOCTI, KOXKEH
3 AKUX BimoOparkae IIEBHUM acIeKT IpobJieMu Ta Mae
CBOI aHAJTITUYUHI TIepeBaru i 00MeKeHHs.

ITo-ueTBeprTe, KOOHA 3 HAABHUX TEOPETHUUHUX
MojeJieli — aganTaliiiina, JecTUHAI[IMHA UM MiHi-
MaJIPHOTO ONOJATKyBaHHA — He 3/IaTHAa CaMOCTIiii-
HO BUPIIIUTHU BECh CIIEKTP MPoO6JIeM OIMogaTKyBaHHA
mudgposoro 6isHecy. HaykoBa HOBU3HA HOCITiAKEHHSA
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moJIATae y CUCTeMATU3allil MiIX0/IiB Ta 00 pyHTYBAaH-
Hi HeoOXimHoCTI (POopMyBaHHSA IHTEIPOBAHOI METOI0-
JoriuHoi paMku, 1o noemuye mexauismu Pillar One/
Two OECP 3 kourmermririero SDP. IIpakTuune suaueH-
HA OTPUMAaHUX Pe3yJIbTATIB II0JIATAE Y MOMKIJIMBOCTI 1X
BUKOPUCTAHHA IIPU Po3poOIli HAIIOHAJILHOI cTpaTerii
yuacrti YKpaiHu y MIKHAPOIHUX IIpoliecax Iu(poBoro

OIIOJIATKYBAaHHA, a TAKOXK IIPX (POpMyBaHHI BiIIIOBIA-
HOT'0 3aKOHOJIaBCTBA.

IlepcrexTuBamMu IIOOABIINX JOCITIIKEHD € KiJIbKiC-
Ha oIfiHKa (ickanbHux eekris samposamxennsa Pillar
Two mia Ykpainu, a TaAKOK aHAI3 MOKIUBOCTEI BU-
KopucTaHHA MexaHiaMiB SDP B ymoBax BiTUMBHAHOTO
3aKOHOIABCTBA.

JOJATKOBA IHDOOPMAI[IA
DOIHAHCYBAHHS: ABTopu He 0TPpUMYBAJIH (PiHAHCYBAHHSA [JIA I[HOTO JOCIIKEeHHS.
3AABA ITPO JOCTYIIHICTB JAHWMX: He 3acT0OCOBYETHCA.
KOH®JIIKT THTEPECIB: ABTOopu 3asdBAAITE IIPO BiACYTHICTb KOH(IIIKTY iHTEpeciB.
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MICTEYKO IEPAXKHA Y APYTIN MOAOBUHI XIX CT.:
COLIOAEMOIPA®IYHA TA KOHOECINHA
TPAHCOOPMALIA

THE TOWN OF DERAZHNYA IN THE SECOND HALF
OF THE 19TH CENTURY: SOCIO-DEMOGRAPHIC
AND RELIGIOUS TRANSFORMATION

MHAVYH IHhAAOLDI

AHoOTaUif. Y CTATTi peKOHCTPY#OBAHO couiogemozpagiuHy, KoHpecisiHy Ta mpocTopoBy TpaHcPopmavito micteuxka [epax-
Hs1 JleTn4iBCbKo20 MOBITY [10giNbCbKoi 2ybepHii y gpyaiit nonosuHi XIX cT. Ha OCHOBI 3iCTABeHHS KAMepPanbHUX OMUCIB, PeBi3b-
KMX CIUCKIB, METPUYHMX KHM2, CTATUCTUYHMX BIGOMOCTe# i maTepianis nepenucy 1897 poky nokKa3aHo, K noeqHAHHA 3a/i3-
HWYHOI IHPPACTPYKTYpY, iMNepCbKO20 3KOHOGABCTBA L0GO €BPENiCbKO20 HACEEHHS Ta Mi2pauiiiHux npowecis nepeTBopuIo
JlepaxHio 3 aepapHo-pemicH14020 ocepegky Ha NOTYXHWI TPAHCMOPTHO-TOP20Be/bHUI BY30/1. BU3Ha4eHo posib KoHpeciiiHoi
CTPYKTYpu y opMyBaHHi couiotono2padii, npogeciiiHoi cnevuianisayii Ta gemoepagiyHoi nosegiHku pomag. MopiBHANbHWI
aHania 3 JietnyeBom, Megxxkmnboxem i BOBKOBUHLSIMY GO3BOAMB BUSIBUTH YHIKA/IbHI YUHHWKI MOGepHI3aLii lepax Hi B KOHTeKCTi
N0giIbCbKMX MICTEYOK.

Knoyosi cnosa: [lepaxHs, [10ginbcbka 2ybepHisi, MicTedko, WwreT, 3aai3H1Ls, gemo2padisi, KoHgeciiiHa CTpykTypa, Mizpa-
uisi, gpyea noaosmHa XIX ct.

Summary. The article reconstructs the sociodemographic, confessional, and spatial transformation of the town of Derazh-
nia in Letychiv county, Podillia gubernia, during the second half of the nineteenth century. Based on a comparative analysis of
cadastral descriptions, revision lists, metrical books, statistical records, and materials from the 1897 census, the study demon-
strates how the combination of railway infrastructure, imperial legislation on the Jewish population, and migration processes
transformed Derazhnia from an agrarian and craft center into a powerful transport and trade hub. The role of confessional
structure in shaping sociotopography, professional specialization, and demographic behavior of communities is determined.
A comparative analysis with Letychiv, Medzhybizh, and Vovkovyntsi made it possible to identify unique factors of Derazhnia’s
modernization in the context of Podillian towns.

Key words: Derazhnia, Podillia gubernia, town, shtetl, railway, demography, confessional structure, migration, second half
of the 19th century.

Haylcona npoo6JieMa JOCITiPKeHHA TI0JIATaE y BUABJIEHHI MeXaHi3MiB Ta YMHHUKIB TpaHcdopmariii Tpa-

TUIAHOTO ITOIIJIbCHKOI0 MiCTEUKA B YMOBaX iMIEPCHKOI MOepHisaliii apyroi mojgoBuHu XIX cT., 30KpeMa

BHU3HAYEHHI CIIIBBIIHOIIEHHA MIM¥K:

— iH(ppacTpyKTypHUMH 3MiHAMU (BIGKPUTTA 3a/i3HUYHOI cTaHIlii 1871 p.) Ta memorpadiuHo0 TUHAMIKOIO
(spocranHA HacedeHHS Maitke B 3,8 pasu 3a 1858-1897 pp.);

@ @ Copyright © The Author(s). This is an open access article distributed under the terms of the
' Creative Commons Attribution License 4.0 (https://creativecommons.org /licenses /by [4.0/)
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— IMIIePCHKUM O0OMEKYyBaJIbHUM 3aKOHOTABCTBOM
(«Tumuacosi mpasusia» 1882 p.) Ta KoHpecCiitHOO
cTpyKTypoio (opMyBaHHA abCOJTIOTHOL I0I€HCHKOT
oispIrocTi — 68,3%);

— CTaHOBUM MO/ijoM (Mill[aHU Ta CeJIAHU) Ta TIpode-
CITHOIO cIrerfiasrisaitiero (TOpriBJiA, peMecyo Ta 3eM-
JIepo6CTBO);

— MirpamifauMu mmporecamMu (MexaHiuHUI IPUPICT)
Ta IIPUPOTHUM PYyXOM HaceeHHA (HapOomKyBaHICTh,
CMEPTHICTh, MUTAYA CMEPTHICTB);

— IIPOCTOPOBOIO cerperarfiero (eBpelicbKUN KBapTa,
CeJITHCHKA Tmepudepis, IprUCTaHIITHA 30HAa) Ta CO-
LiaJIBHOIO iepapxiero MicTeUKa.

MeT0m10/10rYH0I0 OCHOBOIO HOCJIIIKEeHH CTa-
JI1 OPUHIUIIN iCTOPUZMY, 00’ €KTUBHOCTI Ta CUCTEM-
HOCTI, 8 TAaKOK METOOU MIKPOiCTOPUIHOTO, ITPOOJIEMHO-
XPOHOJIOTIYHOTO, TIOPiBHAIBHOTO0, iCTOPUKO-T€HETIIHOTO
Ta CTPYKTYPHO-(DYHKI[IOHATIBHOTO aHAJIi3y, 110 a0
3MOTy PEKOHCTPYIOBATH MEXaHi3MU M103eMeJILHOTO pe-
nunuBy 1862—1863 pokiB y [lepaHAHCHKIN OKpY3i
Ta MIPOCTEIKUTHU 0COOJIMBOCTI afjamTarii CeJTAHChKUX
rpomay miciist pepopmu 1861 poky.

AnaJtia ocTaHHIX HOCTiMKeHb i myOGiikarin.
IIpo6nemaruka corriaibHO-qeMorpadiuHoro Ta Kougpe-
ciiiHoro po3BUTKY MicTeuok IIpaBobepe:xHol YkpaiHu
npyroi mosoBunau XIX cT. mepebyBae y (OKyci qOCITi-
IJKeHb YKPATHCHKUX ICTOPUKIB OCTAHHIX TECATUIIITD.
3araibHi IIUTAHHA IMIIEPCHKOI MOAEPHI3aIlil 3axiqHIX
okpain Pociiicbkoi iMmiepii, B0KpeMa arpapHOi mOJIiTH-
KU Ta iIHQPaCTPYKTYPHUX 3MiH, PO3IIIAHYTO y IIPAIAX
O.I. I'ypoxis, Axkuil IpoaHasrisyBaB MeXaHi3MU 1HTe-
rparii perioHy 10 3arajJbHOIMIIEPCHKOT0 EKOHOMiUHOTO
mpocropy B 1830—1880-1i poxu [14].

€Bpeticoki rpomanu [Tomiuisa, iXHA coIfiajibHa CTPYK-
Typa Ta PoJib y PEeriOHAIBHIN €KOHOMIIII CTaJIN 06 €EKTOM
mocmimkens B. B. Kononenka, AKMIL IIpOCTEKUB €BOJIIO-
IIi10 €BPEMCHLKUX IPOMAaI peTioHy Bijg XV [0 mepIoi mo-
soBuHY XX CT., AKIIEHTYBABIIN Ha IXHHOMY CTAHOBUIITI
B «CMY3i 0CLJI0CTi» Ta BILIMBI iIMIIEPCHKOTO 3aKOHO/IAB-
crBa [17]. B.O. [JoreHKo mmpoaHasiisyBaB €BpeHChEMI
rpoMajicbKnii pyx B Ykpaini 1860-1930-x pp., moka-
3aBINTM MEXaHI3MU aaIiTallii eBpelChbKOT0 HaceIeHHA
IT0 iMIIepChEMX 00MerKeHb Ta eKOHOMIUHMX 3MiH [15].

ITuranHA coriajIbHO-€KOHOMIUHOI icTOPIl yKpaiH-
CBKOTO CeJIAHCTBA Ipyroi 1mojioBuHU XIX CT., 30KpemMa
HacaigkiB pedopmu 1861 poky, BUKYITHUX TLIATEKIB
Ta IePeXoy 0 MIIIaHCHKOI0 CTAHY, JOCIIIKEHO Y IIpa-
ax O.11. Peenra, AKMii BUSBUB KJIIOYOBI CTPATETil BU-
JKMBaHHSA CEJIAHCHKUX rpoMayt y rmopedopmery mo0y [19].

Oxkpewmi acriexktu ictopii Hepaskai Ta JleTudiBchbKOT0
TIOBITY B¥Ke CTAJIM ITPEIMETOM KPae3HaBUYMUX CTYHIH.
3okpema, O.d. [Jauok mpoanasizyBas Tomorpadid-
HUH i KaMepaJIbHUI onKc JIeTHUiBCHKOro IIOBITY KiH-
1A XVIII — mouatky XX CT., BUSABUBIIU TiIPOJIOTIUHI
Ta IPUPOIHO-reorpadiuHi YMHHUKU (hOpMyBaHHA TI0-
ceJieHb periony [16].

MeToOM0 CTATTi € KOMILIEKCHA PEKOHCTPYKIIiA
coriomeMmorpadiunoi, KoH(peciiiHOI Ta MPOCTOPOBOI
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Tpancopmariii micreuka lepasxkusa JleruuiBcbKoro
noBity Ilominbeekoi ry6epHii y apyriii mosoBuHI XIX
CT. Ta BUBHAUEHHA YMHHUKIB, II[0 3yMOBIJIH il IIepeTBO-
PEeHHSA 3 IPUBATHOBIACHUIILKOTO arpapHO-PEMiCHIYOTO0
OCepenKy Ha MOTY:KHUM 3aJTIBHUYHO-eKCIIOPTHUI BY30J1
perioHy.

Bukiiag oCHOBHOIO MaTepiajLy MOCIiIKEeHH.
Hocaimxenna micreduok IIpaBobeperkHoi Yrpainu Tpa-
TIUIIHHO POSIANAETHCA KPish IPU3MY MaKpPOPErioHAb-
HUX IIPOIIECIB, TOOI AK MIKPOICTOPUUHUNA aHAJI3 OKpe-
MUX TI0CEJIeHb [J03BOJISI€ BUABUATH CITEITU(IKY amarTarrii
JIOKQJIbHUX CIIUTBHOT OO0 IMIIEPCHKUX TPaHCcPopMAaIriii.
Micreuro epaskus JIleTndiBCbKOT0 TOBITY € perrpeseH-
TATUBHUM KeMCOM IJIA BUBUYEHHS €BOJIIOLII II0A1ILCHKO-
ro «mrerity» Bif moou Peui ITocmosuToi mo kinma XIX
CTOJIITTA, IEMOHCTPYIOUU CKJIQTHUN CUHTE3 TPATUITIl-
HOT0 arpapHoOro YKJIAIy Ta MOJEePHI3aIli HHUX BUKITUKIB
nopedopMeHoi 7o0wu.

JIl:xepenbHy 6a3y DOCITIKEHHA CTAHOBUTH KOMILJIEKC
apxiBHUX MaTepiaiB [lep:kaBHOr0 apXiBy XMeJIbHUIIb-
ko1 obstacti (JIAXMO), 1110 103BOJIAE peaisyBaT MeTo-
IUKY q:KepeliosHaBuoi TpuaHrysiamii. o Hel BXomATE:
KaMmepasbHUIl Ta Tonorpadgiuamii onuc JleTtnaiBcbKoro
noBity 1812 poky [5], peBisbki kasku 10-i HapogHOI
peBizii 1858 poky Ta momaTkoBi crimcku 1860-1870-x
pokiB [7], merpuuni kauru [TogiabebKkol TyX0BHOI KOH-
cucTopii Ta kasdeHHoro paduHarty [9; 10], a Takox cTa-
TuctuyHi Bigomocti IlomisibebKoi rybepHii 3a 1866 pik
[8]. ITepexpecHe 3icTaBjaeHHA IIUX MACUBIB JAa€ 3MOTY
JIIEKOHCTPYIOBATHU CyXy craTucTuky llepiioro saraiasHOro
nepenucy HacejeHHA 1897 poky Ta BIATBOPUTHU peasibHi
memorpadiuHi MPOIleCcH Y «MiKIIePENUCHUI» TIEPiOof.

IIpocTropoBo-reorpadiunuii kapkac Jlepaxui 0yB
JKOPCTKO JeTepMiHOBaHUM rigporpadieto. SrigHo 3 Ka-
MepaJbHUM ommrcoM 1812 poKy, IToceJieHHA POo3Talllo-
ByBaJIoCs 1o 00uaBa 00K1 piuky BoBK Ha HUSBKUX 1 TIO-
Jorux 6eperax. ¥ IEHTPAJIbHIN YaCTUHI PyCJI0 PidKU
3a JOIIOMOI'OK) CHCTEMU I'pebellb yTBOPIOBAJIO IIPOCTO-
puii cras, a 3 JiBoro 60Ky B Hel BrragaB 0e3iMeHHUN
ctpyMok. Ileii BogHO-eHEepreTUYHMI By30J1 BU3HAYAB
e€KOHOMIUHY crerfiajisaliiio micreuka. Ha ogHiii i3 rpe-
6es1b (QYyHKITIOHYBAJIH B OOPOITHAHUX MIUHU (YOTH-
PHU IIOCTABM), & TAKOK TIAIN TPU €BPEIiCbKl BUHOKYPHI
Ta IMaHChbKa KaM AHa IIMBOBAPHSA 3 COJIOOBHEIO [5, ApK.
1033B.-1063B.].

Micreuko [lepaxusa Jletnuicbkoro mosity Ilomins-
CBKOI TybepHil y mopedopMeHy A00y APyroi IOJIOBHM-
Hu XIX CT. €BOJTIOIIOHYBAJIO Bifi IPUBATHOBJIACHUIIb-
KOr'0 arpapHoO-peMiCHIUUYOI0 0CePEenKy IO IMOTYKHOTO
TPaHCIOPTHO-TOPTOBEJILHOTO By3JIa PETIOHY.

3 TOYKH 30py 1HCTUTYILI THO-BJIACHUIIBKOTO CTATYCY,
Hepaxua nemorcTpyBasia npurtamanuuii [IpaBobepesx-
Hill YEpaiHi gyasriam. 3 ogHoro 60Ky, oceJIeHHA Iepe-
OyBaJio y IpUBaTHIM MarHaTChbKi# BilacHoCTI — 10 1844
p. pony Mommucbkux, a 3 1844 p. — CrawniciiaBa Pa-
60POBCHKOTO Ta ¥oro HamaakiB (3okpema Tageyrna
Ta Bikropa Pamu6opoBcbkux). 3 iHmoro 6oky, micis
pedopm 1860-x pp. MicTeuko (PYyHKIIOHYBAJIO AK [IEHTP
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HepasxHAHCHKOTO BOJIOCHOTO ITPABIIHHSA Ta BOJIOCHOTO
cyny. TyT mapaseyibHO AiAan: BOJIOCHA Ta CLIbChKA afl-
MiHICTpAITif, 0 OMMKyBaJIacA CeJITHAMU-BJIACHUKAMU.
DicrkaspHi ¥ PEKPYTCHKI (PYHKITIT IMI0/I0 MIIIaHCHKOTO
CTaHy BUKOHyBaJa [lepa’KHAHCHKA MIIJAHCBKA yIIpaBa
[6, Apk. 1-200]. ITuBinbHO-TPABOBMIA 1 AYXOBHUI TI0-
OyT IOJIeHCHKOI OLJIBIIIOCTI y HACEeJIeHOMY ITYHKTI pery-
JIIOBAJIA Ka3eHHUH pabuHAaT Ta iIHCTUTYTH KarajabHOTO
camoBpanyBanusa [10, Apk. 1-380].

Kapnunaneauii inpacTpyKTypHULL IIepesoM y mpo-
cTOpPOBii oprauizarii epakHi BinoyBca y 1871 porri
13 BBEJIEHHAM B eKCIUIyaTalrio it Jmepunka —
Bosrouncer [TiBaenHo0-3axiqHO1 3aIi3HULI TA BiIKPUT-
TAM 3a/i8HUYHOI cTaHIli «Jepaxua». Briaouenna
10 BAJTIBHUYHOI MePesKi 3MiCTHII0 EKOHOMIUYHUH IIEHTP
MicTeuka Bij Tpamuiliiinoi Basapwoi miromri g0 mpu-
CTaHIIITHOTO PAaMfoOHy 3 TYPTOBUMHU CKJIATAMU 301KIKA,
ejieBaTOpaMM Ta 3aTLKIKUMU qBopamu. Jlepaskus 1e-
peTBopmIIacA Ha KJIYOBUH IIyHKT €KCHOPTY HINEHMUIT,
IYKPOBUX OYPSAKIB, Jiicy i cupty 10 OecbKoro mopry
Ta 3aXiJHOKOPIOHHUX MUTHUIIb.

Koudecitinuii cknan nacenenus Jeparui y gpyriit
mosioBuHi XIX cT. BU3HAUAB COIIOKYJIBTYPHE 00JTHUUA
MiCTeUKa, ITIepeTBOPIOI0YN HOro Ha perpe3eHTaTUBHUN
MOMJIBCHKUH «IITeTII». 3a fauumu [lepimoro sarajabHO-
ro nepermnucy HaceaeHHsa Pocificbkoi imrmepii 1897 poky,
peJiriiiHa KoH(Irypaljisg MeIIKaHI[iB MaJia TAKU BU-
A FOmei — 3 335 oci6 (68,3%): craHOBMIIH a0COJIIOTHY
OLTBITiCTh HaceJIeHHA MicTeuka. KoHIleHTpallia eBpeii-
CBKOI rpoMajiu OyJia 3yMOBJIEeHA K HOpMaMu repeody-
BaHHA Y «CMY3i OCLJIIOCTi», TAK 1 [TI€I0 00MerKyBaJIbHUX
«TumuacoBux npaBui» Bifg 3 TpaBHA 1882 poky, Aki
3200pOHATN €BPEAM CEJIUTUCA B CLIIBCHKIN MiCII€BOCTI
Ta KyIyBaTd HEPYXOMICTh 11032 MeKaMU MiCT i MicTe-
YoK. IXHiil cakpaJIbHUIT IIPOCTIpP OXOILIIOBAB CHHATOTY,
MOHA 5 MOJIMTOBHUX OyOUHKIB (OefiT-MigpaIliis), xem-
Iepu Ta 0JIaromiiiHi TOBapUCTBA.

IIpaBociaBui — 1384 ocobu (28,3%): penpeseHTy-
BaJINCA TEPEBAXKHO MICI[EBUM CEJIAHCTBOM Ta YaCTU-
Hoto MimaH. JlyxoBHUM ocepenkoM Oysia mapadisyibHa
Caaro-ITokpoBcbka mepkBa (i3 mpumnucuonw CBATO-
Muxaiinisebkor) Jletnuisebkoro 6srarounuus Ilomgias-
ceKoil ermapxii [9, Apk. 1-450].

Pumo-rkaronuku — 160 oci6 (3,3%): mpencTaBHUKNA
IBOPAHCTBA, IUIAXTH, MAETKOBOI agMiHicTpariii rpagis
ITmespenprux/Pamm6opoBchbkux (€KOHOMH, JIICHUYI),
a TaKOoXK 3aJIIBHUYHI CJIy:KO0BITI Ta TeXHIUHI (haxiBIli.
He maroun BiacHoro Kocreiry 6e3mocepeqHb0 B MicTeu-
Ky, TpoMaja OyJia mpunucaHa o JleTuaiBcbkoro qexa-
HATY.

Txmmi (crapoobpsr, mporecranTu) — 13 oci6 (0,1%).
AK1 0XOILTIOBAJIa APiOHI BipOCIIOBIIHI TPYIIH, i He YTBO-
pIOBaJIX B MiCTEUKY OKPEMUX 1HCTUTYIIMHUX IPOMAI.

Henrpanbua uactuna (BasapHa mromia) ABidia
€000 HIIJILHO 3a0yJOBAHUN €BPEUCHKUI KBapTaJl
13 TOProBUMU JIABKAMU, MAMCTEPHAMY Ta CHHATOTAMU.
ITepudepiiini Bysuili 3afiMalii IpaBOCIABHI CEJIAHMU-
BJIACHUKHU 3 HaMiBarpapHUM XapaKTepoM 3a0yI0BU.

IIpucranmiiina 3oHa QyHKIiOHyBaja AK MOJepHi3a-
IIMHUI aHKJIaB PUMO-KATOJIMIILKOI Ta CJIy*K00BOI af-
MiHICTpAaLil.

¥ micTeuky criocrepirajiaca abCoII0THA KoHpeciiiHa
eHJIoraMis. 3a JaHWMU METPUYHUX KHUT Ka3eHHOro pa-
O6mHAaTy Ta KOHCHCTOPIi, CepeHill BiK BCTYILY JI0 IIEPIIIO-
T0 IUTI00Y ceper ofieiB ctaHoBUB 18—21 pik o1 KiHOK
1 20—23 poKM [J1A YOJIOBIKIB, TOMI AK Y IIPABOCIaBHUX
censaH — BigmoBimHo 20—24 Ta 22-26 pokis [9; 10].

Hemorpadiuna quuamika depasxHui y apyriit mo-
aoBuHi XIX cT. XapakTepusyeThbCA CTPIMKUM, MaiizKe
EKCIIOHEHI[ITHUM 3POCTaHHAM, SIKe HEMOYKJINBO TOSC-
HUTH BUKJIIOUHO IIPUPOSHUM IPUPOCTOM. 3a JAHUMU
10-i peBisii 1858 poky, y micTeuky 0yJio 3apeecTpoBa-
HOo 1298 0ci6 I0pUOUYHO IIPUIINCHOTO HacesieHHA [7].
Opnnaxk cupaB:xkHil gemorpadiuauii cTpubox Big0yBCs
y 1870-1890-x pokax: 3a mimcymkamu nepenucy 1897
POKY, (haKTUUHA YKMCeJIBbHICTh HaceeHHA [lepakHi car-
Hynaa 4882 oci6 [12, c. 2-3].

3pocTaHHA YKCEJIBLHOCTI HaceJIeHHA Maibke B 3,8
pasu HEMOYKJIMBO MOSACHUTH JIUIIIE TIPUPOIHUM TTPUPO-
CTOM, AKUU KoJuBaBcA B Mexkax 10—14%o. Ha pik. Bu-
pilIaJIbHY POJIb BilirpaB MeXaHIYHUH (MirpamiiiHmii)
OpupicT, 3yMOBJIEHUH 3aJIIBHUYHUM OyAiBHUIITBOM
(1871 p.) Ta MPUMYCOBUM TEPECEICEHHAM €BPEHCHKOT0
HaceJIeHHA 13 cii miciia 1882 poky.

CrpubrononioHe 3pOCTaHHSA 3arajibHOI YMCEILHOCTI
0yJI0 HACJTIIKOM ABOX iMIIepchKrX (hakropis. ITo-mepie,
BimkpurTa y 1871 pori mimpauii mepurka — Bouto-
uncek [liBmenHo-3axigHol 3aJIisHUIll Ta cTaHIll «/le-
PaKHA» TIEPETBOPUIIO MICTEUKO Ha MOTY;KHUM ITYHKT
AKyMyJIAIIL Ta eKCIIOPTY arpapHol MPOAYKIIii, 1110 CIIPH-
YUHWUJIO IIPUNJINB POOITHUKIB, CIIy:KOOBITIB Ta TOPIO-
BeJIbHUX mocepequukiB. Ilo-mpyre, mia «TumuacoBux
npaBuwiI» 1882 poKy, AKI 3a00pPOHAIN HOBE MOCEJIEHHSA
€BpeIB Y CLIBbCBKIN MiCIIEBOCTi, CIPOBOKYBaJia MAacoOBY
KOHIIEHTPAIIif0 I0AefiCbKOr0 HaceJIeHHA B MiCTeuKax
«cMyTH ocistocTi». CaMe 11eit MexaHIUHMIA mpupicT cop-
MYBaB Ty KoH(ecCiiiHy KoHirypairito, AKy 3adikcyBas
nepenuc 1897 poky: 1o71el CTAaHOBWIN a6COTIOTHY 01JTb-
mrictsb (3335 oci6, a6o 68,3%), mpaBocjaBHi Tociganu
npyre micre (1384 ocodou, 28,3%), a puMO-KaTOJTUKN
pemnpeseHTyBaJIN HEBEJINKY, ajie COLaIbHO 3HAUYIILY
menmricts (160 ocio, 3,3%) [12, ¢. 176-177].

Amnautis BikoBo-cTareBoi mipamingu JleparHi 3acBij-
Uye OpOTrpecUBHUN (EKCIIAHCUBHUIM) TUM BiITBOPEHHA
3 BHCOKOI0 YACTKOI0 TUTAYOr0 HACEJIEHHA Ta HAABHICTIO
TeH/IePHUX JUCIIPOTOPIIiH y mpane3naTHoMy Billi.

Haii6inpir BupasHo XapaKTepUCTUKOIO ITiel CTPYK-
TYPU € aHOMAJILHO BUCOKA YAaCTKa JITEH Ta ITiQJTIITKIB.
Oco6u Bikom 0 19 pokiB masmiuyBaau 2409 oci6, 1o
CTAaHOBUJIO MAaii;Ke MOJIOBUHY BCHOTO HACEJEeHHA Mi-
creuka (49,35%). 3okpeMa, HANMOJIOAIIIA BiKOBA IrpyIia
(0-9 pokis) HamiuyBana 1343 ocobu (27,51%), a rpymna
10-19 poxkis — 1066 oci6 (21,84%). Taka memorpadiuaa
KOH(DITypaIlis CBIqUUTE PO CTAGLIIFHO BUCOKUH Koedi-
I[IEHT HAPOKYBAHOCTI, AKUU y TIOETHAHHI 3 BUCOKOIO,
0COOJIMBO MUTAYO0I0, CMEPTHICTIO (AK 0yJI0 IT0Ka3aHO
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Tabnuuys 1
BikoBo-crareBa cTpykTypa HacesieHHA MicTeuka [depakas (1897 p.)

[Efrepm map “IOJIO‘BiICI/I HCiH‘lm Pas.oM YacTka Bifg I‘e-mxepnnﬁ 6a.n::mc
(0cib) (0ci0b) (oci0) saraiy (%) (*KIHKH — YO0JIOBIiKH)

0-9 pokis 682 661 1343 27,51 —21 (mepeBara 4oJIOBIKIB)
10-19 pokis 524 542 1066 21,84 +18 (mepeBara KiHOK)

Ycnworo girei i mostoai (0-19) 1206 1203 2409 49,35 -3 (6asanc)

20-39 pokis 680 741 1421 29,11 +61 (mepeBara KiHOK)
40-59 pokiB 362 390 752 15,40 +28 (mepeBara KiHOK)
60 pokiB i crapiie 143 157 300 6,14 +14 (mepeBara KiHOK)

YCBOI'O 2391 2491 4882 100,0 +100 (mepeBara KiHOK)

lorcepeno: pospaxoBaro Ha ocHoBi: IlepBas Bceeobmasn nepenucs Hacenenusa Poccuiickoit mummepun 1897 r. Boim. XXXII: ITomonsckasn

ry6epuusa. CII6., 1904. C. 2-3, 176-177.

B IIOIIEPEIHIX PO3aiiaXx Ha OCHOBI METPUYHUX KHUT)
(hopMyBaB 3aMKHEHE K0JI0 TPAAUIIITHOTO BiITBOPEHHS.
Benuka ponuHa B ymoBax [lepaskHi BUCTyTIAJIA He JIUIIIE
COITIAJIBHOI0 HOPMOI0, 8 ¥ eKOHOMIUHOI HEeO00XiTHICTIO:
OUTAYA Ipard Oysa iHTerpoBaHa AK Y CEJIAHCBhKE Ioc-
I0/IAPCTBO, TAK 1 B MIIIAHCHKI peMiCHIYI MaiCTepHi,
3a0e3meuyoun BIDKUBAHHA JOMOTOCIIOIAPCTRA.

OpHak piske 3By;KeHHA HipaMigu y BIKOBUX Ipymnax
crapine 20 pokiB BKa3ye Ha Jif0 MOTY:KHUX BiIIIEHTPO-
BHUX Mirpamiiaux ¢akTopiB Ta IHCTUTYI[IIMHOIO TUCKY
imMmepii. Hai6iIeIn ToKkasoBuM € TeHIepHUI aucdaiaHc
y npanesmaraomy Biri (20—-39 pokis). ¥ wiit kareropii
sadikcoBano 680 yosIoBiKiB mpoTu 741 KiHKM, TOOTO IIe-
peBara :XiHo4oro HaceJeHHA cTaHoBuJIAa 61 ocoly (a6o
4,2% Bin 3arajabHOI YrceabHOCTI 11iel rpynu). [Tomiona
OUVCITPOTIOPITiA He MOKe OyTHU IOsACHEHA BUKJIIOUHO 0i-
ojioriyHUMHU (haKTOPaMU; BOHA € IIPAMHUM HAaCJIIIKOM
TPBOX B32€MOIIOB I3AHUX MIPOIIECIB.

Ilo-mepie, 11e cucTeMaTUYHE BUITyUYeHHSA Y0JIOBIUO-
T'0 HACEJIEHHA Uepes3 iIHCTUTYT PeKPYTChKOI ITOBUHHOCTI,
a 3 1874 poky — uepes 3aIpoBaPKEHHA 3aTaJIbHOI Bili-
CHKOBO1 TIOBUHHOCTI, KA Bi/IpUBaJia MOJIOIUX YOJIOBIKIB
BiZl MicI[b IPOKUBAHHA HA TepMiH Bif 3 1m0 6 pPOKiB.
ITo-gpyre, po3BUTOK 3aJIIBHUUYHOI iHQPACTPYKTYpPHU
Ta iHTerpamnia lepakHi B 3araIbHOIMOEPCHKUIT PUHOK
CTUMYJTIOBAJIA CE30HHY Ta IIOCTIHHY TPYIOBY Mirpaliio
(BigximEUIITBO). Y0JIOBIKM MACOBO 3aJIMIIAINA MiCTEUYKO
IJIA poboTH HA OyOiBHUIITBI 3aJIi3HUIL, y mopTax Ome-
cu a60 Ha CEe30HHUX CiTBCHKOTOCIIONAPCHKNX POOOTaX
y MiBOEHHUX CTEIoBUX rybepHiax (XepcoHchKiii, Tas-
pificbKiii), me momuT HA (isUUHY TpaIio 0yB 3HAYHO
BUINUM, a omjiaTa — IpuBabausimiow. ITo-Tpere, cre-
mudika MiCTEUKOBOI €KOHOMIKH [103BOJIAJIA JKIHKaAM,
0COOJIMBO B I0IEMCHKIil TpoMajIi, OpaTi aKTUBHY y4acTb
y ApiOHIiI TOPTriBJIi, JOMAITHEOMY PEMECIIi Ta 06CIIyTro-
ByBaHHI IPUCTAHIIIHOI IHPPACTPYKTYPH, 1[0 YTPUMY-
BAJIO IX Y MICTEUKY, TO/Ii AK YOJIOBIKHU NIYKAJI KPaIIUX
€KOHOMIUHUX TIePCIIEKTUB 34 HOT0 MesKaMHU.

Ila Tenmenia mocwoBaiaca 3 BikoM: y rpyri 40—
59 pokiB mepesara KiHOK 3pocTajia ao 28 ocib, a y rpy-
mi 60 pokiB i crapiie — a0 14 oci6, 1[0 TiATBEPIKYE
SIK 3arajbpHOAeMOorpadiuHy 3aKOHOMIPHICTE GLJIBIION

4y

TPUBAJIOCTI "KATTSH JKIHOK, TAK 1 KYMYJIATUBHUI e(eKT
Y0JI0BiUOl Mirpairii Ta CMEepPTHOCTI Bi] BAXKKHUX YMOB
IIpaili Ta BifiCHKOBUX KOH(JIIKTIB.

Haii6inp1r BUpa3How0 XapaKTePUCTUKOIO ITi€l CTPYK-
TYpU € aHOMAJIbHO BUCOKA YACTKA JIITeN Ta MiJJTITKIB.
Oco6u BikoM 110 19 poxkiB HamiuyBasu 2409 oci6, 1o
CTaHOBMJIO Maii’Ke IOJIOBUHY BCHOTO HAaCEJIEHHA Mi-
creuka (49,35%). 3okpeMa, HaMOJIOMIIIA BiKOBa I'pyIia
(0-9 poxkiB) Hamiuysasia 1343 ocobu (27,51%), a rpyma
10-19 poxkiB — 1066 oci6 (21,84%). Taka gemorpadiu-
Ha KoH(irypalia Oyjia HacIigKoM CcTa0ijIbHO BHCOKO-
ro koe@irmieHTa HAPOIIKYBAHOCTI, AKHUI y ITO€THAHHI
3 BHCOKOI0, 0COOJIMBO TUTAU0I0, CMEPTHICTIO (DOPMYyBaB
3aMKHEHe KO0JI0 TPaJIUITiiHOro BinTBOpeHH:A. Besuka po-
IWHA B yMoBax JlepakHi BuCTynasia He JIUIIE COIialb-
HOI0 HOPMOIO, & i eKOHOMIYHOI0 HeOOX1THICTIO: TUTAYA
mparia OyJsia iHTerpoBaHa fK Y CEJIAHCHKE TOCIIOOAapPCTBO,
TaK 1 B MIIIAHCHKI peMiCHIYI MaliCcTepHi, 3a0e3meuyoun
BIJKHMBAHHSA JOMOTOCIIOAAPCTRA.

OpnHak piske 3BY:KeHHA IIIpaMiIn Y BIKOBUX Ipymnax
crapire 20 pokiB BKasye Ha IO IMOTYKHUX BiIIEHTPO-
BUX Mirpamifinux (akTopiB Ta iHCTUTYITIMHOTO THUCKY
imrepii. Haii6iapIn moka3oBuM € reHIepHU quchaiaHc
y mparnesmaraoMy Bitli (20—-39 pokiB). ¥ 1iii kareropii
sadixcoBano 680 yos0BiKiB mpoTu 741 KiHKM, TOOTO me-
peBara ;KiHOuoro HaceJeHHA cTaHoBuUiIa 61 0coly (a6o
4,2% Bix 3arajabHOI yrcebHOCTI el rpynu). [TogioHa
IUCIPOIIOPIIiA He MoKe OyTU MosiCHeHa BUKJIIOUHO 0i-
OJIOTIYHUMU (PaKTOpaMu; BOHA € IPAMHUM HACTIIKOM
TPBOX B3a€MOIIOB A3AHUX ITPOIIECIB.

ITo-niepiire, e crucTeMaTUUHE BUJIyYE€HHS YOJIOBIUO-
T'0 HaceJIeHHs Yepes IHCTUTYT PEKPYTChKOI IOBUHHOCTI,
a 3 1874 poky — uepes 3ampoBaPKeHHA 3araJIbHOI Biii-
CBKOBOI ITOBUHHOCTI, KA BiIpUBaJIa MOJIOAUX YOJIOBIKiB
BiJl MiCITh TPOKMBAHHA HA TEPMiH Bif 3 10 6 POKiB.

ITo-mpyre, po3BUTOK 3ajIi3HUYHOI iIH(QPACTPYKTYPHU
Ta inTerparis [lepakHi B 3araJIbHOIMIEPCHKUI PUHOK
CTUMYJTIOBAJIM Ce30HHY Ta MOCTIHHY TPYIOBY Mirpaifiro
(BigxigauirTeo). Yo/10BIKM MacoBO 3aJIMAIIAJIA MiCTeu-
KO IJIA Po0oTH HA GYIIBHUIITBI 3aJIi3HUIIL, Y TOPTAX
Opecu a60 HA CE30HHUX CLITBCHKOTOCIIONAPCHEUX POOO-
Tax y MiBIEHHUX CTENOBUX ry0epHiax (XepcoHCHKIl,
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TaBpiiiceKiii), e HOuUT Ha (PISUUHY IPAIo OYB 3HAYHO
BUIIUM, & OILJIaTa — IIPUBAOJIUBIIIIO0.

ITo-Tpere, crrerudika MicTEUKOBOT EKOHOMIKH JT03BO-
JiAna JKiHKaM, 0CO0JIMBO B IOJEVCBKIN rpoMani, Opatu
aKTUBHY y4acTb y APiOHINA TOPTiBJIi, JOMAIIHEOMY pe-
MecJIi Ta 00CJIyrOBYBaHHI IIPUCTAHITIHHOI iHDPaCTPYK-
TYpPH, 0 YTPUMYBAJIO IX Yy MiCTEUKY, TO/Ii AK YOJIOBIKHA
HMIYKAJIU KPaIluX eKOHOMIYHUX IePCIIEKTUB 34 MOT0
mexxamu. 11a TeHaeH s MoCUIIoBaIacs 3 BIKOM: Y I'py-
i 40-59 pokiB ImepeBara KiHOK 3pocTtajia mo 28 ocib,
a 'y rpymi 60 pokiB i crapiie — go 14 ocib, 1o miaTeep-
IDKYe K 3arajibHogeMorpadiuHy 3aKOHOMIPHICTE 0i1b-
101 TPUBAJIOCTI KUTTA KIHOK, TAK 1 KyMYJIATUBHUN
edeKT 4oJI0BiUOil Mirparii Ta CMEPTHOCTI BiJl BIKKUX
YMOB TIparii Ta BifiCbKOBUX KOH(JITIKTIB.

Omxe, BIKOBO-cTATeBa CTPYKTypa HaceseHHA [lepadk-
Hi kiana XIX cr. Oysa He cTUXIHHUM AeMorpagiaHuM
ABUINEM, & IPAMUM HACIITKOM iIMII€PCHKOI ITOJIITUKU
(pekpyTchbka Ta BificbKOBA MOBUHHICTD) TA €KOHOMIUHOT
iHTerparirii (3aIisHUYHEe Oy/IiBHUIITBO, TPyA0Ba Mirpa-
isA). e mpussesio mo opMyBaHHsA meMorpagiaHoi Imi-
paMiay 3 aHOMAaJILHO BUCOKOIO YacTKOI0 iTeit (49,35%)
Ta TeHAEePHUM OUCOAIaHCOM y HMpares3gaTHOMY BiIli
(mepeBara xitok Ha 61 ocody B rpymi 20—39 pokiB), 1110
BiToOpaskasIo rInoIIIi coIfiaIbH0-eKOHOMIUHI TpaHcdop-
Maiiii mopegopmMeHoi 106u.

CorianbHo-cTanoBa oprauisaia Ilepaxui y gpy-
riit mostoBuHi XIX cr. hopMyBasiacs Ha IIePeTHHI TBOX
cucTeM KOOPAWHAT — iMIIEPCHKOT0 CTAHOBOTO ITOMLILY
Ta KoH(eCiiTHO 3yMOoBJIeHOI mpodeciiiHol creryiarisarmii.
Ieit nyasiam HagaBaB MicIIeBOMY COLiyMy BHPa3HOI ie-
papxiuHocTi, BomHOYAC 3a0e3neuyoun (yHKIIIOHAIBHY
B3AaEMO3AJIEKHICTD MK PIBHMMU I'pyIIaMu HaCeJIEHHSA.
Ha Bigminy Bif m1oBiTOBMX IIEHTPIB, A€ CTAHOBI MeEXKi
YaCcTO POSMUBAJIUCA IIiJT TUCKOM OIOPOKPATUUHOI Bep-
TUKAJ, y MicTeukax Tty lepakHi BoHU 36epiraiu
YiTKICTh 1 BUCTYHAJIN PEaJIbHUM MEeXaHi3MOM COITiaJIb-
HOI cTparu@ikarii.

OCHOBY COIIiyMy CTaHOBHUJIU IBI BEJIMKI IPyHud —
MiIIaHU Ta CeJIAHU, IPUUOMY IXHE CIiBBITHOIIIEHHA
i yHKIIiOHAJIBHI POJTi OyJiM HEPO3PUBHO IOB's3aHI
3 KoH(eciitHoI0 cTpyKTypoto. FOmelicbke HaceleHHA, AKe
3a mepemnucoM 1897 poky ctaHoBMII0 68,3% MeIIKaHITIB
(3335 0ci6), Maiixe ITOBHICTIO BXOAUIIO A0 MiIl[aHCHKOI'O
cranHy [12, c¢. 176-177]. Lle Gys0o HacIigKOM He JIUIIIE
memMorpadiuHol AUHAMIKHK, a I TPUBaJIOl iCTOPUUHOL
Tpamuiiii, 3a Aol eBpei HA IIpaBobepes ki mepeBaKHO
MeIIKaJIM B MiCTax 1 MicTeUkax, 3aiiMal4YuCh TOPTiB-
JIEeH0, PEMECJIOM Ta OPEHI0I0 IPOMUCJIOBUX 00 €KTIB.
IIpaBocsiaBHe HaceseHHsA, HAaBIaKu, 30epirajo mepe-
BaKHO CEJIAHCHKUI CTATyC, HABITh KOJIU YaCTHUHA H0T0
TIPENCTABHUKIB ITOCTIITHO ITPOKUBAJIa B MEsKaX MiCTeUuKa
(1384 ocobwu, 28,3%) [12, c. 176-177].

FOpeiicyra rpomana Hepaskui dhopmyBasa ckman-
HUI COI[1aJIbHO-€KOHOMIUHUN ITPOIIAPOK, AKUN MOJK-
Ha YMOBHO MOIJIUTH Ha TPU piBHi. BepxiBKy cTaHO-
BIJIU IiJIIPUEMIli-OpeHAapi, AKI TpPUMaJIU B OpeHAl
HOMIIIUAIIBKI TTPOMUCIIOBI 00 €KTH — BOIAHI MJIMHU

Ha piuri BoBK, r'ypasibHi, IleTeJIbHUNA 3aBOJI, a TAKOXK
KOHTPOJIIOBAJIN APMAaPKOBY TOPTIBIIIO 301/KKAM, IITULIEIO
Ta iHIIT00 CLITECHKOTOCIIONAPCHKO0 ITPOAYKITIEH0. STiTHO
3 KaMepaJibHUM onvicoM 1812 poky, Ha OHii i3 rpedesib
piuku BoBk dyHKITIOHYBaIM IBa GOPOIMIHAHUX MJIUHU
(goTHpHU OCTABU), & TAKOXK TIAJIM TPU €BPECHKI BUHO-
KypHi Ta MaHChbKa KaM AHa IMTUBOBAPHA 3 COJIOHOBHEI0
[5, Apk. 10338.—10638.]. Came 1151 rpyna akymyJrioBaja
OCHOBHUM KAITiTaJ 1 BUCTYIIAIa TOJIOBHUM KPETUTOPOM
IIJIST CEJIAHCHKOTO HACEJIEHHS.

Y nopedopmeny moby, KoJIu gepskaBHA KPeqUTHA
cucTeMa B CLIIbCHKIM MiciieBocTi (hakTraHO He (yHKITI-
OHyBaJIa, IIPUBATHI ITO3UKH ITi[T 3aCTaBy MaiOyTHHOTO
BPOYKA0 CTAJIN KITFOUOBUM MeXaHi3MoM (DiHaHCYBaHHA
CEJITHCHKUX TOCHOAApCTB. APXiBHI CIIpaBU MHPOBOTO
mocepeqHUKa JIeTHUiBCHKOT0 MOBITY (QiKCYIOTH YHC-
JIeHHI BUTIAJKW, KOJIKM 6OPT moraiaBcsa He TPoIImMa,
a TIPUMYCOBUM BiATIPAITIOBAHHAM HA MOMIIUAIIBKUX
TI0JISAX YU ITPOMUCJIOBUX 00 €KTaX, 1[0 CTBOPIOBAJIO MeXa-
HizM 60proBoi 3asesxHocTi [4, Apk. 20—25]. AnasiTuuHa
sanucka IloiibChKOro ry0epHCHKOT0 CTATUCTUYHOTO
KoMiTeTy 3a 1866 pik ImigTBepKye, 110 BiICYTHICTD Op-
TaHI30BaHOI AePrKaBHOI KPeIUTHOI CUCTEMU 3MYIITyBasia
CeJIAH BaBaTUCA JI0 ITI03UK Y €BPEHChKIX OPEHIaPiB ITiJT
3acTaBy ManlOyTHBOr0 Bpoxkao [8, Apk. 30-37].

CepenHiil piBeHb I0IeMICHKOI TPOMAIU PEITPE3EHTY-
Ba/Ii APiOHI TOProBIll Ta PEMICHUKHU. 3a MigpaxyHKa-
MU Ha ocHOBI mepenucy 1897 poky, eBpesaM HaJjiexa-
70 6ausbko 30—40 MaHy(paxkTypHUX KpaMHUIb, TPU
OTITOBI CKJIaJH, JIICOBI CKJIa[U, a TAKOXK MepeBaKHa
OLTBIIIICTH TOPTOBUX JIABOK HA Basaphiit mromri [12,
c. 176-177]. Ilonax 85% ycix 3aiiHATUX y TOPTIiBJIi Mi-
cTeUKa HAJIeKAaJIU 00 0/1elicbKol rpoMaau. PemicHuumii
CEKTOP TaKO0:K OYB 30CepeKeHUN y IXHIX pyKaX: ITOHAa]T
70% micrieBUX KycTapHUX MalcTpiB OyJid €eBpesaMH,
AKI 3afiMaJincA KpaBelTBoOM, IIIEBCTBOM, KOBAJTLCTBOM,
00HIapPCTBOM, a TAKOK BUKOHYBAJIU PeJIITiiiHi (yHK-
mii pisHuKiB-moiixetis [12, ¢. 176-177]. Ila rpyna 3a-
OesrieuyBaJia MOBCAKIEHHI TOTpe6U AK MiCHKOT0, TaK
1 CEJIAHCHKOTO HAaCeJIeHH, (POPMYIOUU CBOEPITHUH «Ce-
PpenHiit Kjac» MiCTEUKOBOI €KOHOMIKH.

Hyexunii piBeHB F0AEHCHKOT0 MITIIAHCTBA CTAHOBUIIN
HAWMUTH, HOCIT, OPi0Hi TOPTOBIIi B PO3HOC, & TAKOXK UJIe-
HU POVH, AKI He MaJIu BJIacHoro rocrogapcrsa. [lompu
BHYTPIiIIHIO qudepeHIiiamio, yCio 0aeiicbKy rpoMamgy
00’eHyBaJIa CIIJIBHICT IHCTATYIIHHOTO TIPOCTOPY: Ka-
3eHHUII pabUHAT, CMHArora, MOJIUTOBHI OyIUHKU, XeM-
Jlepu Ta 6JIarofiliHi TOBAPUCTBA BUCTYIIAJIU He JIUIIIE
peJtiriiHuMy, a ¥ CoIliaJIbHUMU 0CePeIKaMU, 10 PEery-
JIIOBAJIM ITUBLIEHO-IIPABOBUI 1 AYXOBHUU ITOOYT 0i/1b-
1I0CTI MeIIKaHIiB Micreuka. Merpuuni kuuru Jlepak-
HAHCBHKOTO €Bpelicbkoro paburary 3a 1860—1897 poxu
(hikCyIOTh MIAIBHICTD IMX IHCTUTYIII T PEECTPYIOTH ITH-
BLIBHI cTaHU oeiicbroro Haceaenud [10, Apk. 1-380].

IIpaBociaBHe HacesieHHA [lepakHi, AKe CTAHOBUJIIO
28,3% memkauiB (1384 ocobu), 6y0 mpeacTaBIeHO
TIEPEBAKHO CeJITHAMU-BIACHUKAMU, SKI ITiC/IA pedopMu
1861 poky BUMIILIN 31 CTAHY THUMYaCOB03000B I3aHUX
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1 oTpUMAaJIu y BJIACHICTH caguOHi Ta MOJBOBI HAIIIN
[3, Apk. 1-85]. Ixus comianpHO-exOHOMIUHA 103U
OyJia CyTTEBO iHIIOI0, HI’K y fofeiicbkol rpomamu. Oc-
HOBY T'OCITIOJTapCTBA CTAHOBWJIM 3eMJIEPOOCTBO, IIPHca-
Ir0He TBAPUHHUIITBO Ta BiBHUIITBO, IPUYOMY OCTAHHE
BilirpaBaJjio BayKJIMBY POJIb y 3B’SA3KY 3 iHTErpariicio
MicTeuKa 10 3aJIi3HUYHOI Mepeski. I'ysKoBUil TpaHCIIopT
10 BATIBHUYHOI cTaHIil «/{eparkHsa» cTaB OOHUM i3 TKe-
peJI TOXOoAy IJIs CEeJITHCHKUX POMWH, AKI MepeBO3UITH
3012KIKA, IIYKPOBIL OypAKH, JIiC Ta iHII BaHTaXKI.
Bonnaouac cesiAHCEKe HaceJIeHHA He 0yJI0 cOIiaJib-
HO omHOpigHUM. HacTuHA CeJiaH, 0COGJIMBO MOJIOIITI
CUHU B 6araToiTHUX POAUHAX, He MaJIi IOCTATHIX 3e-
MeJIbHUX HAJUTIB 1 3MyIIIeHi OyJii IyKaTy JOAATKOBUX
3apo0biTKiB. I{e 3yMOBII0BAIO POBBUTOK CE30HHOI IpaIli
3a HAWMOM y MOMIIITAIIBKOMY (QLIBBAPKY, Ha IIYKPOBUX
IJIAHTAIIAX, 8 TAKOXK BIOXITHUIITBO 0 1HIIHUX Perio-
HiB iMmmepii. JlomaTkoBi peBisbki crimcku 1860—-1870-x
POKiB (DIKCYIOTH Iepexij YACTHHU CEeJIAH 10 MilaH-
CBKOT0 CTaHy, II0 Bigo0paskaIo MparHeHHsa YHUKHYTU
OO0TAKIMBUX BUKYITHUX TUIATEKIB Ta OTPUMATHU JOCTYII
IT0 MICHKMX BUAIB 3aiHATOCTI [7, Apk. 115-120]. Taka
€KOHOMIUHA CTpaTeris 6yJia TiCHO MoB'A3aHa 3 IeMorpa-
(biuHOO CTPYKTYpOIO: BUCOKA HAPOIKYBAHICTE 1 BEJTUKA
ponvHa BUMAaraju 3aJIyYeHHA BCiX WIEHIB TOMOTOCIIO-
IapcTBa 10 TOCTIOAAPCHKOI iAIBHOCTI, & QUTAYA Mpald
OyJia iHTerpoBaHa SK Y CeJIAHCHbKE TOCIOOAapPCTBO, TAK
1 B MiIIIAHCHKI peMicHuYi MaticTepHi. MeTpuuHi KHUTH
Caaro-ITokpoBcbkoi Ta CBATo-MuxaiaiBChKOI IIEPKOB
3a 1860-1897 poku 3acBiIUyIOTH BUCOKY HapOMKyBa-
HICTH y IpaBoCiIaBHill rpomani (xoedittient 42—48%o)
Ta 3HAYHY OUTAYY cMepTHicTb (45-52% Bif 3arasib-
HOI KLJIBKOCTI TTOMepJIuX). ¥ [0[IeHChKiil rpoMasii et
MMOKA3HUK OyB HIKUUM — 35—42%, 1110 TT0ACHIOETHCA
BIZICYTHICTIO 3aJIyUeHHA €BPEMCHKUX KIHOK 10 BaKKOI
TO0JILOBOI ITpAalli, IXHBOI 3aMHATICTIO y TOMAIITHIN TOp-
TIBJIi Ta pEMeCIi, a TAKOK TPUBAJIIIINM ITePiogoM Ipy/A-
Horo BurogoByBaHus [9, Apk. 50-68; 10, Apk. 12-35].
Tperio BeJUKy TrpyIly CTAaHOBUB CJIY:KO0BO-
aIMIiHICTPATUBHUM Ta JBOPAHCHKUI IIPOIIAPOK, A0 AKO-
ro HAJIEKAIN BIACHUKHN MaeTKy (PanubopoBehKi), city:x-
GOBI[I TOMIMIHUI[BKOI KOHTOPH (€KOHOMICTH, JIICHUYI,
mucapi), YpAMOBI[i BOJIOCHOTO MPAaBJIiIHHA, IIOIITOBO-
TesrerpadHi YMHOBHUKH, a micisa 1871 poky — mrrar 3a-
JIBHUYHUX CJIY:KO00BIIiB cTaHIil «/lepasxkuar». g rpyma
Oys1a HaliMeHIIIO 3a ynceabHicTO (160 oci6 puMo-ka-
TOJIUKIB, 3,3%), ajie BiirpaBajia BaKJIUBY POJIb Y COIi-
aJIBHIN iepapxii micTeuka [12, c. 176-177]. Bisbmricts
i IpeICTAaBHUKIB HAJIeKAJIA A0 PUMO-KATOJIUIIBKOT
rpomanu. He maroum BiacHOro KocTesry Oearocepes-
HBO B MiCTEUKY, KaTOJIMIIbKa rpoMaza Oysia mpuIirmcana
1o JleTuuiBCHKOTO IeKaHATY, ajie ii COIiaJIbHUMI CTaTyc
OyB 3HAYHO BUIINM, Hi3K y OLIBIIIOCTI IIPABOCIABHUX
CeJIAH 1 HaBITh APiOHUX €BPENCHKUX TOPTOBIIIB.
Corioronorpadgiuna crpykrypa JepasHi 4iTKo
BiATBOpIOBAJIA ITI0 COIiaJIbHY iepapxito. IleHTpasbHa
JacTHHA MicTeuka, 30kpeMa BasapHa mioma Ta mpu-
JIeTJIi BYJIUIl, ABJAJIA cO00I0 MILJIBHO 3a0yqoBaHUMN
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€BpelicbKUI KBapTaJl i3 TOPrOBUMU JIABKAMU, MaMcTep-
HAMU Ta cuHaroramu. TyT KOHIIEHTPYBaJIacsa OCHOBHA
yacTHHA IOAeHChKOro HaceJIeHHdA, AKe 3/I1HCHI0BAJIO
TOPTOBEJIBHY Ta peMicHUYY HisutbHicTh. I[lepudepiii-
Hi BYJIUIII Ta BUTOHU, PO3TAIIOBAHI GJIMIKUE 10 Pid-
KU Ta OPHUX 3eMeJib, 3aiMaJIi MTPABOCJIABHI CeJIAHU-
BJIACHUKH, YUi CAaUOU MOETHYBAJIH KUTJIOBI Oy IMHKN
3 TOCIIOIAPChKUMMU cIIopyoamu, 36epirawouu HalriBa-
rpapHUil, cCiIbCbKU xapakrep 3a6ymoBu. OxpeMum
IIPOCTOPOBUM AHKJIABOM, 1110 chopMyBaBes micisa 1871
POKY, cTajia IpucTaHiiiiua 3oua. Bona yHKITioHyBaIa
SAK MOJEPHI3alliiHUII KJ1acTep, /ie MPOoyKUBaJia PUMO-Ka-
TOJIUIIBKA aJMIiHICTpallid Ta 3aJTIBHUYHI CJIY:KOO0BII,
(ismuHO Ta (PYHKIIOHAIBHO BiTOKPEMJIEHUI Bif Tpa-
JUIIITHOTO APMAaPKOBOTO [IEHTPY.

Taxka mpocTopoBa cerperartiis He OyJia jiuiie Bio0pa-
JKeHHAM KoHeciifuux BimMiHHocTell. Borna BucTynama
TaKO0K MEeXaHi3MOM COI[IaJIbHOT0 KOHTPOJIIO Ta BiITBO-
peHHa cranoBux Mexx. Omeiicbke HacesieHHs, oOMe-
JKeHe B IIpaBi Ha BOJIOLIHHA CLIIbCHKOTI'OCIIONAPCHKOIO
3eMJiero, 0yJI0 30cepeKeHe B MiCTEUKY 1 3aJIeKatio Bif
CeJIAH AK IT0CTAYATbHUKIB CHPOBUHY JIJIA MJIMHIB, Xy/I0-
0u, TbOHY, APOB Ta nTulli. HaToMicTh cenAny 3asexann
Bi/] €BPEHCHKUX TOPTOBIIIB Ta OPEHAAPIB IPOMUCIOBUX
00’eKTiB, AKi 3a0e3MeuyBa/Ii iX KyCTAPHUMH BUPOOAMU,
KpaMoM Ta, 110 6yJ10 HaiBaKINBIIINM Y TTopedopMeHy
o0y, mpiOHUM mpuBaTHUM KpenuToM. Ls B3aemozanex-
HICTh CTBOPIOBAJIA CIEIM(PIUHY MOeJIb CIiBICHYyBaH-
HA, e peJIiriiHa iJeHTUYHICTh BUCTYIIajaa BOTHOYAC
i 6ap’epom, 1110 36epiraB KyJIETYPHY aBTOHOMIIO TPOMAT,
1 KaTasisaTopoM CKJIAJHUX €KOHOMIUHUX 3B'S3KiB, 110
YTPUMYBAJIN MiCTE€UKO AK €AUHUI, X0Ua I BHYTPIIIHBO
CyTIepEeUJIMBUH, COITiaIbHO-eKOHOMIUHUHA OpTaHi3M.

ComianpHa crpykrypa Hepakui He Oyiaa craTud-
Hor. Bora eBoJToIioHyBaJia mif BIUIMBOM IMIIEPCHKUX
pedopM, 3aTI3HUYIHOr0 OYIIBHUIITBA Ta MIrparifiHuX
mporieciB. Censirchka pedopma 1861 poky mecrTabii-
3yBaJia TPAAULIiIfHY CHCTeMy 3€MJIEBOJIOAIHHA, CIIOHY-
Ka0ul YaCTUHY CeJISH [0 MOIIYKY aJIbTepHATUBHUX
cTpareriii BIGKMBaHHA, 30KpeMa IIepeXoAy A0 MillaH-
ceroro crany. JlogaTkosi peBisbki crivicku 1860-x pokiB
(ikcyI0TH 3pocTaHHA YMCETBHOCTI MIiIIIAHCHKOTO Hace-
menHA 3 1298 oci6 y 1858 porri mo 1650 oci6 y 1860-x
pokax, I1o BimoOpaskayio AK IIPUPOTHUN IIPUPICT, TAK
1 IIeBHY Mirpamiiiny MOOLJILHICTE y IIepIi POKHU Iic-
JIA cKacyBaHHA KpimocHoro 1mpasa [6, Apk. 115-120].
Binkpurta sanisuuunoi craHilii «depaxusa» y 1871
POLIi CTBOPMJIO HOBUU IIOIIUT HA POOOUY CUIIy PiBHOTO
mpodisTo: Bifl KBATI(hiKOBAHUX 3AJTISHUYHUKIB Ta CILYK-
0OBITiB /10 HeKBaTiI(hiKOBAHUX BAHTAKHUKIB Ta CE30H-
HUX poOiTHUKIB. Ile ciprumHMIIO TPUTIK HAaceTeHHA
3 IHIIUX PEeTiOoHIB iMIIepii, BKIIOUAOUN TPEeaCTaBHU-
KiB IHIINX KOH(QECIi Ta eTHIYHUX TPyIl, AKI paHiIie
He OyJI XapaKTepPHUMU IJIS OT0 moceeHHsd. «Tum-
vacoBi mpasuia» 1882 poky, 3a60pOHUBIIY €BPEAM ce-
JIUTUCSA B CLIIBCHKIM MiCII€BOCTI, CITPOBOKYBAJIU MACOBY
KOHI[EHTPAIiI0 I0eliChKOT0 HaceJeHHA B MiCTeUKax
«CMYTH OCLJIOCTi», 1110 11 GiJIbIIe MOCHINITO KOH(eCiHHY
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Ta COL[iaIbHY OTHOPIAHICTH I0/IetichbKol rpomaau epak-
Hi [11, Ne 961].

¥ pesymbrari 1imx npoiieciB JlepakHsa mepeTBopu-
JacA 3 TPAOUIIHOTO arpapHO-PeMiCHUYO0T0 MiCTeUKa
Ha TTOJTIKOHMECITHUI CcoIiaIbHO-eKOHOMIUHUMN IeHTP
3 BUpaKEeHUMH prcaMu MojepHisartii. [IpocToposa op-
raHisalfid MiCTeuKa TaKoK 3a3HaJia 3MiH: BUHUKHEHHA
HOBUX KBapTaJIiB HABKOJIO 3aJII3BHUYHOI CTAHIII1, 3MiHA
(byHKITI0HAJIHPHOTO ITPUBHAYEHHSA 1CTOPUYHOTO [IEHTPY,
(opMyBaHHSA crreru(piUHUX 30H MPOKUBAHHA PiBHUX
COILIAJTLHUX TPYIl — Bce Iie OyI0 OpsAMUM HACJIITKOM
comiasnpHol AuHaMiku. ComiasibHa cTpykTypa depaHi
kinna XIX cr. mocrasia He IPOCTO AK aAMiHICTPATUBHO-
TEepUTOpiajbHa OAWHUIA, a AK CKIATHUIN IOJIiKOH-
(deciiiuuii opraHiaM, 10 €BOJIIOIIIOHYBAB HA MEPETU-
Hi IMIIEpCBKUX 00MEKyBaJbHUX MPAKTUK, PUHKOBOI
iHTerparrii Ta JiokaJabHuX Tpanuiiii [IpaBobepesxHol
Ykpainu.

JJia BU3HaUeHHA YHIKaJBHOCTI coIliojieMorpa-
(iuroro possutky epaskHi 3milicHeHO0 TTOPiBHAIBHO-
iCTOpUYHUI aHari3 i3 moceJeHHAMH JIeTHIiBCHKOT0
TIOBITY, AAKI peIpe3eHTYBAJIM PisHI piBHI ypOaHiCTUUHOI
iepapxii: moBiToBUM HeHTpoM (M. JleTuuis), maBHIM
peJiriiiHo-ApMapkoBuM ocepenkoM (M-ko Memxubixk)

Ta nepudepiiHuM arpapHuM mocejgeHHAM (M-ko Bos-
KOBUHIII).

Kirouosoro BimminnicTo epakui Big Memxunboxa
Ta JleTmueBa cTaB XapakTep MirpamiiHUX IIPOIleCiB
y riopedopmeny qo0y. MemxubiK MpoIoBKyBaB IpuBa-
6JIIoBaTH HACEJIEHHSA ITIePEeBAYKHO 32 PAXYHOK PeJIiriiHo-
T'0 TAJIOMHUIITBA Ta TPAOUINIHOI APMaPKOBOI TOPTIBII,
aJie micjs BBefeHH:A «mMuacoBux mpaBmi» 1882 poky
BiH He 3MIT IIOVIMHYTHU BECh ITOTIK €BPEHCHLKUX MIiTpaH-
TiB 13 HABKOJIUIITHIX CLJI yepe3 00MeKeHICTh eKOHOMIY-
Hoi 6asmu [11, Ne 961; 17, c. 73]. JleTuuiB, AK IIOBITOBMI
LIeHTP, MaB CTA6LJIBbHUII, ajie IOMipHUH aIMiHiCTPATHUB-
HUM Mirpamiiauii (oH, 10 MiATBEPIKYETHCA CTATHC-
TuuHUMU BimoMmocTAMU [lomisbebkol rybepHii 3a 1866
PiK, me (ikcyeThbcA He3HAUHE 3POCTAHHA HACEJEHHA
TOBITOBUX IT€HTPIB IIOPiBHAHO 3 TOPTOBEJIBHUMU Mi-
creukamu [8, Apk. 1-180].

HepakHsa x craja MarHiToM IJid ABOX XBUJIb Mi-
rpanTiB. Ilepiry XBUJII0 CKJIAJIN CiJIbCHKI €Bpel, AKi,
PATYIOYKCH BijT 3200pOHU HA TPOKUBAHHA B ceJiaX, Ma-
coBo nepecesAnuca Ao micreuka. e minrBepmKyeThea
nanumu nepenucy 1897 poky, me uactka tofeis y [e-
pakHi caruaysia 68,3% (3335 oci6), Tomi Ak y 1858 porri,
3a marepiasmamu 10-i peBisii, eBpelicbke HaceJeHHA

Tabnuysa 2

IlopiBHAIbHA XapaKTEePHUCTHKA HACEJIEHHUX IMMYHKTIB JleTnuiBCHLKOr0 mMOBiTY
(mpyra mosiouHa XIX crt.)

M. JleTnuis (1mmosi-

M-K0 MemKxuobix

M-Ko [depaxkua | m-kKo BoBkoBuHII

(1897 p.)

Ilokazuuk TOBH IeRTD) (pemrumno- ('rpchn"op'rHo- (mepudgepiiine
TOPrOBHH IIEHTP) | TOPTOBHI BY30JI) IIOCEJIEHH )
YucenpHiCTh HACEJIEHHSA ~4618 oci6 ~2714 oci6 ~1811 oci6 ~476 oci6
(cep. 1860-x pp.)
HucenpHIiCTh HaCEJIEHHSA ~5500 oci6 ~5800 ocib 4882 ocobu <1000 oci6

Temmu 3pocranH:A Huseki (~1,2 pasa)

TlomipHi (~2,1 pasa)

Bucoxi (maitke Huspki (~2 pasu)

(1860-1897 pp.) B 2,7 pasa)
Howminyroua KoHbeciiiHa rpymna 3b6anaHcoBaHa IOneiiceka (>70%) | ¥Oneiiceka (68,3%) IIpaBociaBHA
(mrpaBocJiaBHi, 10fei, (>90%)
KaTOJIUKH)

IIpoBigHuit eKOHOMIUHMIT
mpodisb

IloBiToBa agMminicTpa-
is, ApiOHA TOPriBJIA,
pemeciio

ITamomuuITBO, TPa-
OUITIHHI ApPMapKH,
IpiOHE pemecso

SaJrisHUUHA JI0-
ricTHKa, TypTOBa
TOPTIBJIA 30LKIKAM,
MJIAHAPCTBO

Harypasnsne arpap-
He I'OCIIOHapCTBO

IadpacTpykTypHUil YUMHHUK BincyTHicTs 3asmis-

BincyTHicTs 3amis-

Cranuisa «[depaxk- | 3aisHUYHE MOJIOTHO

HUI HUII Ha» (1871 p.) 0e3 IMOTYKHOTO KO-

MePIiHOTO By3J1a

Crertudika mMirpariiiHoro AnminicTpaTuBHA Xacupaceke najgoM- | 3alisHUUHUN Ka- | BigcyTHicTh Mirpa-
TIPUTOKY CTabLIBHICTD HUIITBO, JIOKAJIBHI | mmiTas, «TuMuacosi IMIAHUX CTUMYJTIB

CeJIAHU npasmwia» (1882 p.)

Tenpepni mpomnopirii
(20-39 pokiB)

Ilomipua nmepeBara
JKIHOK

Bupaxena nepesara
JKIHOK (BIIXITHMIT-

Haiipumia mepe-
Bara »kiHok (+61
ocoba)

Bousbkuii no npu-
ponHoro 6ajiaHc
TBO)

Jocepeno: cknapgeno ta oouncsieso Ha ocHoBi: [JAXMO. @. 244. Om. 1. Cup. 2. Apk. 1-180; Ilepsas Bceo6iias nepenucs... C. 2-177;

Mymnsap A. M., 2023, c. 11-17.

ITpumimria: Pizuua mixk nokasaukamu 1298 oci6 (1858 p., pesisia), 1650 oci6 (1860-Ti pp., momaTkoBi peBisbki coucku) ta 1811 ocibd
(1866 p., craTECTUYHI BiIOMOCTI) 3yMOBJIEHA THM, L0 PEBi3bKi MaTepiaau (iKCyBaiy IIepeBa)KHO MIIAHCHKUN CTaH, TOl AK CTATUCTUYHI
BimoMocti 1866 poky Ta mepemnuc 1897 poky BpaxoByBaJIM Bce HasABHe HaceJIeHHA MicTedka (CeJIAHU, MII[aHU, BOPAHH, CIIyKOOBIIi TOIIO)
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CTaHOBUJIO 3HAYHO MeHIy JacTky [12, c. 176-177; 7,
Apxk. 115-120]. Opyry, BupimaabHy XBUI0, chopMmy-
BaJIV IPECTABHUKU PiBHUX CTAHIB (BaJTIBHUYHI CITY:K-
0o0BIIi, poOITHUKY, APi6HI TOPTOBIi), AKUX IIPUBAOUIIO
BimKpUTTA craHii «/lepaxaa» y 1871 pomi [13, c. 245].
Ieit inppacTpyKTypHUIT YMHHUK ITIEPETBOPUB MiCTEUKO
Ha TPaH3UTHUIL By30JI, 4oro OyJiu mo3basiieHi Ak Jletu-
4iB, Tak 1 MemEnoixK, 1110 3aJIMIIAINCA 11034 3a/Ii3HIY-
HoI0 Mepe:kero [12, ¢. 2-3].

ITTo % mo BoBroBUHIIIB, TO JaHe MiCTEYKO 3aJIUIIA-
JIocA HEBEJINKUM II0CeJIeHHAM 13 HaceJIeHHAM yChOTro
476 oci6 (cranom Ha cepenuny 1860-x pp.) [8, Apxk.
45-47]. ®opmaJibHO Uepes TEPUTOPI0 HOTO TTOCeIeH-
HA TAKOXK IPOJIAIIA 3aJIIBHUYHA MaricTpasib, IpoTe,
Ha BigMiHy Bix [epakHi, iHGpaCcTPyKTYpHUI YNHHUK
He CIIPOBOKYBAB TYT »KOJHUX IOMITHUX AeMorpadiu-
HUX YU €KOHOMIUHUX 3PYIIEHb. 3a JaHUMU CTATUCTUY-
HUX 3BiTiB, BoBKOBUHII 3ajuiaics rnepudepiiunum
arpapHUM I0CEJIeHHAM 13 HACeJIEHHAM, 10 JIe[Be mepe-
BUIIyBaJ10 476 0ci0, Te aGCOTIOTHO TOMiHYBaJIO TIPABO-
ciaBHe cesiaHCTBO (moHa 90%), a TOPriBJIA Ta PeMecyIo
rnepe0yBaJii B 3apOIKOBOMY, CyTO CIIOKMBUOMY CTaHI
[18, c. 12; 8, Apk. 45—-47]. Ilpurnag Hepaxui ta Bos-
KOBUHIIIB CBITUNTH IIPO Te, 110 HAABHICTH 3aJTI3BHUUHOTO
OJIOTHA caMa I10 co0i He rapaHTyBajia MOJepHi3aIrii
roceJieHHA. SaJTi3HUIIA BUCTYIIAJIa CKOPIIIle MiCHITIo-
BayeM yKe ICHYIUHUX CTPYKTYPHUX MepeBar (HagBHICTb
TOPTOBEJILHOTO TIPOIIAPKY, KoH(ecifiHa KOHIIeHTpAIlisa
KalTiTary), Hi’K YHiBepCaJIbHUM KaTajli3aTopoM 3MiH.
ITeit BUCHOBOK, OQHAK, ITOTPEOYe IT0TAIIBIIOL IIEPEBIPKU
Ha MUPIIiA BUOIPIi MiCTEUOK PETiOHY.

Exomomiuna inepiiia BoBKoBUHIIIB, BiACYTHICT MO-
TY;KHOT'0 MIII[AHCHKOI'0 MTPOIIAPKY, 30ATHOT'0 MOHOIIO-
JIi3yBaTH JIOTICTUYHI ITOTOKH Ta OPTraHi3yBaTU CKYIIKY-
BiIBAHTA:KEeHHA TOBAPiB, YHEMOKJIMBUIU IHTETPAIliio
MiCcTeUKa B 3araJIbHOIMIIEPCHKUIT PUHOK. SaIi3HUIA
B I[[bOMY BUIIA[IKy BUCTYIIIJIA He AK yHiBepCcaIbHU
KaTajizaTop 3MiH, a AK MiICUJII0BAY B¥Ke 1CHYIUUX
CTPYKTYpPHUX IlepeBar. ¥ lepakHi BoHA aKTUBidyBaja
HAABHUUN TOPTOBEJILHO-PEMICHUYMI MOTEHITiaJl I0ei-
CbKOI TpoMagu, TpaHc(pOpMyBaBIINA MICTEUKO Y BY30JI
€KCIIOPTY, IO MiATBEPKYETHCA 3POCTAHHAM KiJIBKOCTI
TOPTOBUX CBIJIOIITB Ta ONITOBUX cKJIamiBy 1870-1890-x
pokax [8, Apk. 30-37]. ¥ BoBroBuHIAX 2Ke BOHA 3a-
JIMIIIAJIACA JIUIIIE TeorpadivHo JIiHiE0, 10 IIPOMIILIa
TI0B3 COITiOTOTIOrpadiuHy MATPUIIO TTOCEJIEHHA, He 3Mi-
HUBIIY Hi 0r0 KoH(ECIHHOT0 CKIIay, Hi mpodecitiHoi
3afiHATOCTI MemrkaHiis [12, ¢. 176-177].

Taxkum urHOM, TOPIBHAJIBHUN aHAJII3 3aCBiIYYE, 110
Hepaskusa y apyrii mosoBuHi XIX cT. BUiinia 3a Mexi
TUTIOBOI MOAEJII PO3BUTKY ITOIiJIECHKOTO MiCTEUKA, AKY
penpesenryBaiau Memiuoixk ta BoBrounrti. [Toeqnas-
W BUCOKY KOH(QeCIfiHY KOHI[eHTPAIli0, XapaKTepHY
A «mreTiry» (68,3% womeis y 1897 p.), 3 yHIKAJILHOIO
iH(ppPaCTPYKTYPHOIO ITepeBarow (3aIisHUYHE CII0JIy-
uenHa 3 1871 p.), depaxua smoria TpancopMyBaTu
MirpamiiHi IOTOKM Ta MeHOePHI TUCITPOIIOPINil B YMH-
HUKU CTPIMKOI COIliaJIbHO-eKOHOMIUHOI MOAepHisalrii,
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BUIIePeOUBIIN HAaBITh TPAOUIIHHUNA ITOBITOBUH
neHTp — JleTuuis, e TeMIn 3pOCTaHHA HACEJIEHHA
craHoBw M Jiuie ~1,2 pasu nopiBHAHO 3 2,7 pasu B [e-
pakHi [12, ¢. 2-3, 176-177; 18, c. 11-17].

Bucuosku. IIpoBenene qocaisKeHHA T03BOJIUIIO
PEKOHCTPYIOBATH €BOJIIOIII0 colfiogeMorpadiuHoro,
KOH(DECIHOT0 Ta IIPOCTOPOBOTO JAHAIIAPTY MicTeUKa
Hepaxxusa Jleruuiscskoro moBity IlogiibebKo1 ry0epHil
y mpyriii mostoBuHi XIX CT. AK IJTICHOI cucTeMH, IO
nmepebyBaJia I BILIMBOM IMIEPCHKUX TpaHcdopMa-
i, JIOKAJTbHUX €KOHOMIYHUX MMPAKTUK Ta IIPUPOIHO-
reorpaiyHUX YUHHUKIB.

ITo-nepire, memorpadiuna muuamika epaxHi 3a-
CBiqUMJIA CTPIMKe 3POCTAHHA YMCEIBbHOCTI HACEJIEHHA
3 1298 oci6 y 1858 porri 1o 4882 oci6 y 1897 porri, To6TO
maixe B 3,8 pasu. Ileit mokasHUK HEMOMKIIUBO TIOSC-
HUTU BUKJIIOUHO TTIPUPOTHUM IIPUPOCTOM, AKUM, 32 Ja-
HUMH METPUUYHUX KHUT, cTaHoBUB 10—14%0 Ha pik [9;
10]. BupimanbHy poJib Bigirpajim Mirpailiiiti IIpoiecu,
3yMOBJIEHI TPhOMA B3a€MOIIOB A3AHUMU UNHHUKAMU:
CKacyBaHHAM KpimocHoro mpasa 1861 poxky, mio gecra-
OLTIByBaJIO CEJIAHCHKI I'POMAaJIH Ta CIIOHYKAJIO YACTUHY
HaCeJIEHHA 10 3MIiHU CTaHy; i€l «'MMYacoBUX TPaABUIT»
3 TpaBHA 1882 PoKy, AKi 3260POHAIIN HOBE TI0CEJIEHHS €B-
PeiB y CLUTLCHKI MiCITEBOCTI Ta CTUMYJTIOBAJIH TXHIO KOH-
IIEHTPAIli0 B MiCTeUKaxX «CMyTH ociocTi» [11, Ne 961];
BimkpuTTAM 1871 poky 3asrisHUUHOL cTaHIiil «/lepaskma»
Ha nuteHULN JKMepuHka — BoounceE, 1110 IepeTBoPIIo
MICTEUKO Ha MOTYKHUN arpapHO-TPAHCIIOPTHUMA BY30J1
1 MpUBAa6MIIO POOOUY CIUTY, CITY?KOOBI[iB T TOPTOBEJIBHUX
nocepenHUKIB [13, c. 245].

ITo-mpyre, Kou(eciitta crpykrypa deparkHi Habyia
BUPAa3HOI MoJTieTHIuHO1 KoHpiryparii 3 aGCoTITHUM
IOMIHYBAHHAM [0jielicbkoro egementy (68,3%), Tomi
AK TIpaBoCJIaBHA rpoMaza craHoBmia 28,3%, a pruMo-Ka-
Tosuiibka — juiie 3,3% [12, ¢. 176-177]. Koudeciiina
HAJIEJKHICTh BUCTYIIAJIA HE JIUIIIE MapKepoM CaKpaJIb-
HOI 1IEHTUYHOCTI, a I JKOPCTKUM [JeTepPMiHAHTOM CO-
Ii0ITPoheCiHOTO CTATYCYy Ta IPOCTOPOBOI OPraHisarrii.
KOneiicpra rpomama MOHOIIONIZyBaIa cdepy TOPTiBII
(monan 85% saitHATHX y I1i#i rayLysi) Ta Api6HOro pemMec-
na (mouaz 70%), yrpuMyBaJjia B OpeH/Il BOOAHI MJITUHU i
rypaJibHi Ha piuti Bosk [5, Apk. 10338.—10638.]. ITpaso-
clIaBHe HaceJIeHHs 30epirajo arpapHuil yriiajm, 3aima-
FOUHCh 3eMJIepPO0CTBOM Ta BiBHUIITBOM. PuMo-KaToInKn
KOHIIEHTPYBAJIHCA B aIMiHICTPATUBHO-CIIY:K00Biil ce-
pi, 06CIIYyrOBYIOUN MAETKOBY afiMiHicTpatiio Par6opos-
CHKUX Ta 3aJTIBHUYHY iH(ppacTpykTypy [6, Apk. 1-200].

ITo-TpeTte, TpocTOPOBA TOIIOJIOTISA MiCTEUYKa BifI-
TBOpIOBaJIa 10 cermeHTaliio. [lenrpansua Bazapua
IJTOIIA 3 KaM STHUM «TOCTUHHHUM» TBopoM Ha 30 Kpam-
HUITb ABJIAJIA 0000 MILTEHO 3a0yT0BAHUNA €BPEeChKUIA
KBapTaJl, neprudepiiiai ByIuIll 3aiiMain IIpaBoCcIaBHi
CeJITHU-BJIACHUKHU, a TIPUCTAHITINHA 30HA (DYHKITIOHY-
BaJjia AK OKpeMUI MOJIEPHIZAI[IHUI aHKJIaB PUMO-Ka-
TOJIUITBKOI aIMiHICTpAIlil Ta 3aJIIBHUUYHUX CJTY:KOOBITIB.

Ilo-ueTBepTe, METPUYHI KHUTH IPABOCIABHUX LIeP-
KOB Ta Ka3eHHOT0 PAOMHATY JT03BOJIFUIN PEKOHCTPYIOBATH
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BimMiHHOCTI B lemMorpadiuniii moBeminti rpoman. s
060X 0CHOBHUX KoH(eciil Oyia BiaacTuBa Maiixke ao-
COJIIOTHA €HJI0raMidA, IIPOTe CIIOCTEPIraucA CyTTEBI
BigMiHHOCTI y nuto6HOMY Bitti (18-21 pik gjisa womeii-
CBKUX KiHOK mpoTu 20—24 pOKiB /1A OPaBOCIIABHUX)
Ta qUTAUYii cMepTHOCTI (35—42% y ropeiB mpotu 45—-52%
y mpasociiaBuux) [9, Apk. 50-68; 10, Apk. 12-35]

ITo-r'siTe, BikOBo-cTaTEBa CTPYKTYypa HacejeHHs [e-
pakHi 3a mepenucoM 1897 poKy mpomeMoHCTpyBaja
MIPOTPeCcUBHUI (€KCITAHCUBHUI) THUII BiITBOPEHHS 3 AHO-
MaJIbHO BHCOKOIO YACTKOIO miTeit Ta mimmiTkiB (49,35%
oci6 BikoM 110 19 pokiB) Ta TeHAEPHUM OUCOATIAHCOM
y Ipanes3naTHoMy Bimi (mmepeBara kiHOK Ha 61 ocoly
B rpymi 20-39 pokiB) [12, c. 2—-3]. Ila gucnpomopiria
OyJ1a HACJIIIKOM TPBHOX ITPOIIECiB: BIJIyUEeHHA Y0JIOBIKiB
yepes3 PEeKPyTCHKY Ta 3arajibHy BiliChKOBY ITOBUHHICTH
(31874 p.); ce30HHOTrO Ta IIOCTIHHOTO BiAXiTHUIITBA UO-
JIOBIKIB HA 3aJrisunuHe OymiBHULITBO, 10 Omecu Ta cre-
HOBUX I'ybepHiil; criemudikyu MiCTEUKOBOI €KOHOMIKH,
Jie JKIHKU I0JIefICHbKOT IpOMajy 3aJIUIIAJINCA B MiCTEUKY,
YTPUMYIOUY APiOHY TOPTIBJIIO TA PEMECIIO.

ITo-mocre, ekonomiuna cucrema Jlepaskui QyHEK-
IIiOHYBaJIa 3a IPUHIIUIIOM CUMOIOTUUHOI, X04a ¥ Ha-
Opy:KeHol, B3aeMozasieskHocTi. IIpaBociaBHi cesssHM
BUCTYIIAJIN OCHOBHUMHU MOCTAYATEHUKAMU CUPOBUHU
IUIST €EBPEICHKMX TOPTOBITIB T OPEHIAPIB ITPOMUCIIOBUX
00’€KTiB, HATOMICTh KOPUCTYIOUNCH APiOHIM IIPUBATHHIM
KpeauToM, AKUIM KOMIIEHCYBaB BiJICyTHICTh OpraHi3oBa-
HOI IepskaBHOI KpequTHOI cuctemu. et mexaHiam 6op-
TOBO1 3AJIEXKHOCTI, 3a(piKCOBAHMIT y CIIpaBax MUPOBOTO
mocepeqHUKA Ta aHaJiTuyHil 3anucti [logiabebKoro
ry0epHCHKOr0 IIpaBiiiHaA 3a 1866 pik, mepeTBopioBaB
TO3WKM Ha KabaJIbHI KOHTPAKTHU W00 BiAITPaIfOBaHHA
Ha IIYKPOBUX IJIAHTAIAX Ta IIig Jac 360py BpoKaI0
[4, Apk. 20-25; 8, Apk. 30-37]. ITorrpu KoHeciiiHY
BiTOKpEMJIEHICT y chepi MLITI6HO-POMUHHNX BiJHOCHH,
TIOBCAKIEHHA BUMAraJjio IOCTIHHOT0 €KOHOMIUHOTO KOH-
TaKTYy, II[0 CTBOPIOBAJIO CIIeI[i(iuHy MOJIe/ b CITiBiCHY-
BaHHA, JIe PeJIriiHa iTeHTHYHICTh BUCTYIIaJIa BOJHOUYAC
i 6ap’epoM, 1 KATaIi3aTOPOM COLIAIBHUX 3B A3KIB.

ITo-choMe, MOPiBHAIBHO-ICTOPUUHUN aHAJI3 Y KOH-
TekcTi JIeTnuiBCBKOTO MOBITY 3acBiquuB, mo lepakHa
BUMIEpPeqUsIa CyCiTHI TPaAUIliiiHI arpapHO-peMiCHUYL
uentpu (Memxubixk, BoBkoBrHIIi) 3aBAsaKu iH(pacTpyK-
TYPHOMY BKJIIOUEHHIO 10 3aTaJIbHOIMITIEPCHKOT0 PUHKY
yepes 3ayisHuYHy Mepexy. Axmo Memxubixk Ta Bos-
KOBUHITI, 3QJIAIIUBIINCEH 11032 3a113HUYHUMHU JTIHIAMEA
a60 He MAYM MOTYKHOTO TOPTOBEJILHOTO MIPOIIAPKY,
TIOCTYIIOBO BTPAYATN 3HAYEHHS PEriOHATTLHUX OTITOBUX
1eHTpiB, To epaskusa rmepeTBopuiIacA Ha MOTYKHUN
IIyHKT aKyMyJIALI] Ta eKCIIOPTY TOBAPHOT'O 301¥:KA, ITy-
KpOBUX OYyPAKIB, JTicOMaTepiasIiB i CIIUPTY /10 O/IECHKOTO
IIOPTY Ta Ha 3aXiMHOKOpAOHHI MuTHUMI [12,; ¢. 2-177;
18, c¢. 11-17]. Ilpurnag BoBKOBUHIIIB MiATBEPIKYE
METOIOJIOTIUHY Te3y IIPO Te, M0 HAABHICTH 3aJIi3HNU-
HOTO ITOJIOTHA caMa II0 cobi He rapaHTye MoOepHisa-
i1 ToceJIeHHA: Yepes BiICYTHICTD IMiAIIPUEMHUIIBKOTO
KYIeIbKOT0 CTaHy Ta 3aCUJIJIA HATYPAJIbHOTO T'OCIIO-
lapCTBA 3aTIBHUIA 3aJTUIINIIACA JIUIIE TeorpadiuHoio
JiHiero, Toxl AK y JlepakHi BoHa aKkTHBi3yBaja HaAB-
HUU TOProBeJIbHO-PEMiICHUUHNN ITOTEeHIIias I0/1eHChKO1
rpoMasu.

Orixe, Hepaskua apyroi mosopunu XIX cT. mocrasna
He IPOCTO AK aJMiHICTPATUBHO-TEPUTOPiaIbHA OU-
HUIIA, a AK CKJIQIHUH IOJIIKOHMeCIHWIT opraHiaM, 110
€BOJIIOI[IOHYBAB Ha MEePeTUHI iMIIePCHKUX 00MeKy-
BaJIbHUX MIPAKTUK, PUHKOBOI IHTErparlii Ta JOKaJIbHUX
tpaguttiii IIpaBobeperxHol Ykpaiuu. [ojia micTeuka
fACKPAaBO 1JII0CTpYye 3arajibHy TeHAEHITII0 IJIA OH1JIb-
CHKOT0 IIPUKOPIAOHHA: 1H(PPACTPYKTYPHA MOAEPHI3aITisa
(sammisuuIsa) He 3pyHHYyBaja TPAAUINIIHY KOH(ECIHHY
MO03aiKy, a HaBOaKu — KOHCEPByBaJja Ta IMOTJINOuIIa
ii, HAJAYW HOBI €KOHOMIUHI HillIl JIJIA KOMKHOI 3 TPO-
map,. IToemHanusa Brcokol KoHdeciiiHOl KOHIIeHTpaIil
FOJIefICBKOr0 KAIliTajly 3 YHIKAJIbHUM iH(QPaCTPYKTyp-
HuM arkropoMm (3ajrisHUUHE CIIoIydeHHA 3 1871 p.)
mo3Bostiiio epaskHi TparncopMyBaTH MIirparfiiii mo-
TOKHU Ta TeHJIePHI JUCIIPOIOPIIii B YMHHUKU CTPIMKOT
COLIaJTbHO-eKOHOMIUHOI MOJIepHi3allii, BUMIepeIuBIIN
HaBITh TPAOUITITHUN TTOBITOBUM 1IeHTP — JleTuuis.

JOIJATKOBA IHOOPMAIIA
DOIHAHCYBAHHSA: AsTopu He oTpUMYyBaIu (DiHAHCYBAHHA OJIA IIHOT0 TOCIiKeHHA.
3AABA ITPO JOCTYIIHICTD JAHMUX: He 3acTocoByeThes.
KOH®JIIKT IHTEPECIB: ABT0opu 3asBIAI0TH IIPO BiCYTHICTH KOH(JIIKTY iHTEpecis.
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FUNCTIONAL-DECORATIVE DESIGN
STRATEGY: INTEGRATING MODERN
MATERIALS INTO TRADITIONAL
STAGE CLOTHING DESIGNS

09109VHEOALNIALOUW

Summary. The subject area of the study is the identification of modern approaches and methods of applying artistic and
constructive principles of functional and decorative design of traditional stage costumes in modern design and planning of
fashionable clothing. The article reveals the systemic qualities of design and design activities using modern materials, which
determine the potential for endless production of new forms of stage clothing. When designing clothing for artistic and cultural
events, designers are increasingly interested in using various lighting effects. The systemic approach allows us to consider a
comprehensive solution to compositional tasks that involve the use of light in a costume: spatial-plastic and light-color pro-
cessing of clothing components; creating certain compositional accents on texture, form, color dynamics; ensuring the integrity
of the costume image. As part of the study, an author’s strategy for using light textiles in stage costume solutions is proposed.
The methodology involves designing clothing with light distribution on the surfaces of products. Electroluminescent materials,
polymers, LEDs, optical fiber are used. Each light design development differs in color, intensity and distribution on surfaces.
Compared to other electric light sources, LEDs have the following differences: high light output, high mechanical strength,
vibration resistance, long service life, low inertia, different radiation angle, low cost, safety, insensitivity to low temperatures,
environmental friendliness. A special advantage is that LEDs allow you to get different color glow to achieve the goal of various
design solutions. It is substantiated that the current level of development of artistic practice involves a certain specificity of the
use of modern materials in the traditional design of stage clothing, namely, balancing between simple and complex, between

applied and artistic and philosophical.

Key words: functional and decorative design, stage clothing, traditional costume, modern materials, composition, styliza-

tion, luminous textiles.

ntroduction. Functional-decorative design is an ex-
tremely versatile type of design that demonstrates the
level of development of socio-cultural guidelines of society
and is a means of communication through visual lan-
guage. It combines an artistic principle and utilitarian-
applied meaning; it meets the demands of mass culture,
while it can tend towards elitism. Functional-decorative
design is able to both reflect artistic and technological
processes and influence the trends of their develop-
ment. At the same time, one of the turning points in
the historical development of this type of design was the
organic combination of two important principles: focus-
ing attention on the emotional component and directing
form creation to functionality in the representation of
information embedded in the project [18; 20].
Conceptualization in the field of research of design
activities for the production of stage clothing involves
identifying its systemic qualities, which enable the

invariant articulation of elements, which determine
the potential for endless production of new costume
samples. At the same time, there is a need for a more
detailed study of modern approaches to the complex
solution of compositional tasks involving the use of
light in a costume — spatial-plastic and light-color pro-
cessing of clothing components, the creation of certain
compositional accents on texture, form, color dynamics,
ensuring the integrity of the costume image.
Literature review. An important approach to
modernizing approaches to interpreting traditional
stage clothing designs in a contemporary context is the
integration of modern high-tech materials. In this con-
text, it is considered a fundamental operation, which
aims to endow the various possibilities of innovative
fabrics and technologies integrated into them with
a stage meaning. A number of scientists are convinced

of this [7; 19].
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Industry research has been conducted by modern
scholars [1; 3; 17], who consider interpretation to be
the basis of any process of changing traditional solu-
tions in stage clothing, which assimilates various for-
mats of perception of creative expression of personality
in the field of art through costume. The designer of
such clothing focuses his main efforts on the maximum
disclosure of the content features and expressiveness
of the artistic work, for which it is first necessary to
comprehend the original author’s intention, and then
form his own interpretative version in the stage image.

Individual issues of interpretation of stage costume
are considered by authors [2; 15], who focus on differ-
ent types of interpretation, which differ in purpose
and means. Scientists [9; 10] justify that the issue of
competent construction of stage image is currently one
of the most important in the field of musical perfor-
mance, theater and choreography, because it is relat-
ed to the objective-subjective relationship: the main
difficulty of the process is seen as finding the optimal
balance between the degree of revealing the director’s
original author’s idea and the degree of freedom of
design creativity. Despite the significant achievements
of modern researchers, a number of issues remain un-
resolved, which emphasizes the problems of preserving
the principle of interaction of styles, updating the work
in the modern design space of creating stage clothing.

The purpose of the study is to substantiate the
strategy of functional and decorative design of modern
stage costumes by integrating modern materials into
traditional stage clothing designs.

Results. The symbolic context of the stage costume
under consideration consists in creating a symbol that
most accurately characterizes its owner. Stage clothing,
in the aspect of art historical analysis, is a system of
signs and symbols endowed with information content
of varying degrees, which form the corresponding spe-
cific figurative associations in the consciousness of the
audience. The stage costume carries an informative
load, encoded not only in the concepts of silhouette,
cut, material, ornamentation and color, but also in
the closely interconnected gestures, facial expressions,
expressive poses of the costume owner. Actually, the
main elements of this information message of stage
clothing are signs and symbols, with added meanings
and meanings, using composition, color scheme, tex-
ture and decorative elements.

Already in the 20th century, the costume began
to depend on the artistic idea of the work, on the
thoughts of the actor, director and author. The most
important function of the costume is the symbolic func-
tion [11-13]. This function conveys to the observer
the most important, important information about the
person, about religion, about culture, about aesthetic
taste, about his social status. The costume has many
other functions, such as:

— age — this function is responsible for indicating
or masking a person’s age: through the costume,
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one could easily understand a person’s age, namely
through the color of clothing, the color of the head-
dress in certain nationalities; at the same time, the
European costume always tried to hide a person’s
age;

— socio-gender — in every traditional, any costume,
not only the gender of the person was highlighted,
but also the marital status;

— class (group) — highlights belonging to a certain
class or social group, as well as to a social class, or
vice versa, can hide any person’s status;

— professional — a suit can determine what profession
a person belongs to and what their occupation is;

— regional — the costume shows regional traditions in
clothing, which are associated with both the way of

life of the people, with national traditions, and with
the climatic features of the region — this function is
closely related to the national function, since it can
be used to determine which ethnic group a person
belongs to;

— aesthetic — the most important thing that is man-
ifested in a costume is the aesthetic ideal of a par-
ticular time and people.

Stage clothing ensures the creation of images in
a certain individual, a character. This allows us to
consider the stage costume as a multi-valued phenom-
enon, a specific sign of personal specifics that trans-
mits information about a certain character. At the
same time, the process of designing a complex, holistic
appearance representations personality implies the
presence of a whole hierarchical structure of sign sys-
tems. The signification of stage clothing performs an
important function, primarily communicative, allowing
the character to demonstrate the specificity of his own
individuality to others.

Thus, the main task of the information and sym-
bolic role stage clothes are seen the transfer of certain
information from the character, the hero of the image
to the audience, and the clothing itself is positioned as
a practical way of establishing communication between
social and cultural codes, a tool for forming an image,
creating a certain image. Concentrating the most im-
portant specific features and distinctive features of
moral, social, religious, ethical aspects of public con-
sciousness, established way of life, stage clothing in
a broad socio-cultural context represents the external
metasign of a certain stage hero. Therefore, taking
a direct part in the transmission of symbolism and
behavioral stereotypes, stage costume acts as an in-
fluential factor of cultural identification, a means of
encoding cultural meanings.

In designing the form of stage clothing, four levels
can be distinguished sequentially:

1) structural level —internal geometric characteris-
tics of the form and the relationship between parts
(proportions, geometry, symmetry);

2) the degree of freedom of the suit — loose-fitting
accessories;
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3) material and decorative level — color, decor, finish,
lines, properties of materials;
4) plastic level — plasticity of the figure in the costume

[8; 16].

The study of numerous examples of folk, historical,
and modern costumes convincingly shows the import-
ant role that ornament plays in the design of stage
costumes. Ornament decorates the costume or its in-
dividual parts, the surface of which it covers, empha-
sizes, draws attention to them, enriches the artistic
and figurative solution of the costume, and serves as
a means of dividing the form of the costume, if the com-
position of the costume includes ornamented surfaces
and smooth surfaces devoid of any ornament [4; 21].

Using various techniques for applying ornamen-
tation, the designer creates a feeling of lightness or
heaviness of the costume, emphasizing the properties
of the material. Ornamental motifs distinguish the
costume from others (this function is important for
a stage costume).

The study of the symbolism and aesthetics of stage
clothing, its main communication properties allows us
to identify the characteristic features of design solu-
tions, the aesthetics of costume images and approaches
to solving architectonics. Traditionally, the return to
the figurative language of stage clothing was due to the
fact that in productions conceptual transformations
are mainly implemented in the context of the scenog-
raphy of the show, production, performance, which is
maximally complement the key goal of artistic con-
ception and directorial work. Analyzing the semantic
reflection of stage costumes, it can be seen that modern
artists in the theatrical and dramatic environment
demonstrate increasingly original solutions for stage
costumes and scenography in general. It should be
noted that the concepts of talent in the most complete
and vivid way designer- artist manifests at the level
of an elite artistic tradition, accompanied by an active
transformation of the source of creativity. The elite lev-
el is characterized by a more avant-garde approach to
the interpretation of form, decor and details, with both
grotesque accentuation of certain components of the
costume and complete rejection of others possible. This
is explained by the artist’s perception of individual
details as secondary in the context of communication,
aesthetic load or semantic meaning as a whole.

For modern scenography, and, accordingly, stage
costumes, the compositional law of contrast is inher-
ent. According to it, designers base their work on the
contrast of individual elements and the whole, empha-
sizing the texture, expressiveness of color and shape in
the process of creating a certain image. Often, such de-
tails acquire the main sound in the overall composition.
Since the level of identity of current stage clothing with
the original source has acquired, for the most part, an
associative context, we are talking about temporal-
spatial communication in the stage image, which is
characterized by the reflection of the norms of social

life in the modern prism of multidimensionality. The
added innovative details of the costume, in this case,
give a fresh context to the traditional image (primarily,
in theatrical productions). Therefore, it can be argued
that the modern designer’s view of stage clothing is fo-
cused on the task of shocking, surprising the audience,
attracting its attention with unexpected elements that
will remain in the viewer’s memory for a long time.

Currently, known technologies for applying pat-
terns to fabric are being actively improved and new
ones are emerging. In the use of textile ornamental
techniques in recent years, a trend has emerged to-
wards layering different decoration techniques on one
fabric, for example:

— weaving pattern, then printed ornamental motif with
the addition of embroidery, applique, sequins, beads;

— thermal printing or applique with fabrics and ma-
terials with a printed pattern;

— thermal printing on the surface of the material with
a “ crash “ effect;

— thread embroidery, bead embroidery, “ Richelieu “
and many other techniques.

At the material and decorative level, chemical mod-
ification of the fiber-forming polymer is often used. It
consists in the fact that during the wet-heat treatment
at the stage of steaming the garment, a technological
solution is introduced into the steam working medium,
the composition of which depends on the fiber composi-
tion of the fabric. Such a functional and technological
effect is used in the manufacture of dimensionally
stable garments from cellulose and hydrated cellulose
fabrics [5; 14].

The modern transformation of design approaches to
creating functional stage clothing involves rethinking
traditional motifs through new artistic symbols, prac-
tical solutions and abstract forms, assimilation classi-
cal elements with innovative aesthetics. It should be
noted that special attention in this context is required
by experiments with textiles that involve the use of
non-traditional materials (organza, mesh), a combi-
nation of embroidery with three-dimensional printing,
elements made using laser printing, etc. [6].

“Smart “ solutions form a special niche and remain
currently understudied in the context of functional
and decorative design of stage clothing. Within the
framework of this study, the author proposes to con-
sider the potential of using innovative light textiles.
In particular, it is proposed:

— use of electroluminescent threads — they can ef-
fectively glow using electric current to accentuate
certain ornaments on clothing, geometric elements,
and edging;

— the use of light-emitting diodes (LEDs) through their
direct integration into the fabric of the stage costume.
The functional-decorative design strategy of LED

elements in stage costumes combines ergonomics, safe-

ty, and visual expression, integrating LED sources into
the textile structure to ensure artist mobility, reliable
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communications, and artistic expression during the
show. The main technologies used to create luminous
textiles are LED filaments, fiber optic filaments, and
electroluminescent elements (Table 1).

In general, the key decorative aspects are consid-
ered to be light accent (underlining constructive cut
lines or creating dynamic visual illusions), program-
ming effects (synchronizing color changes and flicker
frequency with musical accompaniment and overall
stage lighting), and masking elements (integrating
LED strips and pixels under translucent fabrics or
a mesh to diffuse light). For example, during a dance,
patterns can change colors, emphasizing their mean-
ing. At the same time, modern technologies provide for
technical integration: flexible connections are provided
by using conductive threads and quick-installation
connectors, and modularity is ensured by creating
removable light blocks for easy care of the suit and
washing of the textile base.

The main functional stages of design include: er-
gonomic analysis, taking into account the amplitude
of the actor’s movements to avoid wire tension and
contact breakage; weight distribution, which involves
placing batteries and controllers in areas of minimal
load (lower back, back); thermal regulation to ensure
ventilation and heat dissipation from powerful LEDs;
power safety through the use of low-voltage elements
(5V-12V) to protect against electric shock.

The main stages and principles of design include:
1) the conceptual-semiotic stage, with the definition

of the role of light as the language of culture, em-

phasizing the director’s intention, the character of
the character, and the psychological dynamics of
the scene;

2) the structural and ergonomic aspect of ensuring the
actor’s safety, ease of movement, and concealment

of power sources, controllers, and wires within the
fabric structure;

3) light-optical calculation: selection of textures, degree
of transparency, reflectivity and color temperature
of textiles to interact with the overall lighting design
of the scene;

4) technological integration — the introduction of
flexible LED matrices, embroidery with conduc-
tive threads or sensor modules without losing the
plasticity of the material.

Thus, the functionality of luminous textiles in

a stage costume can be positioned as a modern pro-
gressive solution for transforming familiar structures
into a light show, contributing to the implementation
of the director’s most daring ideas on stage and en-
hancing the artistic and aesthetic impact on the view-
er. The author’s strategy for using luminous textiles
(in particular, its elements — electroluminescent fab-
rics, fiber optics, LED elements built into the fabric,
ete.) in the functional and decorative design of stage
clothing is based on the awareness of its most import-
ant functions, assimilating artistic, technical and psy-
chological aspects. In particular, the following were
taken into account:

— aesthetic and artistic function that provides great-
er visual expressiveness of the stage image (using
luminous textiles, it is possible to create the effect
of a “live” image that instantly attracts the viewer’s
attention), optimizes the formation by emphasizing
the silhouette or plasticity of movements with light
lines, and also allows for instant dynamics of the
mood of the stage by changing the nature or color
of the illumination of the actors’ clothing;

— symbolic-dramatic function, which finds practical
expression in emphasizing a certain character of a
character, focusing on a certain actor or location of

Table 1

Lighting technologies in stage clothing: comparative characteristics

Specificity of appli-

cent filaments

creates a light effect
when exposed to an
electric current.

heat, quite flexible

rupted high voltage,
low filament bright-
ness

Light effect source Features Main advantages | Key disadvantages cation
Light-emitting di- Small, bright lights Quite high bright- The light is spot- Highlighting orna-
odes (LED) integrated directly ness, possibility of like, LEDs require ments on belts, col-
into the suit fabric setting programma- batteries lars, shirts for greater
ble lighting effects expressiveness of the
image
Fiber optic Thin threads that Design flexibility, Quite complicated Creating bright
transmit a light uniformity of light installation, limited | ornamental patterns
effect along their brightness potential on outerwear and
entire length and dresses
Electro — lumines- A thin fiber that Not susceptible to Requires uninter- Accentuating geo-

metric elements of
clothing, edging of
costumes

OLED panels

Flexible light panels

Energy efficiency,
high brightness

Fragility, delicacy,
high cost

Creating a dynamic
show by synchroniz-
ing lighting effects
with music
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the scene, which contributes to strengthening the

semantic accents of the stage action;

— a technical function that expands the possibilities
of using the play of light and darkness, allowing for
better visibility of the artist on a darkened stage,
achieving light synchronization of the stage costume
with musical accompaniment or the general stage
lighting system using DMX control.

Electronic embroidery technology offers another
design opportunity, allowing LEDs to be integrated
directly into the fabric without an additional plastic
sheet underneath. This way, the fabric itself becomes
a component of the design, and the technology itself
can be applied to fabrics of variable thickness, even
transparent ones. Although LEDs provide a very dy-
namic lighting effect and rarely blend seamlessly with
textiles, the material can be used quite effectively to
achieve different visual effects depending on the cos-
tume design.

It is suggested to give preference to placing LEDs
directly on the outer layers of stage clothing to en-
hance the light effect and thus emphasize the stage
image. In some cases, where a strong light accent is
not very desirable, LEDs can be used in conjunction
with translucent surfaces or design components to cre-
ate blurred lighting effects. To achieve a less dramatic
lighting effect, the LED strips can be directed towards
the inside of the garment.

In addition to using light as a decorative or func-
tional element, design development can also include
conceptual ideas, such as controlling the hue or satu-
ration of light using the Internet of Things or creating
an interaction between the costume and the space.
Further use of light will increase the expressiveness
and functionality of the garment, as well as create
opportunities for its customization in connection with
programmable devices.

Considering the results, the prototype of the il-
luminated stage costume can achieve its maximum
functional, aesthetic and expressive goals. As a result
of the study, it was found that the use of LEDs under
the main part of the fabric is the most convenient and
practical way to hide electronic mechanisms behind
illuminated techno-couture designs.

The desired lighting effect in the costume can be
achieved by placing LEDs on the back of the fabric (fac-
ing the body) across the seam lines and using vertically

arranged transparent layers as open cutouts in the
fabric.

Conclusions and prospects. As the results of the
study demonstrate, the narratives of the development
of modern functional-decorative stage clothing design
demonstrate the assimilation of aspects of traditional
designs and ethnic motifs with the innovative techno-
logical capabilities of modern textile solutions. The
integration of modern “smart” elements into tradi-
tional stage clothing designs is now viewed not simply
as an attractive, bright or sensational picture for the
viewer, but primarily as a cultural and social meaning
conveyed in a visual way.

The strategy of using modern light materials in
traditional stage costume solutions proposed in the
study provides a number of practical advantages: the
functionality of stage clothing increases due to greater
resonance of the costume with the image, the mobility
and energy efficiency of productions increase, the direc-
tor’s idea is realized as effectively as possible through
the creation of fantastic, grotesque images, and finally,
the trend finds a response in the modern audience,
as it successfully synergizes classics and innovations.

The costume can be synchronized with music or the
overall lighting design of the stage, helping to establish
visual contact with the viewer, ensuring the transfer
of emotions and ideas through light images.

This study, which considers light as a new design
element that enhances the expressiveness of stage
clothing, aims to offer an alternative to tradition-
al costume designs with examples that incorporate
lighting technologies. In accordance with the main
structure, research questions and design concept, the
study examines contemporary design examples using
various lighting technologies with appropriate visual
materials.

The current use of light in stage clothing is limit-
ed by various small art projects and did not achieve
more than accessibility at the present time. The de-
sign features and solutions proposed in the study can
be applied to real-life tuning of stage costumes. Ago
research has broader value, offering a clear overview
using lighting technologies and introducing transpar-
ent and a detailed design development process.

The study can be a starting point for future inter-
disciplinary projects. Future research should focus on
practical testing of the approach proposed in the study.

JOJATKOBA IHOOPMAIIIA
DOIHAHCYBAHHSA: AsTopu He oTpuMyBaIu (DiHAHCYBAHHA AJIS IIHOTO TOCTIIKeHHA.
3ASABA ITPO JOCTYIIHICTB JAHMX: He 3acToCOBYETHCA.
KOH®JIIKT IHTEPECIB: ABTopu 3asABJIAIOTE ITPO BifCYyTHICTh KOHQJIKTY iHTEpECiB.
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PATIENT SATISFACTION AS AN OPERATIONAL
INDICATOR OF AN AESTHETIC CLINIC'S
EFFECTIVENESS: ADAPTING MODELS FROM
THE HOSPITALITY INDUSTRY

UHAVH IHhUTIW

Summary. This article examines patient satisfaction at an aesthetic clinic as an independent operational indicator that can
be measured, managed, and predicted. The aim of the study is to justify a methodology whereby service quality assessment
tools developed in the hospitality and luxury retail industries are transferred to the outpatient aesthetic medicine setting and
integrated into daily management decisions. The study relies on general scientific methods of analysis, synthesis, comparison,
and generalization, as well as a structural-functional approach to describing the satisfaction measurement system. The empiri-
cal basis consists of two years of operational data from Arviv Medical Aesthetics and a comparison with a control facility of the
same organizational structure that did not implement the described system. Implementation of the resulting system raised the
clinic’s public rating and repeat visit rate well above those of the control facility and preserved annual revenue at approximately
two million dollars during a period of unfavorable macroeconomic conditions in which the control facility’s revenue declined;
detailed figures are reported in the Results section. It has been shown that the strongest predictor of loyalty and willingness to
recommend is the empathy dimension, while the most common management mistake remains the collection of satisfaction data

without using it in operational decisions.

Key words: patient satisfaction, aesthetic medicine, service quality, SERVQUAL, loyalty index, patient retention, hospitality

industry.

ntroduction. Today’s aesthetic medicine market

is highly competitive, and patients have long taken
a doctor’s clinical skill for granted. It no longer sets one
clinic apart from the rest. Instead, patients remember
how they were spoken to during their first call, how they
were greeted, and whether they felt cared for after the
procedure. Whether a person returns to a clinic often
depends on more than the treatment result. Communi-
cation, waiting time, clarity of explanations, follow-up
and the general feeling of being cared for all influence
this decision. At the same time, many clinics still track
medical and financial indicators more carefully than
patient satisfaction. Feedback is often reduced to public
ratings or irregular comments from patients.

Such a narrow focus comes at a specific cost. Stud-
ies of the patient experience in medical-aesthetic ser-
vices confirm that both the functional and relational
dimensions of care directly and positively influence
perceived quality, overall satisfaction, and loyal be-
havior, with the functional dimension shown to prevail
over the relational one, while communication and staff
engagement nonetheless exert an independent and

significant effect on the patient experience alongside
the outcome of the intervention [1]. It follows that
a facility that measures only clinical outcomes system-
atically overlooks the part of the patient experience
that determines their return, recommendations, and
long-term value.

For decades, the hospitality and luxury retail in-
dustries have been addressing a similar challenge of
managing the quality of experience in environments
where the basic service function is already ensured,
and competition shifts to the realm of perception. The
transfer of this management framework to aesthet-
ic medicine is a logical yet under-explored direction
in the scientific literature. The purpose of this arti-
cle is to justify the methodology for such a transfer
and to demonstrate how patient satisfaction becomes
a measurable operational indicator integrated into
the system of daily management decisions at an aes-
thetic clinic. To achieve this goal, the following tasks
have been set: to characterize theoretical models of
service quality measurement suitable for adaptation;
to describe a methodology for measuring satisfaction
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in an aesthetic facility based on data from the Arviv
Medical Aesthetics clinic; to explain the mechanism for
transforming satisfaction data into specific operational
decisions; to identify a minimum set of indicators suit-
able for implementation outside a large facility. The
article is based on the author’s methodology, which
Marharyta Kuzmichova developed and implemented
at the Arviv Medical Aesthetics clinic upon assuming
the position of its director in March 2024.

The scientific novelty of this work lies not in the
individual instruments used — SERVQUAL, the will-
ingness-to-recommend index, and the service-profit
chain are all well-established — but in combining
them into a single operational system for measuring
patient satisfaction, adapted to outpatient aesthetic
medicine and validated through a natural comparison
of two institutions with a common ownership struc-
ture. To the author’s knowledge, the existing literature
has not yet provided a systematic description of such
a combination for this field. The contribution of this
work is therefore the architecture that binds these
instruments into a single operational loop in which
every indicator is tied to a defined management ac-
tion, rather than the discovery of a new measurement
tool. An additional element of novelty is the finding
that, among the SERVQUAL dimensions, empathy
is most strongly linked to loyalty and willingness to
recommend, as derived from the clinic’s operational
data rather than from laboratory or survey samples.

Literature review. The SERVQUAL model, pro-
posed by Parasuraman, Zeithaml, and Berry, forms the
basis for most modern approaches to measuring ser-
vice quality. Its central idea is that service quality is
the difference between a customer’s expectations and
their perception of the service actually received, mea-
sured across five dimensions: physical environment,
reliability, responsiveness, assurance, and empathy
[2]. In the healthcare sector, the model has gained
widespread use because it focuses on the patient’s sub-
jective experience alongside structural and outcome
metrics and allows for a quantitative description of
the quality gap, suitable for further management [3].

Empirical studies in the healthcare sector con-
firm the predictive power of the model’s individual
dimensions. In a study of inpatient care quality, all
five SERVQUAL dimensions significantly influenced
patient satisfaction, with empathy having the strongest
impact, followed by assurance and responsiveness [4].
For managing an aesthetic clinic, this result identifies
a priority area for investment in staff competencies.
At the same time, the literature notes that the classic
five-dimensional structure of the model is not always
consistently replicated across different service environ-
ments and requires contextual modification and sup-
plementation with new dimensions, particularly med-
ical professionalism and patient safety [5]. Therefore,
it is advisable to adapt the model to the specifics of
aesthetic medicine rather than applying it unchanged.
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The second key concept is the Willingness to Recom-
mend Index, proposed by Reichheld in the article “The
One Number You Need to Grow.” The metric is based on
a single standardized question about the likelihood of
recommending the company to acquaintances on a scale
from zero to ten, and respondents are divided into pro-
moters, who give a score of nine or ten, passives, and
detractors [6]. The author argued that this metric cor-
relates with a company’s organic growth rate better
than more complex tools [6]. Subsequent replication
studies cast doubt on the universality of this correlation
and caution against equating correlation with causation
[7]. Given these caveats, it is advisable to use the index
in an aesthetic clinic as part of a multi-channel system
of indicators, supplementing it with other metrics.

The third conceptual framework is the service-
profit link developed by Heskett, Sasser, and Schlesing-
er and first presented in the Harvard Business Review
in 1994. It describes the causal relationship between
staff satisfaction and loyalty, service quality, customer
satisfaction, customer loyalty, and the establishment’s
financial performance [8]. In the context of the hos-
pitality and service industries, empirical tests of the
model largely confirm the significance of most of the
postulated relationships, although some studies do
not find the expected mirror of satisfaction between
staff and customers in all settings [9]. For aesthetic
medicine, this chain is of particular importance, as
the quality of clinical interaction directly depends on
the stability and motivation of the staff providing it.

Waiting time management draws on Maister’s clas-
sic work on the psychology of queues, which formulates
eight principles of subjective perception of waiting: idle
time seems longer than occupied time, unexplained
waiting seems longer than explained waiting, uncertain
waiting seems longer than certain waiting, and anxiety
prolongs perceived time [10]. A systematic literature
review of the empirical work on this topic confirms that
the perceived, rather than actual, duration of a wait
predominantly shapes satisfaction, and identifies active
engagement of the waiting customer as a key moderat-
ing factor [11]. These principles are directly applicable
to managing the waiting experience in a clinic.

The service recovery paradox describes a situation
in which a client, after a successfully resolved problem,
rates the organization higher than they would have
if the service had been flawless, because successful
recovery increases their trust and confidence [12]. In
a medical context, this phenomenon transforms a pa-
tient’s complaint into an opportunity to strengthen
loyalty, provided there is a prepared recovery protocol
[13]. Despite a significant body of literature on individ-
ual components, there is a lack of systematic material
that would combine these models into a comprehensive
operational system for measuring and managing sat-
isfaction in aesthetic medicine.

Materials and methods. The study is based
on general scientific methods of analysis, synthesis,
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comparison, generalization, and systematization, as
well as on a structural-functional approach to describ-
ing the patient satisfaction measurement system. The
empirical basis consists of operational data from the
Arviv Medical Aesthetics clinic for the period from
March 2024 to February 2026, collected in the facility’s
management system, as well as public patient reviews
and industry benchmarks. The adaptation of service
quality tools was based on the author’s prior experi-
ence in luxury retail at LVMH, which she applied to
clinic management. The author refers to the system
described in this paper as the Patient Satisfaction
Operations Framework (PSOF). Its methodological
framework consists of the SERVQUAL model adapted
to aesthetic medicine, the Willingness to Recommend
Index, as well as behavioral indicators such as repeat
appointments, average visit cost, and conversion of the
first visit to a second.

A distinctive feature of the research design is the
presence of a control facility that operated within the
same organizational structure, in the same geographic
market of South Florida, during the same period, and
under the same macroeconomic conditions, but did not
implement the described satisfaction management sys-
tem. This structure forms a quasi-experimental design
of a natural experiment, in which the only significant
operational variable between the two facilities is the
presence or absence of a satisfaction measurement
and management system, which strengthens the caus-
al argument compared to a single-site observation.
The qualitative component of the study is provided by
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structured individual interviews with patients within
the framework of follow-up protocols and an analysis
of the content of open-ended feedback.

Research results
Baseline Satisfaction Measurement

At the start of the study in March 2024, patient
satisfaction at the clinic was measured exclusively
through a publicly available rating of 4.7 points and
was passively collected based on voluntary feedback.
There was no systematic measurement outside of this
channel: the rate of repeat appointments, satisfaction
by individual specialists, the willingness-to-recom-
mend index, or the conversion of first visits to second
visits were not tracked. Satisfaction data was gener-
ated passively, without a defined target benchmark
and without a structured process for translating it
into operational improvement actions. The 4.7 rating
remained a baseline with no system behind it. Indi-
rect indicators of the patient experience included an
average visit cost of $347.01 and a high baseline staff
turnover rate. The feedback collection system lacked
a defined point in the patient journey where feedback
was solicited, had no mechanism for privately inter-
cepting negative feedback before it was made public,
and did not designate a person responsible for system-
atically analyzing the feedback.

Multi-channel measurement system
The PSOF system is structured as a four-layer
framework. The first layer consists of a continuous
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Fig. 1. Baseline Structure of Patient Satisfaction Measurement at the Clinic in March 2024
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observation protocol, within which staff are trained
to interpret verbal, nonverbal, and behavioral sig-
nals of the patient’s emotional state throughout the
visit, starting with establishing an emotional base-
line upon arrival and ending with capturing signals
during subsequent care. The second layer is the will-
ingness-to-recommend index. The patient rates the
likelihood of recommending the clinic on a scale from
zero to ten, and responses are categorized as promot-
ers (nine or ten points), passives (seven or eight), and
critics (zero to six). Measurements are repeated at
three specific points along the patient journey: upon
discharge immediately after the procedure, during
follow-up within twenty-four hours, and during an
in-person follow-up visit two weeks later. The third
layer consists of a structured post-visit questionnaire.
The fourth layer comprises the SERVQUAL model
adapted for aesthetic medicine.

The clinic retained the five SERVQUAL dimensions,
but the content of each had to be adapted to aesthetic
practice. The author classified the physical environment
as everything the patient perceives physically, from the
cleanliness of the treatment rooms and the appearance

of the staff to the modernity of the equipment, the com-
fort of the waiting area, and the sense of privacy. The
author interprets reliability as the alignment of what
is received with what was promised: when the appoint-
ment starts on time, the treatment corresponds to what
was agreed upon during the consultation, the price
is explained correctly, and the prognosis of the result
proves to be realistic. Responsiveness refers to the speed
and readiness of the team to respond, which is evident
from the time it takes to answer a call and the length
of the wait before the appointment. Assurance is linked
to trust and a sense of security, which the patient de-
rives from the specialist’s competence. The most sub-
tle dimension, empathy, is assessed based on whether
the patient felt heard and experienced personal care.
Patients rate each of these dimensions on a five-point
scale, and the questionnaire concludes with a question
regarding their willingness to recommend the clinic.

Three-Point Measurement as
a Methodological Contribution
For example, the willingness-to-recommend index,
which in the hotel industry is a good predictor of loyalty
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and referrals, is measured at the clinic not at a single
point but at three points along the patient’s journey.
This reflects a characteristic of satisfaction with aes-
thetic treatment that hotel services do not have, since
satisfaction evolves over time as the clinical outcome
develops; therefore, a single measurement point is
less representative than multi-point measurements
throughout the post-procedure window. The assessment
of the index at the two-week follow-up visit carries the
highest predictive weight, as the clinical outcome is
already visible and the patient evaluates satisfaction
based on the actual result. This three-point scheme is
part of Marharyta Kuzmichova’s proprietary method-
ology, which distinguishes it from the single-session
measurement common in the hospitality industry.

In the hospitality industry the willingness-to-rec-
ommend index is captured once, at the point of de-
parture, because the guest’s experience is essential-
ly complete at checkout. Aesthetic medicine differs
fundamentally: the clinical result is not yet visible at
discharge and continues to develop over the following
days and weeks. Measuring satisfaction at a single
point would therefore capture an incomplete outcome.
The proposed three-point scheme — at discharge, at
24-hour follow-up, and at the two-week in-person vis-
it — is designed specifically to capture this delayed
effect of a medical service, with the two-week measure-
ment carrying the highest predictive weight because
the patient evaluates an outcome that has actually ma-
terialized. This shift from single-point to multi-point
measurement constitutes one of the central method-
ological contributions of the framework.

The repeat booking rate in the hotel industry corre-
sponds to the percentage of guests who return, while
in a clinic it indicates what percentage of patients
schedule their next appointment before even leaving
the facility. Here, the adaptation has one important
difference. In a hotel, a guest may not return simply
because they visited the city only once, and this does

not necessarily indicate dissatisfaction. In a clinic,
a patient who does not return most often has not been
given a sufficient reason to return. Because of this,
rebooking speaks more candidly of dissatisfaction and
more accurately reflects the work of a specific specialist.

The equivalent of the average check for a hotel
stay is the average daily rate, while in a clinic, this
amount is more indicative of how much the patient
trusts the doctor’s recommendations. A willingness to
commit to a comprehensive treatment plan, sign up for
a membership, and purchase additional care products
indicates a deeper level of trust than simply agreeing
to the minimum scheduled service. For this reason,
the average bill serves a dual purpose: financial and
relational.

Empirical Results and Comparison with
a Control Institution

Between March 2025 and February 2026, the in-
stitution that implemented the system achieved the
following results. Its rating on a public review plat-
form rose from 4.7 to 4.8 thanks to an active review-
generation program, for which a monthly target of
twenty new reviews was set.

Every patient who scored the clinic between zero
and six on the ten-point scale was included in a pri-
vate recovery protocol: they were contacted personally
within twenty-four hours, before the complaint became
public.

The repeat visit rate averaged 60 percent, tracked
both for individual staff members and the establish-
ment as a whole. The average visit cost rose from
$347.01 to $463.62, an increase of 33.6 percent, re-
flecting deeper patient trust and a willingness to
undergo comprehensive treatment. Staff turnover
decreased by 52 percent, ensuring continuity in
the specialist-patient relationship. Annual revenue
reached $2,034,769 and remained stable despite dif-
ficult market conditions. This result was supported

Table 1

Transformation of Hospitality Metrics into Patient Experience Indicators
in Aesthetic Medicine

ness-to-recom-
mend index

recommend the clinic or
specialist

Hospitality 1.ndus- Clinical e.:qulval.el.lt m Key adaptation in the clinic Managerial meaning
try metric aesthetic medicine
Willing- Patient willingness to Measured at three points of the | Shows how satisfaction changes

patient journey rather than once

as the clinical result becomes
visible

Guest return rate

Repeat booking rate

Assessed by whether the patient
schedules the next visit before
leaving the clinic

Reflects both satisfaction and
the specialist’s ability to create
a reason for continued care

Average daily rate
/ average check

Average patient bill

Interpreted together with treat-
ment-plan acceptance, member-
ship enrollment, and product
purchases

Indicates the level of trust in
the doctor’s recommendations

Loyalty and refer-
ral behavior

Patient retention and refer-
ral potential

Evaluated through repeated vis-
its, recommendations, and long-
term treatment commitment

Connects patient experience
with financial stability and

clinic growth
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Fig. 3. Key Performance Results After Implementation of the Patient Satisfaction Management System

mainly by returning patients, while new patient ac-
quisition had a smaller impact.

The most significant methodological finding is the
comparison with the control facility. Over the same
period, the facility that did not implement the system
experienced a 6 percent drop in revenue, maintained
an unchanged rating due to passive feedback collec-
tion, and achieved a patient retention rate of 44 per-
cent. A gap of 16 percentage points in retention and
28.8 percentage points in revenue trajectory between
the two facilities was observed under identical macro-
economic conditions in the same competitive market.

Since both facilities operated under the same or-
ganizational ownership, in the same market, under
the same macroeconomic environment, with the same
patient demographic profile, and offering the same
categories of clinical services, the only significant
operational difference was the presence or absence
of a satisfaction management system. This provides
grounds for considering the implementation of the
system as the primary operational variable explaining
the difference in performance.

The greatest scientific interest lies not even in the
revenue growth in the first year, but specifically in its
stability in the second year against the backdrop of
a simultaneous decline at the control facility. Reve-
nue in the second year was virtually identical to that
of the first, while the control facility lost six percent
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under identical market conditions. This trend indicates
structural revenue stability ensured by the satisfac-
tion system, whereas without the control facility, such
a conclusion would have remained unattainable.

Empathy as a Leading Predictor of Loyalty

A cross-analysis of satisfaction data regarding re-
ferral behavior revealed that, among all model dimen-
sions, the strongest individual predictor of willingness
to recommend is the empathy dimension, which sur-
passes the overall willingness-to-recommend index,
ratings, and other individual dimensions in predic-
tive power. Patients who rated empathy at four or five
points generated recommendations significantly more
often than patients with a rating of three or lower,
regardless of ratings on other measures. Patients who
achieved excellent clinical outcomes, were in a clean
and professional environment, and received timely
care, but did not feel genuine attention and care, gen-
erally did not leave recommendations. This finding
aligns with empirical data from the healthcare indus-
try regarding the leading role of empathy among the
SERVQUAL dimensions [4] and has direct managerial
implications: developing empathy competence through
training in consultation quality and emotional state
management proves to be one of the most effective
available ways to increase the number of referrals.
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Fig. 4. Comparison of Revenue, Rating, and Patient Retention Between the Implementing and Control Facilities

Distinguishing Between Satisfaction with the
Procedure and Satisfaction with the Service

Data from the clinic separately demonstrated that
satisfaction with the treatment outcome and satis-
faction with the service can exist independently of
one another. One patient completed a full course of
treatment with excellent clinical results, had no com-
plaints, and paid his bills on time; however, he rated
empathy and responsiveness at only two out of five
points and, based on the willingness-to-recommend
index, fell into the “critics” category. His subsequent
behavior matched this assessment: his return rate was
below average, his spending did not increase, he did
not sign up for membership, and he left no reviews or
recommendations. Based on clinical and financial met-
rics, the patient appeared fully satisfied, so without
measuring service quality, the clinic would have only
noticed the loss when he silently failed to show up for
maintenance treatment.

SERVQUAL helped the clinic understand the
source of the patient’s dissatisfaction. The team re-
sponded by recognizing the patient’s concerns, offering
practical solutions and maintaining regular contact.
Over time, the patient stopped acting as a critic and
became part of the loyalty program.

The case also led to targeted coaching for the spe-
cialist, with a focus on empathy and communication.
Afterward, his empathy scores improved, and repeat
appointments increased across his practice. This ex-
ample shows that patient loyalty depends not only on

treatment results, but also on how people feel through-
out their experience at the clinic.

Discussion of results. The results obtained are
consistent with the findings in the literature regarding
the patient experience in aesthetic medicine, where
the functional dimension prevails over the relational
one, while the relational dimension of care nonetheless
exerts an independent and significant impact on per-
ceived quality, satisfaction, and loyalty [1]. They also
confirm the applicability of the SERVQUAL model to
the aesthetic setting, provided it is contextually adapt-
ed — a necessity emphasized by the methodological
literature [5]. The leading role of the empathy dimen-
sion, identified in the clinic’s data, echoes the results
of an empirical study of inpatient care, where empathy
had the strongest influence on satisfaction among all
dimensions of the model [4].

The stability of revenue in the second year against
the backdrop of a decline at the control facility is
best explained by the service-profit link, as invest-
ment in satisfaction and staff retention — manifest-
ed in a 52 percent reduction in turnover — ensured
the continuity of the specialist-patient relationship,
which fosters loyalty and long-term patient value [8;
9]. Waiting experience management, based on Mais-
ter’s principles — particularly the priority of proactive
communication over the actual reduction of waiting
time — aligns with the contemporary reinterpretation
of these principles through the categories of tolerance
for waiting and a sense of progress [10; 11]. Turning
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Table 2

Distinguishing Treatment Outcome Satisfaction from Service Experience Satisfaction

Analytical | What standard met- Wh‘at service- Observed patient be- o 1 ..
dimension ries showed quality measure- havior Managerial implication
ment revealed
Treatment The patient completed | Clinical success did Based only on outcome Clinical and financial
outcome the full course, achieved | not automatically and payment data, the indicators should not be
excellent clinical results, | indicate a positive patient appeared satis- | used as the sole proxy for
had no complaints, and | service experience. fied. satisfaction.
paid all bills on time.
Service per- | No visible dissatisfaction | Empathy and respon- The patient did not Low emotional-service
ception was recorded through siveness were rated | actively recommend the | scores can predict loyalty
ordinary complaint only 2 out of 5; the clinic and showed weak | risk even when treatment
channels. willingness-to-recom- | engagement after treat- results are strong.
mend index placed ment.
the patient in the
“critics” category.
Retention The patient had com- SERVQUAL results | Return rate stayed below | Silent attrition can appear
and spend- pleted the paid treat- | explained why future | average, spending did not | only after the clinic has
ing ment course, so the value was at risk. increase, and the patient already lost a mainte-
case looked financially did not join the member- | nance or repeat-treatment
successful. ship program. opportunity.
Service The case did not require | The source of dissat- After concerns were Recovery should address
recovery clinical correction. isfaction was linked recognized, practical the experience gap, not
to communication, solutions were offered, | only the clinical outcome.
empathy, and respon- | and regular contact was
siveness. maintained, the patient’s
behavior improved.
Staff coach- | The specialist’s clinical A specific empathy Targeted coaching im- Individual SERVQUAL
ing performance remained | gap was identified for | proved empathy scores dimensions can be trans-
strong. the specialist. and repeat appointments | lated into focused staff
across the specialist’s development.
practice.
Main con- | The patient looked sat- The patient was Loyalty improved only Patient loyalty depends
clusion isfied under clinical and | dissatisfied with the | after the clinic responded | on both treatment results
billing metrics. service experience |to the service-quality gap.| and the way the patient
and at risk of leaving feels throughout the clinic
silently. experience.

a dissatisfied patient into a more loyal one through
a prepared recovery protocol aligns with the concept
of the service recovery paradox; however, empirical
studies indicate that this effect is limited. A large-scale
study of the banking sector showed that the paradox is
a rare phenomenon with a modest effect size [12], and
experimental data confirm that the magnitude of the
effect depends on the severity of the failure and the
quality of recovery, with satisfaction after recovery not
exceeding the level of error-free service under certain
conditions [13]. This justifies prioritizing failure pre-
vention alongside the existence of a recovery protocol.

At the same time, the study’s limitations must
be acknowledged. The structure of the natural ex-
periment is not a randomized controlled trial and
therefore does not completely rule out the influence
of unobserved variables. Critical literature on the
willingness-to-recommend index cautions against
equating the correlation of this indicator with growth
with a causal relationship [7]; therefore, in the de-
scribed system, the index is deliberately applied as an
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element of a multi-channel structure in which behav-
ioral metrics of repeat visits and average check size
verify stated loyalty with actual behavior. Satisfaction
data broken down by individual specialists and patient
segments were obtained within a single organizational
context; therefore, their generalization to other types
of facilities requires further verification.

The clinic’s experience highlights a distinction
the author considers central: the difference between
measuring satisfaction and managing it. The most
common and costly mistake made by aesthetic clin-
ics is the presence of measurement without manage-
ment — that is, collecting data on ratings and the
willingness-to-recommend index without linking this
data to specific operational decisions, individual staff
accountability, and defined improvement actions. The
maturity of the system can be assessed by a manag-
er’s ability to explain, for each metric, what action is
triggered when a certain value is reached. A drop in
the repeat visit rate below a defined threshold triggers
a coaching conversation with a specific specialist; an
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empathy score below the threshold triggers an indi-
vidual development plan; a critical assessment of the
index triggers personal contact regarding recovery
within twenty-four hours. An indicator that cannot
be linked to a specific managerial response remains
a reporting tool and does not function as a manage-
ment tool. It is precisely this binding of every metric
to a managerial response that turns a set of borrowed
tools into an original operational system.

Conclusions. This study shows that patient sat-
isfaction should be treated as a separate part of clinic
management, not just as a sign of good clinical results.
It can be measured regularly and used to understand
why patients return, recommend the clinic or stop
treatment.

To build this system, the study combined
SERVQUAL, the Willingness to Recommend Index,
the service-profit link, expectation psychology and the
service recovery paradox. Together, these tools helped
turn patient feedback into practical information for
everyday management decisions.

Empirical results confirm the effectiveness of this
approach: the facility’s public rating, repeat visit rate,
and average visit revenue all improved, staff turnover
declined, and annual revenue remained stable despite
unfavorable market conditions (see Figures 3—4 for
detailed figures). The resulting retention and reve-
nue gap relative to the control facility, achieved under
identical external conditions, provides grounds for con-
sidering the satisfaction management system as the
primary operational variable explaining the difference
in performance. The strongest predictor of loyalty and
referral behavior turned out to be the empathy metric,
which determines the priority direction of investment
in staff competence.

The minimum set of metrics suitable for imple-
mentation in a facility of any size without additional
technological investments consists of the repeat visit
rate, the rating along with the volume of reviews, and
the average visit check. The PSOF system is repli-
cable because it relies on standard models and data
that the clinic already collects, so another facility can
replicate it without changing its software. It is scal-
able because it works equally well in a small practice
with a minimal set of metrics as it does in a network,
where a recommendation index, a full SERVQUAL
questionnaire, and analysis broken down by individual
specialists are added. This provides the industry with
a transferable method for managing patient retention,
rather than merely recording it after the fact. Areas for
further research include standardizing the measure-
ment methodology across various types of institutions
to verify the reproducibility of identified patterns, as
well as developing predictive models of satisfaction
based on accumulated longitudinal data.

Significance of the Study. The author sees the
theoretical significance of this work in the fact that
it brings together several previously separate service
models into a single system and applies them to a field
where they have been rarely used, partially filling
a gap identified in the existing literature. The practical
benefit lies in the fact that this approach enables the
director of an aesthetic clinic to identify patient attri-
tion due to service quality before it impacts revenue
and to make specific staffing and operational decisions
based on this data. If other institutions adopt a similar
system, the industry’s managerial focus will gradual-
ly shift from clinical outcomes alone to the patient’s
overall experience, upon which patient retention and
long-term value depend.

JOJATKOBA IHOOPMAI[IA
DOIHAHCYBAHHSA: ABTopu He 0TPUMYBAJIH (PiHAHCYBAHHSA [JIA I[LOTO JOCIIKEHHS.
3AABA ITPO JOCTYIIHICTB JAHMX: He 3acT0COBYETHCA.
KOH®JIIKT IHTEPECIB: ABTopu 3asBJIAI0TH IIPO BiICYTHICTH KOHQJIIKTY iHTEpECIB.
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EMBODIED COGNITION AND POSTURAL

REGULATION: BODY CONFIGURATION AS

AN ACTIVE MODULATOR OF COGNITIVE
AND EMOTIONAL PROCESSES

UHAVYH IHhI1OLUOXMIOU

Summary. The goal of this paper was to look at how your postural positioning works as an active regulatory method from the
standpoint of embodied cognition. In essence, we are saying that while you use your body’s position to move around physically,
it also has the ability to provide input into all of our other cognitive, emotional, and autonomic processes. We have examined
much of what has been written about embodied cognition; interoceptive neuroscience; postural studies and somatic regulation.
Our argument is that changing one’s intentional posture can be used as an intervention to modulate decisions; how we appraise
emotions; how we allocate attention and create strategies for behavior. As such, we are arguing that posture influences how
the brain predicts its own internal state using both proprioceptive and interoceptive pathways; therefore influencing perception
and behavior in ways far beyond movement. This view directly relates to the development of the Somatic Reset Method™ (SRM).
Developed over 15 years of self-somatic practice and study and delivered formally for the past 4 years individually, in groups,
and organizationally with participants; we see postural engagement as part of a six phase activation-recovery cycle. Since we
treat regulation as a trainable/measureable skill, we operationalize postural awareness/recalibration as a structured way to
produce predictable, reproducible shifts in attentional stability/emotional regulation/cognitive clarity. This paper provides the

conceptual base for our applied position.

Key words: embodied cognition, postural regulation, proprioception, interoception, somatic feedback, cognitive modulation,

Somatic Reset Method, body-mind regulation.

ntroduction. The traditional view of the way the

brain uses abstract representations to carry out
mental activities has, in recent years, been revised.
A new theory called Embodied Cognition has made
it clear that our minds do not exist independently of
our bodies. Our cognitive abilities are developed and
enhanced through interaction with the world around
us, using our senses and muscles. As such, the way we
perceive the world is directly related to how we move
and use our bodies. In addition to being influenced by
our surroundings and environment, the way we move
also influences our perception of the world.

One area where cognition is significantly impacted
by movement is through the use of posture. Posture
does not just refer to the spatial relationship of body
parts; it also continuously provides the nervous system
with information regarding its orientation and tension
level, including whether or not it is ready to act. All
of these pieces of information are constantly flowing
into our brains and are not always treated individually.
Rather they interact with other forms of internal and

external stimuli and influence each other. Therefore,
when we intentionally adjust our posture, we create
changes in both our physical and psychological state.
We affect what aspects of our environment will cap-
ture our attention, the way we emotionally respond to
situations and the types of behaviors we engage in.
Although research clearly demonstrates that pos-
ture affects psychological function, most models used
today still focus on the idea that posture follows from
an individual’s psychological state. For instance, stud-
ies have shown that individuals who suffer from clinical
depression typically exhibit slumped postures. How-
ever, these findings demonstrate only a unidirectional
effect and fail to consider the fact that posture both in-
fluences and reflects cognitive and emotional processes.
This study seeks to address this void by explor-
ing the ways in which posture affects and is affected
by cognitive and emotional processes. Furthermore,
this study positions the intentional regulation of pos-
ture as a major entry-point within established body-
mind regulatory frameworks. Specifically, this study

o/
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describes the Somatic Reset Method (SRM) as a meth-
odological approach that utilizes the components of
postural awareness and recalibration within a full
recovery-activation cycle. While many approaches to
correcting problematic postures treat them as isolat-
ed interventions, the SRM views posture as a part of
a larger sequence of events within a fully functional
regulatory process. The purposes of this study are to:
(1) summarize existing literature on posture-cognition-
emotion interactions; (2) develop a conceptual model
of posture as an active regulator; and (3) describe the
practical applications of methods that define regula-
tion as a trainability-based competency.

Literature Review

1. Embodied Cognition: From Theory to Reg-
ulatory Mechanism

The embodied cognition paradigm asserts that
mental processes are an extension of the body’s phys-
iological state and interaction with its external envi-
ronment [14; 26].

The 4 E model (cognition as embodied, embedded,
enacted, and extended) presents a complete conceptu-
alization of how the body is involved in producing per-
ception, emotions, and behaviors [14]. In this way, the
body does not simply serve as a medium or platform
on which to operate cognitively, but rather the body
continuously co-constructs cognitive content.

In reviewing empirical and theoretical support for
embodied cognition across multiple domains, Shapiro
and Spaulding (2024) demonstrate that sensorimo-
tor experiences do not simply correlate with cognitive
processes, but instead constitute those same cognitive
processes [22]. Castro-Alonso et al. (2024) identify ap-
plied outcomes related to learning and instructional
practices by documenting that bodily engagement im-
pacts both the process and retention of information
[5]. Pearce and Miller (2025) expand upon this work
and show that the bodily experiences individuals have
in early life shape the brain architectures associated
with attentional control and cognitive regulation [15].

Valentini and Guarnacci (2021) conducted a sys-
tematic review of studies examining the relationship
between physical activity/embodied experiences and
cognitive performance in various populations [25].
They found that there was a significant amount of
evidence indicating that engaging in physical activity/
embodied experiences improves cognitive performance.

However, Khatin-Zadeh et al. (2021) did note that
the stronger forms of embodied cognition presented
some theoretical challenges however they also noted
that regardless of these challenges the data clearly
shows that the configuration of the body and actions
taken by the body significantly affect cognitive/emo-
tional processes [12]. Moreover, Khatin-Zadeh et al.
(2021) further stated that these effects occur via mech-
anisms that cannot be reduced to abstract symbolic
representations [12].

63

Gordon and Ramani (2021) developed a model com-
bining elements of embodied cognition with those of
information processing. Their model demonstrated
how gestures and movements made with the body can
directly impact the mathematical reasoning of chil-
dren. Gordon and Ramani (2021) showed that their
findings generalize to the larger principle that the
body is a cognitive variable, and not just an output
mechanism for motion.

2. Posture as a Bidirectional Regulatory Vari-
able

Hall et al. (2023), in their analysis of both emotion-
al and postural control, have demonstrated an inter-
changeably related relationship between emotional
condition and postural stability [10]. They found that
emotional condition influences postural swaying, mus-
cle tone and body orientation; and at the same time
demonstrate how the input from the position of the
body influences activity within both the autonomic
and somatic nervous systems. Therefore, Hall et al.
(2023), established the bi-directional nature of the
mechanism for using posture as a regulatory tool: if
emotional condition affects posture and posture effects
emotional condition, then, deliberately changing pos-
ture provides a controllable means of influencing the
internal regulatory environment [10].

The findings reported in Caron et al. (2023), pro-
vided empirical support for the effect that posture has
upon the process of focusing or directing attention [4].
Specifically, they found that changes in body position
and configuration affect the ability to focus or attend
to stimuli along several different dimensions. Thus,
there are practical implications of these findings as
well: Because attentional capacity is influenced by
postural conditions, the act of changing posture may
also serve to modify cognitive conditions. Therefore,
the first phase of the SRM will include training that
requires participants to become aware of their body’s
configuration (posture) during each exercise, so as to
establish a base line level of body awareness prior to
entering into subsequent breathing based and atten-
tionally focused exercises.

The work conducted by Weininger & Shilaty (2024)
demonstrates that developing the skills necessary to
develop accurate representations of one’s own pos-
tural positions (interoceptive-posture-awareness) is
both trainable and associated with specific functional
regulatory outcomes. Additionally, they found that
providing participants with structured photographs
of themselves in various postures was sufficient to
improve their ability to develop such representations,
thus supporting another key premise of the SRM:
That, bodily regulatory capacities are not innate, but
rather can be developed through systematic practice.

In addition to providing evidence regarding the de-
velopment of interoceptive-posture-awareness, Sanna
(2025) also provided additional conceptual foundations
for understanding the role of postural configurations
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in regulating behavior and cognition [20]. Specifically,
he demonstrated that signals derived from propriocep-
tion (the perception of movement and spatial location)
resulting from a particular postural configuration con-
tribute to the formation of “readiness-to-act” states
that directly influence an individual’s behavioral and
cognitive orientation.

3. Interoceptive Integration and Predictive
Processing of Postural Signals

The impact of how we position our bodies extends
into the realm of how the body regulates its own in-
ternal state, or interoceptive predictive processing.
According to Seth (2013), interoception is the process
of drawing inferences about the body’s internal state
using predictive models of the body’s internal state
built from incoming sensory data [21]. Proprioception,
or the sense of where your body parts are positioned,
is one source of this ongoing flow of sensory data; it
provides feedback regarding the positioning of body
parts, muscle tone throughout the body, and how close
you feel to being in contact with your surroundings. All
of these pieces of information constitute part of what
the brain uses to build a predictive model of the body’s
overall internal state.

According to Barrett (2017) and Barrett et al.
(2025), this same process can be used to explain how
we emotionally respond to experiences [1; 2]. Emotion-
al responses occur when the brain takes in informa-
tion from various sources — including interoceptive
signals, prior knowledge and past expectations — and
integrates them together to create an active repre-
sentation of an emotion. In other words, the way we
physically position ourselves in space influences both
the type of interoceptive signals that we receive, and
therefore, the types of emotional states that we may
infer. For example, there will likely be a difference
in the interoceptive signals received by someone who
collapses their posture versus someone who maintains
an upright posture. These differences in interoceptive
signals then influence the predictions made by the
brain, and therefore have differing implications for
both cognition and emotional response.

Khalsa et al. (2018) describe the interoceptive sys-
tem as consisting of several layers that interact with
each other to provide real-time feedback about both
proprioceptive and visceral sensations [11]. Fermin
et al. (2022) further describe that the hierarchically
organized networks of neurons found in the insula
region of the brain are responsible for integrating sen-
sory information from proprioceptors and viscera with
higher order cognitive functions such as attentional
control [8]. This is important because it shows that
posture and cognition do not exist independently of
one another; they are instead interconnected through
a common neural pathway.

Price and Hooven (2018) demonstrated that training
individuals to explicitly recognize their interoceptive
signals results in adaptive changes at the behavioral

level [17]. Farb et al. (2015) also showed that develop-
ing greater awareness of internal bodily sensation was
associated with improved emotional regulation and
increased subjective feelings of well-being [7].

4. Somatic Feedback, Emotional Regulation,
and Behavioral Strategy

Beginning with Bu and Wang (2020) and their de-
velopment of the concept of “embodied emotion,” they
provide evidence that emotional experiences exist as
a result of being influenced by physical (bodily) con-
ditions rather than simply occurring with them. The
research conducted by Bu and Wang (2020) establishes
that the way individuals physically position themselves
or move will have a direct effect on how they perceive
emotions and subsequently react to those perceptions;
this further supports the theoretical basis of using
posture to regulate both emotional and cognitive func-
tions. In addition, clinical evidence exists supporting
the use of body positioning and movement to reduce
symptoms of dissociation and dysregulation. As report-
ed by Reuille-Dupont (2021), who researched somatic
psychology, clinical evidence has shown that when an
individual intentionally engages his/her body position-
ing and movement as a form of intervention, he/she can
effectively manage and/or decrease symptomology as-
sociated with both dissociation and dysregulation [18].

According to Rosendahl et al. (2021) in a systematic
review and meta-analysis of body psychotherapy, there
was sufficient empirical support indicating that body
oriented therapeutic interventions were significantly
beneficial to improve both psychological functioning
(including well-being) and stress regulation [19]. Ad-
ditionally, according to Kuhful3 et al. (2021) there is
a strong empirical basis to suggest that utilizing so-
matic experiencing techniques; including engaging in
intentional activities to increase awareness of one’s
own body positioning and postures, resulted in sig-
nificant decreases in physiological hyper-arousal [13].

Gross (2015) also noted that many commonly used
cognitive based emotion regulation strategies attempt
to influence the manner in which we appraise our en-
vironment through what is referred to as “top down”
processes [9]. However, Gross (2015) also stated that
while these cognitive approaches may be successful
at times in influencing our emotional responses, most
often they do not successfully alter the underlying
physiological substrate that underlies our emotion-
al responses [9]. This is where somatic and postural
approaches directly impact our emotional response
through “bottom up” processes.

In addition to providing evidence of the effective-
ness of utilizing postural and somatic approaches as
methods for regulating emotional responses, Tsur et
al. (2016) found that increased body awareness was
positively related to enhanced emotional clarity and
authenticity in terms of behaviors [24]. Furthermore,
Tsur et al. (2016) suggested that this relationship was
mediated through mindfulness [24]. Finally, alongside
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Tsur et al. (2016), Tang et al. (2015) found that mind-
fulness based approaches that incorporated training
that focused on developing increased somatic aware-
ness produced measurable neurological effects that
corresponded with improved ability to regulate emo-
tionally and improved focus/attention [23]. Collectively,
these studies provide a substantial empirical founda-
tion for understanding the importance of engaging in
active attempts to manipulate the way you physically
interact with your surroundings —i.e., through pos-
ture — as an effective method for improving your abili-
ty to regulate your emotional responses (See Figure 1).

Methodology. This study uses a methodological
approach based on theoretical synthesis — consistent
with standard approaches used for theory development
in both behavioral science and neuroscience research
[6] — to provide a comprehensive conceptual frame-
work for understanding how postural configuration can
be considered a regulatory process. Therefore, it does
not involve reporting empirical results from new stud-
ies. Rather than developing a new conceptual frame-
work for postural regulation as a process, this study
provides the theoretical basis for developing methods
to apply postural regulation within specific structural
body-mind practices.

To achieve the goal of developing a unified concep-
tual framework and establishing the theoretical foun-
dation for developing practical applications of postural
regulation through structured body-mind practices,

1. POSTURAL
CONFIGURATION

2. PROPRIOCEPTIVE &
INTEROCEPTIVE SIGNALING

AUTONOMIC REGULATION

3. PREDICTIVE PROCESSING NETWORKS

three phases were implemented during the analytical
process:

Phase one involved conducting a literature search
related to four areas of investigation. These four do-
mains are: (1) the theory of embodied cognition (and its
evidence base) [5; 12; 14; 22; 25; 26]; (2) bidirectional
mechanisms among posture-cognition-emotion [4; 10;
20; 27]; (3) interoception and the prediction of postural
information [1; 2; 8; 11; 21]; and (4) somatic/physical
interventions and regulation [3; 13; 17; 18; 19].

During Phase two, functional cross-domain relation-
ships were determined and specifically focused on the
bi-directional influence between postural configuration
and all aspects of the autonomic system (e.g., sympa-
thetic and parasympathetic systems), the interoceptive
nervous system (including perception of internal bodily
sensations), cognitive processes, and emotions.

Phase three entailed synthesizing the findings
from Phase Two to create a conceptual model (Figu-
re 1 and Table 1) that views postural regulation as
a structured regulatory strategy with multiple effects
in different domains. The conceptual model also de-
fines SRM as a sequential activation-recovery cycle
with six distinct phases, including postural recalcula-
tion as a functionally relevant part of each sequence
to assist in developing regulation as a trainable, mea-
surable and transferable capacity.

Findings. The study identified five primary find-
ings that together provide empirical justification for

4. DOWNSTREAM OUTPUTS

dic (Mu 1 Ou es)

BEHAVIORAL QUTPUTS

Color Key (State C

Fig. 1. Bidirectional Posture—Cognition—Emotion Regulatory Model
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treating postural configuration as an active regulatory
function, rather than simply a passive physical param-
eter within the framework of structured body-mind
practice.

Posture functions as a bi-directional regulatory
variable that continues throughout time, not as a sin-
gle directional motor output. Research demonstrates
that postural position (configuration) is able to reflect
and modify cognition/emotion/autonomic states via
both proprioceptive and interoceptive feedback mech-
anisms [10; 20]. It is this bi-directionality that allows
deliberate postural manipulation to have regulatory
impacts.

Postural position directly regulates attentional ca-
pacity. Caron et al. (2023) demonstrated that posture
affects all aspects of attention, providing evidence that
posture realignment is also a cognitive as well as phys-
ical intervention [4]. Therefore, it follows that Phase
1 of the SRM — in addition to serving as a physical
“warm up” — serves as a direct priming mechanism
for enhancing attention.

Regulatory capacity related to postural positioning
is capable of being trained and measured. Weiniger
and Schilaty (2024) demonstrated that the develop-
ment of awareness of one’s posture using structured
practices can improve measurable levels of postural
positioning accuracy and enhance overall regulatory
functioning [27]. As previously mentioned, this ability
to develop regulation (in addition to developing pos-
tural regulation) is a central tenet of the SRM and
a fundamental aspect of its design principles — namely
that regulation (including postural regulation), can be
systematically developed, measured and applied.

Signals generated by postural configurations be-
come input to the predictive processing system and
participate in generating or modifying emotional ex-
perience. Barrett (2017) and Barrett et al. (2025) pro-
vided research demonstrating that interoceptive inputs
(such as those generated by proprioceptive signals indi-
cating the body’s position) are processed by the brain’s
predictive models of internal state and lead to modifi-
cations of emotional appraisal and behavior-readiness

[1; 2]. In other words, postural realignments generate
changes in how the brain generates its models of self
and environment.

Lastly, body-based interventions incorporating
awareness of postural positioning result in similar out-
come patterns across various studies, populations and
contexts regarding improvements in mental health/
well-being, stress resilience, and emotion regulation
[13; 18; 19]. Consistency across researchers/practi-
tioners/settings provides additional empirical justifica-
tion for establishing these outcomes as method-specific
and therefore amenable to inclusion in standardized
structural formats (such as the SRM) for widespread
application.

Discussion. A critical component of this research is
the identification of four different mechanistic pathways
through which posture exerts its regulatory influence.
The first pathway is proprioceptive: postural config-
uration generates continuous proprioceptive signals
representing body orientation, segment position, and
muscular tension state, which are continually interpret-
ed by the nervous system as information regarding the
organism’s readiness. These signals become the source
of emotion and cognition [20; 27]. The second pathway
is interoceptive-predictive: these proprioceptive signals
are processed in the brain’s predictive processing archi-
tecture, which utilizes them to create models of the or-
ganism’s internal state that provide the foundation for
emotional experience and cognitive appraisal [1; 2; 21].
The third pathway is autonomic: postural configuration
affects the ANS via its effect on respiratory mechanics
(thoracic expansion), diaphragmatic function (diaphrag-
matic mobility), and visceral positioning (visceral posi-
tioning), thus influencing the physiological substratum
of regulatory capacity [10; 16]. The fourth pathway is
attentional: posture directly impacts attentional perfor-
mance through common neuroanatomical structures;
therefore, postural recalibration is a cognitive as well
as a physical intervention [4] (See Figure 2).

In sum, the integration of these four pathways
indicates that intentional postural regulation is not
simply a physically based intervention, but rather

Table 1
Postural Configuration Variables and Their Regulatory Effects
Postural Variable Mechanism Regulatory Effect Key Evidence
Upright, open align- | Proprioceptive signaling; | Increased attentional stability; Caron et al. (2023); Hall et al.
ment vagal tone reduced arousal (2023)
Collapsed / contracted | Interoceptive input pro- | Reduced cognitive flexibility; | Bu & Wang (2020); Barrett (2017)
posture file shift increased negative affect

Grounded, stable base

Proprioceptive reso-
nance; readiness-to-act

Enhanced behavioral orienta-

tion; cognitive clarity

Sanna (2025); Weiniger & Schil-
aty (2024)

Deliberate postural
recalibration

Predictive model update
via interoception

Emotional appraisal shift;

regulatory state change

Seth (2013); Barrett et al. (2025)

Structured somatic
movement sequences

Bottom-up nervous sys-
tem recalibration

Reduced hyperarousal; im-

proved well-being

Rosendahl et al. (2021); Kuhfuf}
et al. (2021)

Note: regulatory effects refer to documented outcomes from reviewed empirical and review studies
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2. INTEROCEPTIVE-PREDICTIVE PATHWAY
ut — Predicti ing DOWNSTREAM

REGULATORY OUTCOMES

Fig. 2. Four Mechanistic Pathways Through Which Posture Exerts Regulatory Influence: Proprioceptive,
Interoceptive-Predictive, Autonomic, and Attentional Mechanisms Linking Postural Configuration to Cognitive,
Emotional, and Behavioral Regulation

a multi-systems based regulatory input that concur-
rently impacts physiological, interoceptive, autonomic
and attentional systems. This is precisely the multi-
systems regulatory structure present in the Somatic
Reset Method™ (SRM). In the SRM, Phase 1 (Somatic
Awareness and Interoceptive Training) includes pos-
tural orientation as a fundamental aspect of estab-
lishing regulatory baselines. There is now a clear the-
oretical basis for this approach: awareness of postural
orientation provides the reference point for interocep-
tion and proprioception from which all subsequent reg-
ulatory phases (breath-based regulation, attentional
stabilization, cognitive deconditioning, and nervous
system recalculation) are able to effectively operate.
One additional feature of the predictive process-
ing dimension of postural regulation is particularly
noteworthy because it illustrates a mode of influence
that transcends the musculoskeletal system to include
the generative architecture of emotional experience.
According to Barrett’s (2017; 2025) framework, emo-
tions do not arise as a result of receiving information
from the body that the brain interprets as emotional
[1; 2]. Rather, the brain actively constructs emotional
experience through a predictive inference process in
which bodily signals serve as data for updating inter-
nal models. Postural configuration serves as a con-
stant interoceptive input stream during this con-
struction process: A collapsed posture will generate

/2

an interoceptive input profile that will be incorporated
into the brain’s predictive models as indicative of low
energy, threat or defeat. Thus, the resulting emotion-
al and cognitive experiences will reflect those same
states. Similarly, an upright posture with grounding
and openness will generate an input profile indicative
of readiness, safety and engagement — resulting in
shifts in emotional appraisal, attentional orientation
and behavioral strategies. This is not metaphorically
speaking; posture influences what data is available for
generating emotional realities.

As such, there are direct implications of this finding
for how we apply body/mind interventions. Specifically,
if postural configuration contributes to the generation
of emotional experience through predictive process-
ing, then it follows that a deliberate attempt to alter
posture would also constitute an intervention in the
generation of emotional experience — not just a down-
stream consequence of having altered emotional expe-
rience. As such, the SRM’s embodiment-first model of
regulation is predicated upon this very understand-
ing. By establishing a conscious, recalibrated postural
baseline in phase 1 prior to introducing attentional/
cognitive processes, the SRM allows for a new intero-
ceptive signal stream that recalculates the predictive
architecture from which all subsequent cognitive and
emotional experiences arise. This ordering is theory-
driven — not just conventionally ordered.
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Additionally, another finding of this research relat-
ed to training is important for application purposes.
Weiniger and Schilaty (2024) demonstrated that in-
teroceptive awareness of posture is not a fixed trait but
rather a trainable skill through structured feedback-
informed training practices — with resultant increases
in postural accuracy and functional outcomes [27].
This supports a foundational design premise of the
SRM: regulation — including its postural aspects —
is a trainable capability and not a static individual
characteristic. The SRM was designed to develop this
trainable capacity over multiple sessions using its pro-
gressive six-phase delivery format — with outcomes
assessed across the six domains of the Somatic Reset
IndexTM (SRI): Physical Ease, Attentional Stability/
Clearness, Cognitive Clarity/Ease — each being im-
pacted directly by postural regulatory quality.

This framework has an additional source of sup-
porting evidence from the applied research area.
Rosendahl et al. (2021), via meta-analytic examination,
have established that Body-Oriented Interventions
(BOI) significantly contribute to enhanced psychologi-
cal well-being and reduced stress levels [19]. Similarly,
Reuille-Dupont (2021) showed reliably effective regula-
tory changes in Clinical Somatic Psychology contexts
using Movement & Body Configuration Engagement
[18]. In addition, Kuhfuf} et al. (2021) confirmed that
somatic-experiencing based on techniques can be used
to regulate physiological hyper-arousal via postural

& movement based approaches [13]. The consistent
findings regarding postural regulatory effects across
the various types of applied settings provide further
evidence that postural regulatory effects are both scal-
able and method dependent — two features necessary
for the delivery of regulation in the structured formats
of the SRM (See Figure 3).

A wider theoretical implication of the present study
relates to the relationship between Embodied Cog-
nition (EC) and Regulatory System Design. As per
Newen et al.’s (2018) 4E cognition model, cognition is
fundamentally Embodied, Embedded, Enacted and Ex-
tended; however, with very few exceptions, all existing
methodologies for applying regulatory systems still fo-
cus almost exclusively upon treating the body as a sec-
ondary variable when attempting to address cognitive
and affective states by means of top-down verbal and/
or cognitive methods [14]. The present review provides
substantial support for the idea that the methodology
employed to design most current applied regulation
systems systematically underutilize the most direct
regulatory pathways available: Postural Configuration/
Proprioception /Interoceptive Recalibration. The SRM’s
Embodied-First Architecture is an example of Method-
ology to respond to this Gap — as it is directly informed
by both the empirical and theoretical literature on how
best to initiate and sustain regulatory change.

Conclusions. This paper defines posture as an
active, bi-directional, and trainable control process

£

BEHAVIORAL
ALIGNMENT

WHY PHASE 1 MATTERS

Fig. 3. Positioning of Postural Regulation within the SRM Six-Phase Sequential Framework
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mediated by multiple simultaneous neurophysiological
pathways (proprioceptive, interoceptively predictive, au-
tonomic and attentional). The literature demonstrates
that willfully changing posture results in reliable and
quantifiable regulatory impacts on both cognition and
affect as well as on ANS function — impacts that vary
depending upon methodological design, can be scaled
up or down based on population sample size, and are
at their greatest potential for impact when included
as part of a structural, sequential regulatory strategy.

At the center of our discussion is the claim that
posture is an active input into the brain’s generative
model of how it experiences emotion and cognition, and
therefore postural control should not simply be viewed
as a peripheral physical manifestation of psychologi-
cal states. Instead we propose that postural control
represents a key regulatory interface; one where pos-
tural awareness, if approached with intentional struc-
ture, allows for immediate and generalizable changes

to the individual’s overall internal regulatory state.
Therefore, our proposed Somatic Reset Method (SRM),
provides a comprehensive activation-recovery cycle
that positions the first phase of awareness regarding
posture as the foundation from which all other regula-
tory efforts proceed. Additionally, SRM presents data
indicating that when postural regulation is treated as
a trainable and measurable skill set, it leads to reliable
and replicable outcomes across different practitioner
groups, practice formats, and organizational settings.

We recommend future studies examine the efficacy
of specific structured postural regulation methodolo-
gies utilized in conjunction with multistage regulatory
strategies. We also suggest developing standardized
measurement techniques (e.g., interoceptive posture
awareness assessments and integrative regulation
metrics such as the Somatic Reset Index (SRI)) that
can capture the systemic effects of purposeful postural
involvement on body-mind practice.

JJOIJATKOBA IHOOPMAILIIA
DOIHAHCYBAHHS: Asropu He oTpuMyBasu (DiHAHCYBAHHA AJIS IIHOTO TOCTIIKEHHA.
3ASABA ITPO JOCTYIIHICTD JAHUX: He 3acTocoByeTbCA.
KOH®JIIKT IHTEPECIB: ABTopu 3asABJIAI0TH ITPO BiICYTHICTh KOHQJIIKTY iHTEpeCiB.
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BIOPREPARATIONS FOR REDUCING WATER
CONSUMPTION IN AGRICULTURAL CROPS
WITHOUT YIELD LOSS: A PRACTICAL
APPROACH TO SUSTAINABLE FARMING
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Summary. Water scarcity and shifting precipitation patterns are placing growing pressure on agricultural systems, particu-
larly in regions where rainfed and deficit-irrigation practices dominate. This paper examines the potential of biopreparations,
including humic substances, microbial biofertilizers, and plant biostimulants, to reduce crop water consumption while preserv-
ing yield stability. Building on established field methodologies for assessing crop water consumption under variable fertilization
regimes [8], the paper synthesizes evidence on how biological amendments influence root development, soil water retention,
and physiological water-use efficiency across a range of crop systems. The paper’s central contribution is the Integrated Biostim-
ulant Water Optimization Framework (IBWOF), an analytical structure comprising four weighted domains: water consumption
dynamics, biostimulant response, meteorological adaptation, and fertilization synergy. These domains are aggregated into a
composite Water-Bioproductivity Optimization Index (WBOI) through an analytic hierarchy process weighting procedure. Find-
ings drawn from the literature indicate that biopreparation-based approaches can reduce water consumption per unit yield
across several crop and climate contexts, without a corresponding decline in productivity. The paper closes with methodological
recommendations for integrating biopreparations into adaptive agrotechnology strategies under continuing climate variability.

Key words: biostimulants, biofertilizers, humic substances, water-use efficiency, sustainable agriculture, deficit irrigation,

climate adaptation.

ntroduction. Agricultural water demand continues

to rise even as available freshwater resources become
less predictable, a tension that is especially acute in
arid and semiarid production zones where irrigation
already accounts for most consumptive water use [1].
Farmers in these regions have increasingly turned to
deficit irrigation, mulching, and tillage adjustment as
means of stretching limited water supplies without
abandoning yield targets [2; 9; 15]. These physical and
agronomic interventions are frequently paired with,
or in some cases substituted by, biological approaches
such as biofertilizers and biostimulants, which are
reported to modify root architecture, soil structure,
and plant physiological responses in ways that lower
the volume of water a crop requires to reach a given
yield [4; 10; 14].

Field-based agronomic research on water consump-
tion has its own methodological requirements. Struc-
tured experimental designs that account for fertiliza-
tion regime, soil moisture level, and meteorological
conditions during the vegetation period are needed to
produce results that can be compared across studies
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and translated into practical recommendations [8; 12].
Field research on crop water consumption under dif-
ferent fertilization systems has established one such
methodology, tracking water use against fertilization
type and seasonal weather variation in a manner di-
rectly relevant to the evaluation of biopreparation-
based interventions [8].

This paper brings these two strands together. It ex-
amines the mechanisms by which biopreparations, in-
cluding humic substances and microbial biofertilizers,
are reported to reduce crop water consumption, and it
situates these mechanisms within a structured analyt-
ical framework. The paper’s original contribution is the
Integrated Biostimulant Water Optimization Frame-
work (IBWOF), which organizes water consumption,
biostimulant response, meteorological adaptation, and
fertilization synergy into four weighted domains, aggre-
gated through an analytic hierarchy process into a sin-
gle Water-Bioproductivity Optimization Index (WBOI).
The purpose of the index is to give researchers and
practitioners a consistent way to compare the water-
saving potential of different biopreparation strategies
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across crop types and climate contexts. The remainder
of the paper reviews the relevant literature, describes
the methodology used to construct IBWOF, presents an
illustrative application of the framework, and discusses
its practical and research implications for adaptive
agrotechnology under continuing climate change.

Literature Review
Water Scarcity and the Case
for Combined Strategies

Water scarcity is not a distant risk for global ag-
riculture; it is already shaping cropping decisions in
arid and semiarid zones, where rising temperatures
and more erratic rainfall have pushed irrigation effi-
ciency to the center of agricultural policy [1]. Alhar-
bi et al. (2024) review agricultural and technological
strategies for improving water-use efficiency in these
zones, noting that no single intervention, physical,
managerial, or biological, is sufficient on its own, and
that combined approaches tend to outperform isolated
measures [1]. This observation frames much of the
subsequent literature on biopreparations, which are
rarely proposed as replacements for good irrigation
management but rather as complements to it.

Physical and Agronomic Water-Saving
Interventions

Physical and agronomic interventions have re-
ceived considerable attention. Alsamin et al. (2022)
show that combining tillage practices with mulching
improves soil water storage and water productivity
of wheat grown under deficit irrigation in arid condi-
tions, with mulched, reduced-tillage plots retaining
more moisture through the vegetation period than
conventionally tilled, unmulched plots [2]. Kumar et
al. (2024) report a comparable pattern in sugarcane,
where trash mulching combined with adjusted irriga-
tion regimes and planting systems raised water use
efficiency in sandy loam soils [9]. Yang et al. (2020)
extend this logic underground, showing that deficit
subsurface drip irrigation encourages winter wheat to
draw more water from subsoil layers, stabilizing yield
even as surface-applied water is reduced [15]. Auto-
mation offers a further layer of precision: Contreras
et al. (2021) describe fertigation management through
electrotensiometer-based automation in horticultural
crops, finding that automated soil-moisture-triggered
irrigation improved the productivity of both water and
nutrients relative to fixed-schedule irrigation [5].

Biofertilizers and Humic Substances

Biological interventions operate through different,
though complementary, mechanisms. Chaudhary
et al. (2022) provide an overview of biofertilizers in
crop production, describing how microbial inoculants
supply or mobilize nutrients, promote root growth,
and help plants tolerate abiotic stress, including
drought [4]. Kumar et al. (2022) similarly characterize

biofertilizers as an ecofriendly technology for nutri-
ent recycling, arguing that their contribution to soil
structure and microbial activity has downstream ef-
fects on water retention even though their primary
framing is nutritional rather than hydrological [10].
Humic substances form a related but distinct cate-
gory. Ampong et al. (2022) review the role of humic
acids in crop performance and soil health, reporting
improvements in soil aggregation, cation exchange
capacity, and root proliferation that plausibly trans-
late into better water uptake, alongside more directly
documented gains in nutrient availability [3]. Maffia
et al. (2025) extend this discussion, framing humic
substances as a bridge between ecological soil function
and agricultural productivity, and noting that their
effects on soil structure make them relevant to water
management even where studies do not measure water
consumption directly [11].

Biostimulants and Water Productivity

Biostimulants as a broader category have received
sustained editorial and empirical attention. Rouphael
and Colla (2020), introducing a special issue on the
topic, describe biostimulants as substances or microor-
ganisms that enhance nutrient efficiency, abiotic stress
tolerance, and quality traits regardless of nutrient
content, a definition broad enough to encompass both
humic substances and microbial biofertilizers [14].
De Santis et al. (2026) provide a direct empirical test
of this logic in chickpea, reporting that biostimulant
treatments improved water productivity under Med-
iterranean rainfed conditions without a proportional
loss in yield [6]. This finding is echoed, in a different
crop and irrigation context, by Emran et al. (2024),
who assess soil quality, wheat yield, and water produc-
tivity under deficit irrigation and find that soil amend-
ments supporting microbial activity helped maintain
productivity as irrigation was reduced [7].

Biotic Stress as a Confounding Factor

Not all pressures on water-limited crops are phys-
ical. Raderschall et al. (2021) show that water stress
and insect herbivory interact to reduce crop yield,
while the benefit that crops receive from insect polli-
nation remains comparatively stable, indicating that
water management strategies need to be assessed
alongside biotic stress rather than in isolation [13].
This point is relevant to any framework, including the
one proposed here, that treats water consumption as
a variable to be optimized without accounting for the
full stress environment a crop experiences.

Methodological Foundations for Water
Consumption Research
Finally, the methodological literature underpinning
field-based water consumption research deserves at-
tention in its own right. Patil et al. (2026) review the
design and analysis of agronomic field experiments,
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emphasizing the importance of replication, appropriate
statistical treatment, and transparent reporting of
experimental conditions for results to be comparable
across studies [12]. Kolomiiets et al. (2019) present
a methodology for studying water consumption of agri-
cultural crops in field vegetation experiments, detailing
how water consumption should be measured against
fertilization regime and meteorological conditions over
the vegetation period, an approach that informs the
analytical structure adopted later in this paper [8].

Taken together, this body of work indicates that bi-
opreparations, whether framed as biofertilizers, humic
substances, or biostimulants more broadly, are consis-
tently associated with improved water-use outcomes,
but the mechanisms, magnitudes, and reporting stan-
dards vary considerably across studies (See Figure
1). Table 1 summarizes the biopreparation categories
reviewed above alongside their reported mechanisms
and primary outcome domains.

Methodology. This paper adopts a structured
literature synthesis approach rather than a primary
field trial, drawing on the fifteen sources reviewed
above to construct and illustrate the Integrated Bio-
stimulant Water Optimization Framework (IBWOF).
The analytical starting point is the field methodolo-
gy described by Kolomiiets et al. (2019), which links
crop water consumption to fertilization regime, soil
moisture level, and meteorological conditions across
the vegetation period [8]. IBWOF generalizes this
structure into four domains: Water Consumption Dy-
namics (WCD), capturing water applied or drawn rel-
ative to crop demand; Biostimulant Response (BSR),
capturing reported changes in root growth, nutrient
uptake, and stress tolerance attributable to bioprepa-
ration use; Fertilization Synergy (FSY), capturing how
biopreparations interact with existing fertilization
systems; and Meteorological Adaptation (MAD), cap-
turing the sensitivity of water consumption outcomes

Table 1

Biopreparation categories and reported mechanisms relevant to water consumption

== Biological activity

Category Representative Reported Mechanism Primary Ol_ltcome
Sources Domain
Humic substances [3; 11] Improved soil aggregation, cation exchange| Soil structure / nutrient
capacity, and root proliferation availability
Microbial biofertilizers [4; 10] Nutrient mobilization, root growth promo-| Nutrient cycling/stress
tion, abiotic stress tolerance tolerance
Biostimulants (broad [6; 14] Enhanced nutrient efficiency and abiotic | Water productivity / stress
category) stress tolerance tolerance
Automated fertigation [5] Soil-moisture-triggered irrigation schedul-| Water and nutrient pro-
(comparison) ing ductivity
Physical / agronomic [2;9; 15] Mulching, tillage adjustment, subsurface Soil water storage
(comparison) deficit drip irrigation
Path 1 [ R;'I"::.'ttllgl'.:mﬂ'I > @
athway 1: itecture —
fhizophere Enhanced root length 2 oL
Modification density, branching, o ot WATER-USE EFFICIENCY
- - hair development (WUE)
BIOPREPARATIONS Better water uptake,
(Physiolo oal Rosnonse reduced transpiration loss,
Humic Substances g P higher yield per unit water
(e.g., Fulvic Acid) Increased Acluaporin Activity,
Stomatal Regulation,
Photosynthetic Efficiency
Microbial
Biofertilizers @
(e.g., PGPR, AMF) @
. v -
Organic action SOIL WATER RETENTION
Soil Structural ( Hydraulic Properties Higher field capacity,
Improvement Formation of micro/ . , plant-available water,
m) Water movement macroaggreqates Increased soil porosity, reduced drought stress

capillary action, reduced
runoff/evaporation

Fig. 1. Influence of Biopreparations on Plant-Soil Water Dynamics
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to temperature and precipitation variability during
the season.

Domain weights were derived using an analytic
hierarchy process, in which pairwise comparisons of
the four domains were made against the criterion of
practical relevance to water-saving outcomes report-
ed across the reviewed studies, following the design
and reporting standards for agronomic experiments
described by Patil et al. (2026) [12]. Each domain was
populated with indicators drawn directly from the re-
viewed literature, for example water productivity, soil
water storage, and yield stability, normalized to a ze-
ro-to-one scale, and combined using the AHP-derived
weights into a single Water-Bioproductivity Optimi-
zation Index. Table 2 presents the resulting domain
weights and representative indicators.

Because this paper does not present new field data,
the index is demonstrated below using illustrative val-
ue ranges drawn from the reported outcomes of the
reviewed studies rather than from an original exper-
iment (See Figure 2). This limitation, and the condi-
tions under which primary field validation would be
required, is addressed directly in the discussion.

Findings. The four IBWOF domains received
the following AHP-derived weights: Water Consump-
tion Dynamics, 0.34; Biostimulant Response, 0.29;

Fertilization Synergy, 0.21; and Meteorological Adap-
tation, 0.16 (Table 2). These weights place the largest
emphasis on directly measured water consumption
outcomes, followed by the biological response attrib-
utable to biopreparation use.

Applying these weights to indicator ranges drawn
from the reviewed studies produces the illustrative
WBOI scenarios summarized in Table 3. Humic-sub-
stance treatments show reported water productivity
gains in the range of 8 to 15 percent relative to untreat-
ed controls, with yield changes ranging from a 2 percent
decline to a 6 percent increase [3; 11]. Microbial biofer-
tilizer treatments show water productivity gains in the
range of 10 to 20 percent, with yield changes ranging
from stable to a 9 percent increase [4; 10]. Combined
biostimulant and automated-fertigation treatments
show the largest reported water productivity gains, in
the range of 15 to 28 percent, with yield outcomes rang-
ing from stable to an 11 percent increase [5; 6; 7]. Deficit
irrigation and mulching-based physical interventions,
included as a comparison category rather than as a bio-
preparation, show water productivity gains in the range
of 12 to 22 percent, with yield changes ranging from a 4
percent decline to a 5 percent increase [2; 9; 15].

Composite WBOI scores, calculated from these
ranges using the domain weights in Table 2, place

Table 2
IBWOF domain weights derived through the analytic hierarchy process
Domain Abbreviation | AHP Weight Representative Indicators
Water Consumption Dynam- WCD 0.34 Water applied or drawn per unit yield; soil water
ics storage

Biostimulant Response BSR 0.29 Root growth change, nutrient uptake change, stress
tolerance

Fertilization Synergy FSY 0.21 Interaction effect with existing fertilization system

Meteorological Adaptation MAD 0.16 Sensitivity to seasonal temperature and precipitation

variability

Soil Moisture Content

Enhanced Root Growth

Plant Transpiration Con\"svuartneprtion Biostimulant Improved Nutrient
Rates e Uptake
Dynamics Response P
: Stress Tolerance
Efficient Water Use Mechanisms
Water-
Bioproductivity
Optimization
Index
Optimized Nutrient Weather Pattern
Availability Monitoring

Fertilization
Synergy

Reduced Fertilizer
Leaching

Balanced Plan
Nutrition

Meteorological
Adaptation

Irrigation Scheduling
Adjustments

Resilience to
Drought/Heat

Fig. 2. Integrated Biostimulant Water Optimization Framework
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Table 3

Illustrative Water-Bioproductivity Optimization Index (WBOI) scenarios by treatment category

Treatment Category Wat:;r (I,:::):?OZ ;wl- Yield Change (%) | Illustrative WBOI
Humic substances [3; 11] 8to 15 -2 to +6 0.51
Microbial biofertilizers [4; 10] 10 to 20 0to +9 0.62
Combined biostimulant + automated fertigation [5; 6; 7] 15 to 28 0to+11 0.71
Deficit irrigation / mulching (comparison) [2; 9; 15] 12 to 22 -4 to +5 0.58

Percentage improvement ranges based on aggregated field-study data

Deficit Irrigation / °
Combined Biostimulant + & -
Microbial o o
Biofertilizers 10% ® ® 20%

I Humic Substances

Humic Substances 8% .- 15% I Microbial Biofertilizers
I Combined Biostimulant + Fertigation
I Deficit Irrigation / Mulching (comparison)

1 I 1 I
0 5 1 0 1 5 20 25 30

Water Productivity Gain (%)

Fig. 3. Water Productivity Gains by Agricultural Treatment Type

combined biostimulant and automated-fertigation
treatment at the top of the illustrative ranking at 0.71,
followed by microbial biofertilizers at 0.62, deficit ir-
rigation and mulching at 0.58, and humic substances
at 0.51. Meteorological Adaptation scores show the
widest variation across the reviewed studies, reflect-
ing differences in reported climate conditions ranging
from Mediterranean rainfed environments [6] to arid
and semiarid irrigated systems [1; 7] (See Figure 3).
Fertilization Synergy scores are consistently higher
for treatments that combine biopreparations with an
existing fertilization system than for biopreparations
applied alone [4; 10; 14]. Reported replication levels
and statistical treatment vary across the fifteen stud-
ies reviewed, with field-scale agronomic trials general-
ly reporting three to four replications and automated
or sensor-based systems reporting higher replication
counts [5; 12].

Discussion. The illustrative WBOI rankings
in Table 3 suggest that combining biological and
technological interventions, such as microbial or

80

humic biopreparations delivered through automat-
ed, moisture-triggered fertigation, produces larger
and more consistent water-saving effects than either
physical deficit-irrigation strategies or bioprepara-
tions applied without automation. This pattern is con-
sistent with the observation by Alharbi et al. (2024)
that no single water-efficiency strategy is sufficient in
isolation, and that layered approaches tend to outper-
form individual interventions [1]. It also aligns with
the automation results reported by Contreras et al.
(2021), where electrotensiometer-triggered fertigation
improved productivity of both water and nutrients rel-
ative to fixed-schedule irrigation [5], suggesting that
the value of biopreparations may be partly contingent
on the precision with which they are applied.

The comparatively strong position of microbial bio-
fertilizers in the illustrative ranking is broadly consis-
tent with their documented role in nutrient recycling
and soil microbial activity [10], and with the abiotic
stress tolerance benefits described by Chaudhary et
al. (2022) [4]. It is worth noting, however, that the
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mechanisms by which biofertilizers reduce water con-
sumption are less directly documented than their nu-
tritional benefits, since several of the reviewed studies
report water-related outcomes as a secondary rather
than primary finding [3; 10; 11]. This has implications
for how confidently practitioners should attribute ob-
served water savings to biofertilizer use specifically,
as opposed to associated changes in soil management
that often accompany biofertilizer adoption.

Humic substances occupy a comparatively lower
position in the illustrative ranking, not because the un-
derlying mechanisms are weak, but because the avail-
able evidence more often addresses soil structure and
nutrient availability than water consumption directly
[3; 11]. Maffia et al. (2025) frame humic substances
primarily through an ecological lens, and while the soil
aggregation and cation exchange improvements they
describe are plausibly linked to water retention, the
studies reviewed here do not always quantify that link
with the same precision as the deficit-irrigation and
automated-fertigation literature [11]. This is a meth-
odological gap rather than evidence against humic
substances as a water-saving tool, and it points to an
area where the field methodology described by Kolo-
miiets et al. (2019) could be directly applied to close
the gap [8].

The Meteorological Adaptation domain shows the
greatest variability across the reviewed studies, which
is expected given that the underlying research spans
Mediterranean rainfed systems [6], arid irrigated sys-
tems in the Gulf region [1], and semi-arid conditions
in South Asia [9] and North Africa [7]. This variability
is a genuine limitation of any cross-study synthesis,
including the one presented here, since meteorolog-
ical conditions interact with both crop physiology
and irrigation management in ways that are difficult
to normalize across such different contexts. IBWOF
treats this variability as a domain to be scored rath-
er than a confound to be eliminated, on the grounds
that adaptive agrotechnology needs tools that remain
informative under heterogeneous climate conditions,
though future applications of the framework would
benefit from region-specific calibration.

The finding by Raderschall et al. (2021) that water
stress interacts with insect herbivory to reduce yield,
even as pollination benefits remain stable, is a re-
minder that water consumption cannot be optimized
in isolation from the broader biotic stress environment
[13]. IBWOF, as currently specified, does not include
a biotic stress domain, and this is a limitation worth
addressing in future refinements of the framework,
particularly for crops or regions where herbivory pres-
sure is a significant yield constraint.

A further limitation concerns the illustrative nature
of the WBOI scores presented in Table 3. Because
this paper synthesizes reported ranges from fifteen

published studies rather than conducting a new field
trial, the composite scores should be read as a demon-
stration of how the framework aggregates evidence, not
as a validated empirical result. Applying IBWOF to
a specific crop, region, and fertilization system would
require primary data collected according to a method-
ology consistent with that described by Kolomiiets et
al. (2019) [8], with replication and statistical treatment
consistent with the standards outlined by Patil et al.
(2026) [12]. This is precisely the kind of practical appli-
cation the framework is intended to support, combin-
ing an institute-level field methodology for measuring
water consumption with a biopreparation-focused tech-
nology, such as an automated dosing or humic-reactor
system, that operationalizes the biological interven-
tions reviewed above.

Despite these limitations, the broader pattern
across the literature, that biopreparations can reduce
water consumption per unit yield without a propor-
tional loss in productivity, appears reasonably robust
across crop types, climates, and biopreparation catego-
ries. This supports the case for integrating bioprepara-
tion strategies into adaptive agrotechnology planning
as climate variability continues to affect water avail-
ability for agriculture.

Conclusions. This paper has examined the evi-
dence for biopreparations, including humic substances,
microbial biofertilizers, and combined biostimulant-
automation systems, as tools for reducing crop water
consumption without sacrificing yield. It has proposed
the Integrated Biostimulant Water Optimization
Framework (IBWOF) as a structured way to organize
this evidence across four weighted domains, aggregat-
ed into a Water-Bioproductivity Optimization Index
(WBOI). The illustrative application of the framework
suggests that combined biological and automated tech-
nological interventions offer the largest and most con-
sistent water-saving benefits among the categories
reviewed, followed by microbial biofertilizers, physical
deficit-irrigation strategies, and humic substances,
though this ranking should be treated as indicative
rather than definitive given its literature-based con-
struction.

The practical value of IBWOF lies less in the spe-
cific scores generated here and more in the structure
it offers: a consistent way to compare biopreparation
strategies against water consumption, meteorologi-
cal conditions, and fertilization systems, built on
a field methodology already established for studying
crop water consumption. Future research applying
this framework to primary field data, following es-
tablished replication and statistical standards, would
allow the illustrative rankings presented here to be
tested directly, and would support the development of
region-specific agrotechnology recommendations for
a changing climate.
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Summary. This article provides a comprehensive analysis of the technical deployment of cable-based telecommunications
infrastructure in high-risk environments within the United States under the conditions of 2026. This article examines the critical
role of fiber-optic communication lines (FOCL) as a primary component of national resilience and social stability. The author
explores the transition from traditional static installation methodologies to the concept of adaptive deployment, character-
ized by high architectural redundancy and the utilization of innovative materials, such as All-Dielectric Self-Supporting (ADSS)
cables and Super-Absorbent Polymers (SAP) for dry-core water-blocking. The work details advanced installation techniques
(HDD, micro-trenching, pneumatic blowing) and analyzes the transformation of passive networks into active sensory platforms
through the integration of Distributed Acoustic Sensing (DAS) and Remote Fiber Test Systems (RFTS). Special attention is de-
voted to the convergence of resilient network architecture with predictive monitoring technologies, which enables infrastructure
operators to detect vulnerabilities before they escalate into systemic failures. The study also emphasizes that the operational
value of modern cable systems is determined not only by material durability, but also by their capacity to support rapid reconfig-
uration and recovery in unstable field conditions. Particular emphasis is placed on the role of the human factor — the concept of
“field intelligence” is introduced and substantiated as a pivotal component in minimizing Mean Time to Repair (MTTR). Through
a comparative analysis of operational responses in disrupted infrastructure environments, the superiority of applied heuristics
over academic rigidity is demonstrated. The research provides a methodological framework for updating national resilience

standards and formulating public-private partnership strategies within the FEMA and FCC protocols.
Key words: field intelligence, adaptive deployment, fiber optic lines, high-risk environments, telecommunications infrastructure.

ntroduction. Pursuant to Department of Homeland

Security (DHS) directives, communications net-
works are classified as a critical infrastructure sector,
upon which the functioning of emergency services,
financial markets and government administration
systems directly depends [1]. In the U.S. context, the
term “high-risk zones” encompasses a broad spectrum
of scenarios ranging from regions susceptible to regular
natural cataclysms (such as Gulf Coast hurricanes or
California wildfires) to zones of technological incidents
and territories with extreme geographic conditions,
where standard deployment methods prove ineffective.

Despite the proactive promotion of wireless technol-
ogies and satellite constellations, cable infrastructure,
primarily fiber-optic communication lines (FOCL), re-
mains the backbone of the American telecommunica-
tions ecosystem [2]. The implementation of federal ini-
tiatives, such as the BEAD (Broadband Equity, Access
and Deployment) program, underscores the strategic

priority of laying cable networks even in hard-to-reach
and high-risk locations. However, the specificities of
the American market, characterized by high field-work
costs and stringent requirements for compliance with
environmental and construction standards (OSHA and
NEC regulations), serve as a predictor of the necessity
to seek innovative engineering solutions for operations
in disrupted or unstable environments [3].

It is essential to note that technical deployment in
high-risk zones requires the theoretical conceptual-
ization and practical implementation of new adaptive
architectures characterized by resilience, stability,
durability and safety. Overall, the U.S. experience in
mitigating the consequences of events such as Hurri-
canes Ian or Katrina has demonstrated that the speed
of communications restoration depends directly on
preliminary network redundancy planning and the
availability of mobile technical units equipped with
specialized hardware. Scientific interest lies in the
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analysis of how American resilience standards are
integrated into field installation practices, when en-
gineers are confronted with damaged communication
corridors, a lack of primary power supply and the ne-
cessity of integrating temporary solutions into the
existing national network.

A significant role in the decision-making archi-
tecture is occupied by the U.S. regulatory framework
governing the activities of providers during emergency
periods. The primary role here is played by interac-
tion protocols between the Federal Communications
Commission (FCC) and the Federal Emergency Man-
agement Agency (FEMA). The implementation of spe-
cialized reporting systems, such as DIRS (Disaster
Information Reporting System), enables the real-time
accumulation of data regarding the status of communi-
cation nodes and the coordination of restoration efforts
at the federal level. This is a vital toolkit necessary
for minimizing the consequences of systemic infra-
structure failures and ensuring the uninterrupted
operation of emergency services. Nevertheless, from
an economic perspective, the design and deployment
of cable systems in high-risk zones are dictated by the
colossal cost of downtime. For American metropolises
and technological clusters, every hour of communi-
cations absence correlates with multi-million dollar
losses in regional GDP, rendering preventive invest-
ments in resilient infrastructure strategically justifi-
able. Technical solutions for line redundancy and the
creation of hardened cable corridors are viewed here
as a mechanism for hedging operational risks for the
financial and industrial sectors of the U.S. economy.

Furthermore, the concept of cyber-physical security
must be mentioned. In high-risk environments, phys-
ical layer (Layer 1) integrity becomes the first line of
defense for the information space. Risks of unautho-
rized access, intentional sabotage or signal intercep-
tion via damaged backbone sections explain the neces-
sity of employing specialized real-time line integrity
monitoring systems. The quality of field installation
and the physical protection of cable systems directly
correlate with the overall data resilience against exter-
nal destructive impacts. A unique feature of the North
American approach is the public-private partnership
model in restoring critical communications. Since the
bulk of the cable infrastructure is owned by private
corporations (such as AT&T, Verizon or Comcast),
its rapid deployment in crisis conditions is conduct-
ed within the framework of coordinated Emergency
Support Function #2 (ESF #2) plans.

This symbiosis allows for the consolidation of the
private sector’s vast material and technical resources
with the logistical and legal capabilities of government
agencies, ensuring high deployment efficiency even in
maximally destabilized environments.

Materials and methods. The relevance of this
work is elucidated by the escalating vulnerability of
the global digital infrastructure against the backdrop
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of increasingly frequent natural cataclysms and geo-
political instability. Under the conditions of 2026,
where the socio-economic well-being of the United
States depends directly on the continuity of data flows,
traditional telecommunications deployment methods
demonstrate inadequate relevance in high-risk scenar-
ios. Despite the progress of satellite communications,
fiber-optic backbones remain the uncontested foun-
dation for 5G/6G networks and cloud computing. The
research is particularly significant for the development
of new resilience standards capable of minimizing co-
lossal financial losses from network downtime and
ensuring effective coordination of emergency services
in conditions of partial or total destruction of primary
infrastructure.

The scientific novelty of the study lies in the sys-
temic reimagining of the role of cable infrastructure,
as well as the substantiation of a passive transport
medium being transformed into an active intelligent
risk-monitoring system. For the first time, at the level
of comprehensive analysis, the synergy of Distributed
Acoustic Sensing (DAS) and Remote Fiber Test Sys-
tems (RFTS) technologies is considered as a baseline
level of civil security.

The work proposes an original concept of adaptive
deployment, which integrates into a single method-
ological stack innovative materials (nano-ceramic coat-
ings, dry polymers) and operational decision-making
methods (field intelligence). The novelty is also con-
firmed by the analysis of the integration of Augmented
Reality (AR) systems and digital twins into disaster
recovery processes, which previously lacked a deep
systemic description within the context of North Amer-
ican engineering standards for 2025—-2026.

The methodological base of this study relies on
a comprehensive interdisciplinary analysis of engi-
neering practices and technological solutions applied
during the deployment of telecommunications infra-
structure in high-risk environments within the United
States in 2026. A systemic approach is laid at the foun-
dation of the work, combining the study of the current
regulatory and legal framework (DHS directives, FCC
and FEMA protocols), technical analysis of modern
materials and the evaluation of the effectiveness of
field installation methods [4]. The research is based
on the synthesis of theoretical resilience models and
empirical data obtained during the mitigation of the
consequences of large-scale natural and technological
disasters, such as hurricanes in the Atlantic region
and wildfires on the West Coast.

The material part of the study includes a detailed
analysis of specialized communication equipment and
ruggedized cable structures. Primary focus is placed
on fiber-optic communication lines (FOCL) utilizing
All-Dielectric Self-Supporting (ADSS) cables, tactical
cables in a thermoplastic polyurethane (TPU) jacket
and innovative systems with dry water-blocking based
on Super-Absorbent Polymers (SAP). The technical
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toolkit is examined through the prism of utilizing
high-precision fusion splicers with IP67 protection
(Fujikura 90S+ series), modular Remote Fiber Test
Systems (OTDR) (EXFO and VIAVI platforms) and
Augmented Reality (AR) systems for the visualization
of concealed underground utilities.

The design methodology within the framework of
this work considers the necessity of utilizing highly
redundant hierarchical models, including the Core,
middle mile and access layers. As the primary method
for ensuring reliability, topological redundancy (ring
and mesh architectures), the dual-homing methodolo-
gy and the path diversity concept are analyzed. These
methods are evaluated by the criterion of ensuring
a network availability coefficient at the level of five
nines (99.999%) under conditions of dynamic land-
scape destabilization. Regarding practical deployment,
methods of Horizontal Directional Drilling (HDD),
micro-trenching and pneumatic fiber blowing are in-
vestigated.

The effectiveness of these technologies is com-
pared with the use of robotic mapping systems based
on Ground Penetrating Radar (GPR) and predictive
monitoring systems (RFTS and DAS) [5]. A special
place is occupied by the analysis of the integration of
Geographic Information Systems (Esri ArcGIS) and
digital twins for the verification of design data in zones
of large-scale destruction, where traditional navigation
and communication node identification methods prove
ineffective. The concluding methodological stage is an
analytical comparison of operational response models
of technical personnel. Using the method of compar-
ative analysis of specialist actions in critical failure
conditions (exemplified by the mitigation of Hurri-
cane Ian’s consequences), a correlation is identified
between the level of applied heuristics and the Mean
Time to Repair (MTTR). The study emphasizes the
importance of personnel qualification alignment with
BICSI and FOA standards in combination with psycho-
logical readiness for adopting non-standard engineer-
ing solutions within the framework of public-private
partnerships and ESF #2 emergency response plans.

Despite the comprehensive approach, this study has
several limitations necessitated by its narrow geograph-
ical and regulatory specificity. Primary emphasis is
placed on the regulatory and technical framework of the
United States (OSHA, NESC, ANSI/TTA), which may
restrict the direct applicability of findings in regions
with differing legal and construction standards [6]. Fur-
thermore, the effectiveness analysis of the latest tech-
nologies, such as RUSS robotic systems or quantum-
secured temporary lines, relies on data from short-term
field trials and pilot projects of 2025, which does not al-
low for a full assessment of their long-term operational
reliability. Finally, the evaluation of “field intelligence”
as a success factor is qualitative in nature and is diffi-
cult to subject to rigorous mathematical quantification
due to the uniqueness of each crisis scenario.

Physical architecture of cable-based telecom-
munications networks. The physical architecture
of cable networks deployed in high-risk zones within
the United States is based on a fundamentally hier-
archical model, partitioning the infrastructure into
three key segments: the backbone core (core/backbone),
the distribution layer (distribution/middle mile) and
the access layer (access/last mile). In an environ-
ment of potential landscape instability or the threat
of mechanical damage, such stratification allows for
the isolation of local failures, preventing a cascading
collapse of the entire communication system [7]. In
North American practice, the backbone layer is de-
signed with maximum geographical diversification,
where critical communication nodes — namely central
offices (CO) and points of presence (PoP) are situated
in seismic-resistant or flood-protected zones compliant
with Telcordia and NEBS standards (see: Figure 1.
The three-level hierarchy diagram).

A fundamental factor of architectural resilience in
high-risk environments is topological redundancy. Un-
like classic radial schemes (“star” configuration), which
are characterized by the presence of critical points of
failure, priority in risk zones is given to ring and mesh
topologies [8]. A ring architecture with automatic pro-
tection switching protocols enables the instantaneous
rerouting of traffic in the event of a cable break in one
of the sections. In the most critical segments of U.S.
infrastructure, the dual-homing concept is applied, in
which each distribution node has a physical connection
to two independent backbone hubs, ensuring a network
availability coefficient at the five nines level (99.999%)
even in the presence of severe damage to one of the
directions (see: Figure 2. Redundancy comparison).

A vital aspect of physical architecture is the path
diversity methodology [9]. Under high-risk conditions,
such as seismically active areas of the West Coast
or hurricane corridors of the Atlantic, engineering
standards necessitate that primary and redundant
cables be routed through different cable conduits or
along diverse geographical paths with a minimum
allowable separation distance. This precludes the risk
of simultaneous destruction of both communication
channels as a result of a single localized event (a sin-
gular landslide, power line pole collapse or bridge
destruction). Concurrently, the resource of dark fi-
ber — pre-installed, but non-activated optical capaci-
ties is actively utilized, which can be operationalized
promptly upon damage to the primary backbones. The
concluding element of the architectural design is the
physical hardening of node points and the use of pro-
tected terminal equipment. In high-risk zones, the
architecture incorporates modular container solutions
and hardened cabinets equipped with autonomous
power supply and climate control systems. These ele-
ments function as network anchor points, ensuring the
stable operation of active equipment under aggressive
environmental conditions.
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It is evidently clear that the integration of North
American design standards, such as ANSI/TIA-758
(Customer-Owned Outside Plant Telecommunica-
tions Infrastructure), is a mandatory prerequisite
for ensuring network reliability in all high-risk
zones. These regulations, alongside BICSI recom-
mendations for Outside Plant (OSP) design, define
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deformations or the destruction of adjacent engi-
neering facilities.

Architectural resilience in modern U.S. networks is
inextricably linked to the implementation of advanced
Remote Fiber Test Systems (RFTS). The use of station-
ary intelligent modules based on Optical Time-Domain
Reflectometry (OTDR), integrated directly into the
physical layer of the network, allows for the realiza-
tion of a predictive monitoring model. In high-risk
environments, this provides for the rapid detection
of signal degradation at early stages. For instance,
as a result of cable tensioning or the emergence of
micro-bends prior to the actual line break, operators
will be apprised and able to prevent failure with all
the attendant consequences. Such digital transparency
of the architecture is essential for a radical reduction
in Mean Time to Repair (MTTR), enabling technical
services to localize the damage site with meter-level
precision in real-time.

Furthermore, within the context of contemporary
technological trends, the physical architecture of ca-
ble networks in risk zones is increasingly designed
as a convergent platform serving as a foundation for
wireless solutions. Since in the setting of large-scale
disasters, mobile communications often serve as the
primary and sole channel for coordinating rescue op-
erations, cable infrastructure must provide a redun-
dant transport layer (backhaul) for 5G stations and
temporary communication nodes. Designing architec-
ture with a high density of optical fiber access points
(Fiber-to-the-Tower) allows for the rapid deployment
of mobile network segments, creating a flexible and

resilient ecosystem capable of adapting to dynamically
changing traffic requirements in crisis situations.

Installation techniques for underground and
aerial cable systems + 4 case study:

In American engineering practice, the selection
between underground and aerial installation methods
in high-risk zones is determined by a balance between
deployment cost, restoration speed and resilience re-
quirements. Underground laying remains a priority for
backbone channels in regions with a high probability
of hurricanes and wildfires, where the risk of aerial
infrastructure destruction outweighs excavation costs.
The leading technology here is Horizontal Directional
Drilling (HDD), which facilitates trenchless installa-
tion at substantial depths, bypassing existing obstacles
such as highways, water bodies and subway lines [10].
According to market data, the HDD segment in the
U.S. demonstrates stable growth (CAGR of approxi-
mately 11-12%), justified by stringent environmental
regulations and the necessity to minimize urban infra-
structure disruption during network modernization.

Concurrent with deep drilling, micro-trenching
technology is being actively implemented in American
metropolises. This method involves creating narrow
(up to 2 inches) and shallow (up to 24 inches) slits in
the roadway or sidewalk with immediate microduct
placement and subsequent sealing. The experience
of companies such as Google Fiber has confirmed the
high economic efficiency of this approach. Deployment
speed increases multifold, while surface restoration
costs decrease by 30-50% [11]. However, in high-
risk zones prone to seasonal frost heave or intensive

EMERGENCY 5G

COVERAGE ZONE

NETWORK RESTORED:
BACKHAUL ACTIVE

RESILIENT, MOBILE
56 CELLULAR TOWER

ARMORED FIBER BACKHAUL

Fig. 3. Platform Fiber-to-the-Tower
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roadwork, micro-trenching necessitates the use of
specialized armored cables capable of withstanding
elevated mechanical loads at shallow depths.

Aerial communication systems in the U.S. are also
at a methodological and technological crossroads due
to the ubiquitous implementation of All-Dielectric Self-
Supporting (ADSS) cable [12]. Unlike conventional
cables with a metallic messenger wire, ADSS requires
no grounding and possesses absolute immunity to elec-
tromagnetic interference, permitting its installation in
close proximity to high-voltage power lines (up to 500
kV) (Figure 4. Engineering process diagrams). In the
storm zones of the Atlantic coast, the use of ADSS in
conjunction with aramid reinforcement (Kevlar) en-
sures network survivability under critical wind loads
and icing. Furthermore, a strict joint-use pole stan-
dard exists in the U.S., regulated by NESC (National
Electrical Safety Code) norms, which mandates that
technical specialists conduct detailed static load cal-
culations for each pole prior to installation.

It is essential to highlight an innovative trend that
has gained widespread adoption in the U.S. in 2025—
2026 — the active use of pneumatic installation (fiber
blowing technology) [13]. The use of compressed air to
move microcables within pre-installed HDPE conduits
minimizes mechanical fiber tension, which is critically
important for preserving optical properties over long
distances. Moreover, even robotic underground utility
mapping systems based on Ground Penetrating Ra-
dar (GPR), such as the RUSS (Robotic Underground
Survey System), are increasingly applied in high-risk
zones. These robots facilitate the creation of high-pre-
cision real-time 3D models of underground space,
eliminating the risk of accidental damage to existing
gas or power mains during the deployment process.
A vital aspect of American practice is the utilization

of pre-connectorized solutions, which minimize the
volume of field fiber splicing in extreme conditions.
The use of factory-terminated assemblies and hard-
ened distribution hubs (Clearfield’s FieldSmart series)
allows FEMA technical crews and private operators to
restore communications in disaster zones within hours
rather than days.

Analysis of the practical experience of network
deployment in the U.S. permits the identification of
several unique technological case studies that are
currently considered primary in global engineering
practice. These examples illustrate the transition from
passive data transmission to the creation of adaptive
and multifunctional infrastructure assets.

Case 1: California — transforming telecom-
munications fiber into a sensory network (DAS).

In the seismically active and fire-prone zones of
California, a unique project has been realized utiliz-
ing existing fiber-optic lines as Distributed Acoustic
Sensing (DAS) sensors. The technology, piloted by re-
searchers from Berkeley and Stanford, permits the use
of dark fiber as a gargantuan network of seismographs
and thermal sensors. Laser pulses traversing the cable
react to minute soil vibrations or temperature changes
caused by fire ignition sources. This project represents
a significant early-stage implementation of transform-
ing standard civilian communications infrastructure
into an early warning system for earthquakes and
wildfires with localization accuracy within several me-
ters, radically reducing emergency service response
times even before 9—1-1 calls are received [14].

Case 2: Alaska — arctic resilience and thermal
protection (the Quintillion project).

During the deployment of the first-ever Arctic fiber-
optic network in Alaska, Quintillion applied innovative
protection methods under permafrost and ice impact

HDD PROCESS
(Horizontal Directional Drilling)

ASPHALT
(Road Surface)

MICRO-TRENCH
(2 inch wide, 24 inch deep)

MICRO-TRENCHING CROSS-SECTION

Trenchless installation under obstacles.

NO METALLIC ELEMENTS

CENTRAL STRENGTH MEMBER
(FRP - Dielectric)

LOOSE TUBES
(with Optical Fibers & Gel)

WATER-BLOCKING TAPE

ARAMID YARN
(Kevlar - Tensile Reinforcement)

PE OUTER JACKET

(UV Resistant)

ADSS CABLE STRUCTURE
(All-Dielectric Self-Supporting)

Fig. 4. Engineering process diagrams
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conditions. The project’s uniqueness lies in the use of
armored cables buried 3.5 meters below the seabed
for protection against ice scouring. For the first time
in global practice, the technology of filling cable con-
duits with a salt brine solution possessing a negative
freezing temperature was utilized for shore landings
in frozen ground. This solution prevented cable en-
trapment by ice within the pipe, ensuring the pos-
sibility of its replacement or repair even at extreme
temperatures of —45 °C, becoming a benchmark for
Arctic engineering [15].

Case 3: Maui — evidence base for under-
ground hardening in wildfire conditions.

The catastrophic wildfire events on the island of
Maui in 2023 served as the first large-scale field test
for modern underground deployment standards. While
aerial communication lines and satellite terminals
were disabled by fire and smoke, the Hawaiian Tel-
com network, built on hardened underground cable
conduits, remained fully operational. This case demon-
strated to the global engineering community that in-
vestments in deep infrastructure burial and the use of
heat-resistant sealants in cable manholes are critical
factors for communication survivability in thermal
risk zones. This experience formed the basis for new
FEMA recommendations on network restoration in
the U.S. [16].

Case 4: Nationwide deployment — fiber-
tethered drones.

One of the most futuristic solutions implemented
in U.S. disaster zones is the use of unmanned aeri-
al vehicles connected to a ground station via a thin

fiber-optic cable. In environments where the radio
frequency spectrum is congested with interference
or blocked (GPS-denied environments), such drones
provide a reliable communication channel with a band-
width of up to 10 Gbps. This allows for the transmis-
sion of ultra-high-definition video streams and ther-
mal imager data in real-time without the risk of radio
interception or signal loss. The application of such
systems in technological debris zones in the U.S. be-
came the first example of hybrid deployment, where
the cable ensures the last mile of communication in
the air, guaranteeing absolute noise immunity [17].

Currently, the installation technology stack in the
U.S. is evolving toward automation, modularity and
the use of intelligent monitoring tools, rendering cable
infrastructure maximally adapted to high-risk chal-
lenges.

Technical challenges of deployment in dis-
rupted or damaged environments:

The deployment and restoration of cable infrastruc-
ture in disrupted or damaged environments constitutes
one of the most formidable engineering tasks, where
standard design regulations confront the factor of oper-
ational uncertainty. In large-scale disaster zones with-
in the U.S. territory, the primary technical challenge is
the critical degradation of the landscape and the loss
of traditional landmarks. The destruction of buildings,
soil displacement and debris from construction waste
render existing utility maps irrelevant. Under such
conditions, engineers face the severed path problem,
where underground cable conduits are either crushed
under the weight of debris or silted with aggressive
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deposits resulting from flooding, necessitating a com-
plete real-time re-routing of lines [18].

Environmental and chemical aggression of the ex-
ternal medium in disaster zones imposes additional
constraints on the selection of materials and installa-
tion technologies. In industrial accidents or large-scale
flooding, soil and water may contain high concentra-
tions of petroleum products, acids or salts, which ac-
celerate the corrosion of cable reinforcing elements and
destroy polymer jackets. The asterisked technical task
here lies in the necessity to ensure the hermeticity of
splice closures and distribution cabinets under con-
ditions of excess hydrostatic pressure. Furthermore,
thermal impact in wildfire zones often leads to the
deformation of high-density polyethylene (HDPE) mi-
croducts within which the cable is laid, transforming
them into a monolithic mass and precluding fiber re-
placement via the blowing method without conducting
large-scale excavation works.

A significant technical barrier is the deficit of ener-
gy resources and the instability of the electromagnetic
environment. Field deployment necessitates the use
of high-precision equipment (fusion splicers for FOCL
and optical reflectometers), the operation of which
depends directly on a stable power supply. During pow-
er grid failures, engineers must deploy autonomous
power systems based on hydrogen fuel cells or high-ca-
pacity lithium iron phosphate (LiFePO4) batteries,
which complicates logistics and increases the weight
of portable gear (see: Figure 6. Autonomous power
schematic) [19]. Simultaneously, damaged power lines
located in the immediate vicinity of the work sites can

HYDROGEN FUEL CELL STACK
(Primary Power Source)

HYDROGEN FUEL CELL STACK
(Primary Power Source)

HIGH-CAPACITY LiFePO4
BATTERY MODULES
(Backup Power)

POWER MANAGEMENT &
VOLTAGE STABILIZER UNIT
(DC-DC/AC-DC Converter)

generate powerful electromagnetic interference and
transients, posing a threat both to the sensitive elec-
tronics of telecommunications nodes and to the safety
of the personnel themselves.

Logistical inaccessibility and the risk of recurrent
destruction are the primary reasons for selecting adap-
tive temporary architectures. The main complexity
lies in creating temporary aerial bridges or surface
communication lines, which must possess sufficient
mechanical strength to withstand ongoing aftershocks,
wind loads or the movement of heavy rescue equip-
ment. In U.S. practice, this is frequently resolved by
utilizing so-called tactical cables in a polyurethane
jacket with enhanced crush resistance. However, the
integration of such temporary segments into the sur-
viving backbone network requires complex calibration
of attenuation and dispersion parameters, which, in
a situation of acute time deficit, becomes a severe trial
for the qualification of technical personnel.

One of the most effective strategies for overcoming
uncertainty in destruction zones is the utilization of
Geographic Information Systems (GIS) and the con-
cept of infrastructure digital twins. In the U.S., plat-
forms such as Esri ArcGIS allow field crews to overlay
current aerial photography or satellite monitoring data
onto archived cable routing maps (see: Figure 7. Dig-
ital Twin and GIS overlay visualization) [20]. This is
essential for identifying the location of manholes and
distribution nodes buried under debris. The complexity
here lies in the necessity to ensure uninterrupted data
synchronization between field tablets and a central
cloud repository under low-bandwidth communication

HIGH-PRECISION
FUSION SPLICER
(e.g., Fujikura 90S+)

INTELLIGENT
OTDR MODULE
(e.g., EXFO FTB-1v2)

10

ACTIVE NETWORK
EQUIPMENT (Mobile
Switch/Router)

LOGISTICAL COMPLEXITY: Heavyweight, Fuel/Battery Transport Required for Extended Operation.

Fig. 6. Autonomous power schematic
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Fig. 7. Digital Twin and GIS overlay visualization

channel conditions, requiring the implementation of
efficient geospatial data compression algorithms.

In high-risk environments, technical deployment
faces the threat of physical layer network compro-
mise. The deployment of temporary cable lines over
the surface or through open apertures renders the
infrastructure vulnerable to intentional sabotage or
unauthorized tapping. In American practice for resto-
ration work in conflict zones or large-scale unrest, en-
gineers must integrate physical-layer Intrusion Detec-
tion Systems (IDS) into the architecture of temporary
nodes, reacting to changes in optical fiber backscatter
parameters [21]. This transforms the task of simple
communication restoration into a complex operation

HARD HAT & FACE SHIELD
(Impact & Arc Flash Protection)

PERSONAL GAS DETECTOR
(H2S, CO, 02 Monitoring)

HIGH-VISIBILITY VEST
& WORK UNIFORM )

ARC FLASH GLOVES
(Dielectric Protection)
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for ensuring the information security of a critical in-
frastructure segment.

Nevertheless, the technical complexity of work in
a damaged environment is inextricably linked to ex-
treme risks to the life and health of specialists. In the
U.S., cable network restoration work is strictly regu-
lated by OSHA (Occupational Safety and Health Ad-
ministration) standards, particularly Section 1910.268
(Telecommunications) (see: Figure 8. OSHA safety +
PPE checklist). The primary challenge is the necessity
to adhere to safety protocols during work in trenches
(risk of cave-ins), in confined spaces (accumulation of
toxic gases in manholes after floods) and near dam-
aged power lines. The requirement to use cumbersome

LOCKOUT/TAGOUT
(LOTO) PROCEDURE

TRENCH SHORING
SYSTEM (Hydraulic
Jack)

OSHA 1910.268 Compliance: Essential but slows deployment.

Fig. 8. OSHA safety + PPE checklist
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Personal Protective Equipment (PPE) and adhere to
“lockout/tagout” procedures significantly slows the de-
ployment process, creating a conflict between commu-
nication restoration speed and operator safety.

Equipment, tools and materials used in field-
level cable installation:

The technical repertoire for deploying cable systems
in U.S. high-risk zones constitutes a symbiosis of pre-
cision instrumentation and ultra-durable materials
adapted for operation in aggressive external environ-
ments. The primary components of field equipment
are specialized fiber-optic fusion splicers, such as the
Fujikura 90S+ or Sumitomo Type-Q102-CA+ series.
These devices feature IP52/TP67 ingress protection,
enabling splicing in conditions of extreme humidity,
dust concentration and over a broad temperature range
[22]. Additionally, wireless-controlled automatic pre-
cision cleavers are utilized to minimize human factor
impact and ensure the ideal cleave angle necessary
for mitigating attenuation in critical network nodes.

For field-level characterization and certification of
lines, the U.S. standard involves modular intelligent
Optical Time-Domain Reflectometers (OTDR), such as
the EXFO FTB-1v2 or VIAVI MTS-4000 platforms. In
high-risk scenarios, these instruments are integrated
with cloud-based solutions for instantaneous mea-
surement data transmission to the central Network
Operations Center (NOC). A significant innovative tool
is the fiber inspection probe (video microscope) featur-
ing automated “pass/fail” analysis in accordance with
the IEC 61300-3-35 standard. In environments with
debris and high atmospheric contamination, the avail-
ability of such tools is critical, as even a microscopic
dust particle on the fiber end-face can lead to connec-
tor burnout and backbone failure during high-power
laser signal transmission.

The material components of deployment are based
on specialized cable designs. In the U.S., priority for
rapid communications restoration is given to tactical
fiber-optic cables with a thermoplastic polyurethane
(TPU) outer jacket. Such cabling possesses exception-
al resilience to crushing, abrasion and cyclic bend-
ing, permitting its installation directly on the ground
surface in areas of heavy equipment movement. For
permanent infrastructure hardening, cables featuring
corrugated steel tape armoring or dielectric aramid
strength members are employed, providing protec-
tion against rodent damage and mechanical stresses
during soil strata displacement.The final component
of the material and technical provision comprises au-
tonomous power systems and mobile switching nodes.
In U.S. field communications practice, portable lithium
iron phosphate (LiFePO4) power stations are actively
employed, capable of sustaining active equipment and
measurement instruments for 24-48 hours. For pro-
tecting connections in flooded zones, hermetic splice
closures and distribution hubs with pressure relief
valves are utilized, having undergone deep-immersion
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testing according to Telcordia GR-771-CORE stan-
dards. This complex of equipment and materials en-
ables technical specialists to establish “communication
islands” even under conditions of total isolation from
centralized infrastructure.

A core factor in reducing communications resto-
ration time in disaster zones is the use of modular
pre-connectorized systems. Solutions based on MPO/
MTP multifiber connectors and hardened connectors,
such as Corning OptiTap or CommScope DLX, are
becoming the de facto standard in the U.S. These
components allow technical personnel to perform
hot-swappable connections of distribution nodes via
Plug-and-Play principles without the use of fusion
splicing equipment in conditions of high humidity or
gas contamination. The use of factory-terminated as-
semblies guarantees stable parameters of insertion
loss (IL < 0.3 dB) and eliminates installation errors,
which is pertinent during the deployment of temporary
network segments under acute time deficits.

Modern field engineering toolsets in the U.S. in-
creasingly include wearable Augmented Reality (AR)
devices, such as industrial-grade Microsoft HoloLens
2 headsets. The utilization of AR interfaces permits
the overlay of 3D cable routing models and switching
diagrams directly onto the physical landscape or the
internal space of a distribution cabinet. This provides
genuine “X-ray vision”, enabling the visualization of
communications concealed beneath the soil or debris
based on GIS data (see: Figure 9. Augmented reality
and monitoring (AR and monitoring) technologies).
Furthermore, “Remote expert” support systems allow
less experienced technicians in the field to receive re-
al-time video instructions and annotations from lead
engineers at central headquarters, radically improving
installation quality in stressful conditions.

In the sphere of materials for high-risk zones, there
is a shift away from traditional hydrophobic thixotropic
gels in favor of dry-core water-blocking technologies
based on Super-Absorbent Polymers (SAP) [23]. Dry-
core cables are lighter, cleaner during installation
and do not require the use of solvents for fiber clean-
ing, which is particularly relevant in field conditions.
Additionally, cables with outer jackets treated with
nano-ceramic functional coatings are being actively
implemented in the U.S., providing enhanced resis-
tance to abrasive wear and exposure to open flames.
These innovative materials allow cable infrastructure
to withstand short-term thermal excursions and me-
chanical impacts from debris, preserving the operabil-
ity of critical data transmission channels.

The role of technician expertise in ensuring
installation quality and reliability + comparative
model of operational response. In the U.S., the
standardization of competencies is strictly regulated
by organizations such as BICSI (Building Industry
Consulting Service International) and the FOA (Fiber
Optic Association). Possession of certifications such
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Fig. 9. Augmented reality and monitoring (AR and monitoring) technologies

as RCDD (Registered Communications Distribution
Designer) or CFOT (Certified Fiber Optic Technician)
is a mandatory requirement for working at critical
infrastructure sites [24]. However, under extreme
conditions, theoretical knowledge is undoubtedly in-
sufficient. A specialist’s expertise is manifested in the
ability to strictly adhere to the technical process cy-
cle (bend radius control, connector cleanliness, buri-
al depth) amidst stress, time deficits and physical
threats, where any deviation from protocol can lead
to signal degradation across the entire backbone.
Particular significance in American engineering
practice is accorded to the concept of Field Intelligence.
In zones of large-scale destruction, when communi-
cation with the central Network Operations Center
(NOC) may be temporarily severed, the field engineer
assumes the role of a crisis manager. Expertise in this
context includes the capacity to conduct instantaneous
risk assessments and adopt non-standard technical
solutions regarding line rerouting or modifications
to installation methods without compromising final
reliability. This necessitates a profound understanding
of telecommunication protocols as well as the funda-
mentals of civil engineering, geodesy and electrical
engineering. An engineer in the field must be capable
of identifying potential threats, such as soil instability
or electromagnetic interference, which were not ac-
counted for in the initial design and adapt the network
architecture on the fly with judicious improvisation.
Psychological resilience and interagency coordi-
nation skills are also integral to the expert profile of
a technical specialist in the U.S. Operating within

mobile rapid response teams under the auspices of
FEMA requires engineers to possess effective com-
munication skills for interacting with rescue services,
National Guard units and municipal authorities (see:
Figure 10. Inter-agency collaboration scheme). Under-
standing restoration priorities, ranging from coordinat-
ing channels for hospitals to ensuring connectivity for
emergency alert systems, allows technical personnel to
rationally allocate limited resources. Consequently, the
quality and reliability of installation in high-risk zones
correlate directly with the level of integration of techni-
cal skills, cognitive flexibility and the discipline of field
personnel, rendering investment in human capital as
significant as investment in the material base itself.
The ultimate system reliability within the five
nines concept (99.999%) is ultimately contingent upon
the hands of the installer. Even the most sophisticated
armored cable and expensive fusion splicer cannot
compensate for errors in fiber preparation or substan-
dard closure sealing. In aggressive environments, any
micro-crack or contamination introduced during in-
stallation becomes a point of future failure under the
influence of vibrations or thermal fluctuations. The
specialist’s expertise serves as the final quality con-
trol filter, ensuring the long-term stability of critical
communication infrastructure, upon which human
lives literally depend in the face of global challenges.
To gain a profound understanding of the signifi-
cance of practical experience in high-risk zones, it is
expedient to examine a comparative model of the ac-
tions of two specialists during the mitigation of critical
backbone node damage (see: Figure 11. Comparative
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Fig. 10. Inter-agency

block diagram: academic rigidity vs applied heuris-
tics). The basis is a real incident in the state of Florida
following the passage of Hurricane Ian (2022), when
a critical communication node in a coastal zone be-
came completely isolated. A rupture occurred in an
underground fiber-optic cable with a capacity of 288
fibers due to soil subsidence and the flooding of a cable
manhole with seawater.

The first behavioral model is academic rigidity.
A specialist possessing a deep theoretical foundation
but limited field experience formulates an action al-
gorithm based on strict methodology and design docu-
mentation. In this model, priority is given to restoring
the system to its original design state. The specialist
spends critical time attempting to pump out water and
clear debris to gain access to the damaged conduit,
following the Standard Operating Procedure (SOP).
However, in a destroyed urban infrastructure envi-
ronment, standard logistical chains (deployment of
specialized machinery, delivery of pumping equipment)

collaboration scheme

are severed. As a result, a theoretically correct ap-
proach leads to an operational impasse. The Mean
Time to Repair (MTTR) increases exponentially, leav-
ing critical sites without connectivity indefinitely (see:
Table 1. MTTR comparison: academic rigidity vs ap-
plied heuristics (“field intelligence”).

The second behavioral model is applied heuris-
tics. A specialist with years of experience in disaster
zones utilizes the “field intelligence” method, where
the primary metric is the minimum service restoration
time rather than adherence to the original design.
Recognizing the impossibility of rapid access to the
underground conduit, they implement a temporary
bypass strategy. Instead of battling the elements, the
engineer adapts the architecture to the current land-
scape. They utilize surviving poles of adjacent utilities
or fragments of destroyed buildings to lay a temporary
aerial line using tactical armored cable.

This model demonstrates the superiority of applied
expertise. While the “theoretician” attempts to adapt

Table 1

MTTR comparison: academic rigidity vs applied heuristics (“field intelligence”)

Metric

Academic rigidity model

Applied heuristics model

Improvement factor

ery, de-watering)

tures and tactical cables)

Response strategy Strict adherence to SOP + Adaptive architecture + tempo- High flexibility
original design docs rary bypass
Logistical dependency |High (requires heavy machin-| Low (utilizes surviving struc- Rapid deployment

Primary challenge

Logistical deadlock in de-
stroyed environments

Calibration of temporary seg-
ment parameters

Technical focus

Estimated MTTR

Days to weeks

3-8 hours

>90% reduction

Network availability

Critical sites offline indefi-
nitely

Rapid restoration of communica-
tion islands

Reliability support
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Fig. 11. Comparative block diagram: academic rigidity vs applied heuristics

the destroyed environment to the requirements of the
instructions, the “practitioner” adapts the technology
to the requirements of the environment. In high-risk
conditions, it is precisely the capacity for technical
improvisation and knowledge of the non-explicit prop-
erties of materials (allowable loads on tactical cable
during non-standard suspension) that allow for a re-
duction in network downtime from several days to

Interagency Coordination (FEMA)

Psychological Resilience

a few hours. This confirms the thesis that in extreme
engineering activities, practical experience is not
a mere supplement to knowledge, but a critical filter
through which that knowledge must be transformed
into effective action [25].

Conclusions. The conducted research confirms
that in the 2026 decade, cable infrastructure remains
a strategically vital pillar of national infrastructure

Telecom Protocols

Civil Engineering

Geodesy

Electrical Engineering

Fig. 12. Matrix “Field intelligence”
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and digital resilience of the United States. Despite the
development of satellite constellations, it is precisely
fiber-optic communication lines (FOCL) that provide
the necessary bandwidth and physical security re-
quired for the functioning of critical economic sectors
and emergency services. The primary conclusion of
the work is the ascertainment of a shift away from
static design methods in favor of the concept of adap-
tive deployment, which allows networks to maintain
operability even under conditions of large-scale land-
scape degradation.

Technological deployment efficiency in high-risk
zones is currently determined by the synergy of in-
novative materials and installation methods. The use
of All-Dielectric Self-Supporting (ADSS) cables, tac-
tical thermoplastic polyurethane (TPU) jackets and
Super-Absorbent Polymer (SAP) dry-core technolo-
gies permits the creation of infrastructure resistant
to chemical aggression, thermal loads and mechanical
damage. The application of trenchless technologies,
such as Horizontal Directional Drilling (HDD) and
micro-trenching, in combination with Ground Pene-
trating Radar (GPR) mapping, minimizes deployment
time and reduces operational risks, ensuring a net-
work availability target of five nines (99.999%).

Particular significance is attached to the transfor-
mation of the cable network from a passive transport
channel into an active sensory platform. The imple-
mentation of Distributed Acoustic Sensing (DAS) and
Remote Fiber Test Systems (RFTS) allows for the uti-
lization of the physical infrastructure layer as an early
warning system for natural and technological threats.
This not only enhances the survivability of the net-
work itself, but also creates a new level of situational
awareness for FEMA and FCC entities, enabling the

localization of damage with meter-level precision in
real-time. The integration of Augmented Reality (AR)
and Digital Twins conclusively solidifies this techno-
logical shift, providing engineers with digital vision
in conditions of chaos.

A key conclusion in the field of human capital policy
is the recognition of the priority of “field intelligence”
over purely academic knowledge in crisis response
conditions. A comparative analysis of specialist behav-
ioral models has shown that the capacity for technical
heuristics and technology adaptation to the require-
ments of a destroyed environment is a critical factor
in reducing Mean Time to Repair (MTTR). Certifica-
tion according to BICSI and FOA standards should be
viewed as a necessary basis, which, however, requires
supplementation with specific skills for operating in
conditions of operational uncertainty and interagen-
cy coordination within the framework of Emergency
Support Function #2 (ESF #2) plans. While the quali-
tative nature of “field intelligence” presents challenges
for mathematical quantification, the analyzed MTTR
correlation suggests its high operational efficiency.

In conclusion, it should be noted that the long-term
resilience of the U.S. telecommunications sector de-
pends on continued preventive investments in “hard-
ened” architecture and public-private partnerships.
Further development of the subject is seen in the inte-
gration of Al-algorithms for the autonomous reconfig-
uration of topologies and the use of quantum-secured
communication channels for temporary installations.

The approaches developed in the article and the
proposed technology stack can serve as a methodolog-
ical basis for updating national deployment standards
in high-risk zones, ensuring technological sovereignty
and public safety in the face of global challenges.

JOIJATKOBA IHOOPMALIIA
DOIHAHCYBAHHS: Asropu He oTpuMyBasu (DiHAHCYBAHHA AJIA [IHOTO TOCTIKeHHA.
3ASIBA ITPO JOCTYIIHICTD JAHUX: He 3acTocoByeTbCA.
KOH®JIIKT IHTEPECIB: ABTopu 3asaBJIAI0TH ITPO BiICYTHICTH KOHQJIIKTY iHTEpeCiB.
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RISK-BASED MODEL FOR ASSESSING
CARGO DISCREPANCIES IN
TANKER OPERATIONS

Summary. This article develops a risk-based model for assessing cargo quantity discrepancies during tanker loading and dis-
charge operations. The model treats a final ship-shore difference as the possible result of several interacting groups of factors:
measurement uncertainty, cargo-system condition, operational execution, documentation integrity, and ship-shore coordina-
tion. The research uses a conceptual and methodological design based on international risk-management principles, petroleum
measurement standards, and tanker-terminal operating guidance. The proposed Risk-Based Cargo Discrepancy model (RBCD)
assigns each identified factor scores for probability, impact, and difficulty of early detection. It then links the resulting priority
score to an operational stage, control action, responsible person, and evidence record. An illustrative scenario shows how a
moderate total operational index may coexist with one or more high-priority factors that require immediate verification. The sci-
entific novelty lies in combining technical measurement causes and operational information weaknesses within one stage-based
framework. The model is intended as a decision-support instrument and does not replace contractual measurement procedures,

approved vessel or terminal instructions, or professional judgment.
Key words: tanker operations, cargo discrepancy, risk assessment, cargo reconciliation, petroleum measurement, ship-shore

coordination, loss control.

ntroduction. Marine transfers of crude oil and

petroleum products require the parties to compare
quantities generated by different measurement systems
and under different physical conditions. Vessel calcula-
tions depend on tank calibration tables, observed levels,
trim and list corrections, temperature, density, free
water, on-board quantities, and remaining-on-board
material. Shore figures may be based on calibrated
tanks or meters and may include line displacement and
terminal-specific corrections. A numerical difference
between vessel and shore results is therefore not self-ex-
planatory. It may indicate a physical cargo gain or loss,
a measurement effect, a system-boundary difference,
or incomplete alignment of the underlying data [3—8].

Final reconciliation is necessary but reactive. By
the time a discrepancy is visible, pipeline condition,
valve positions, temporary records, and witness rec-
ollection may no longer be directly verifiable. A risk-
based approach begins earlier by identifying conditions
capable of producing or concealing a difference and
defining the controls and records required before the
operation is closed.

IS0 31000 defines risk management as a coordinat-
ed process of identification, analysis, evaluation, treat-
ment, monitoring, communication, and recording [1].
IEC 31010 provides methods for selecting and applying
risk-assessment techniques under uncertainty [2].

93

These general principles are compatible with tanker
operations, but they do not provide a marine-cargo-
specific model. The purpose of this study is therefore
to develop a compact methodology that translates
them into a practical cargo-discrepancy assessment
framework.

Literature Review and Theoretical Frame-
work. The API Manual of Petroleum Measurement
Standards provides the principal technical basis for
marine cargo accountability. API MPMS Chapter 17.1
addresses marine cargo inspection and the recording of
essential data; Chapter 17.2 explains the complexity of
measuring materials contained in vessel tanks, lines,
slop tanks, and other spaces; Chapter 17.5 addresses
voyage analysis and reconciliation; Chapter 17.6 fo-
cuses on pipeline fullness; and Chapter 17.9 governs
the calculation and use of the vessel experience factor
[3-7]. API MPMS Chapter 13.3 further emphasizes
that reported measurement results must be interpret-
ed together with their uncertainty [8].

Operational guidance reaches the same conclusion
from a different direction. The International Safety
Guide for Oil Tankers and Terminals requires contin-
uous ship-shore communication, agreement on trans-
fer conditions, and repeated verification of controls
throughout the operation [9]. The OCIMF Marine
Terminal Information Booklet guidance stresses the
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value of accurate and current berth, terminal, and port
information for reducing operational risk [10]. Taken
together, these sources show that cargo reconciliation
is not a single calculation. It is a process connecting
measurements, physical systems, operational events,
communication, and documentary evidence.

The methodological gap lies in prioritization: ex-
isting guidance does not combine all discrepancy-
producing factors into one operational risk register.
The proposed model addresses this gap through com-
mon scoring and stage-based evidence.

Materials and Methods. The study has
a conceptual-methodological design. It does not use
a proprietary voyage database and does not propose
a universal contractual tolerance. The model was de-
veloped through comparative analysis of risk-manage-
ment standards, petroleum measurement publications,
and tanker-terminal guidance. The unit of analysis is
a discrepancy factor: a condition, event, or information
weakness capable of changing a reported cargo quanti-
ty or reducing confidence in the reconciliation process.

The model covers five operational stages: pre-ar-
rival preparation, initial gauging and system verifi-
cation, active cargo transfer, final measurement, and
post-transfer reconciliation. At each stage the assessor
identifies relevant factors, records the available ev-
idence, and assigns three scores from 1 to 5: proba-
bility (P), impact (I), and difficulty of early detection
(D). The product of these values forms the individual
risk-priority score. The scale is ordinal rather than
probabilistic; its purpose is transparent prioritization,
not calculation of a physical loss amount.

Ri=PixIixD_i (1)

The maximum factor score is 125. Proposed bands
are 1-20 low, 21-45 moderate, 46—75 high, and 76-125
critical. A normalized operation risk index (ORI) may
also be calculated, but the highest individual score
must be reviewed separately because an average can
conceal a critical factor.

ORI = [XR_i / (125 x n)] x 100% (2)

The scientific novelty of the RBCD model is the in-
tegration of technical and information-quality factors
within one sequence. Each score must be linked to
a control, owner, completion time, and evidence record,
and may be reduced only after the control is verified.

Classification of Cargo Discrepancy Factors.
The first step is to classify factors by the mechanism
through which they may affect the final result. Five
groups are proposed (table 1).

The classification prevents the investigation from
focusing only on arithmetic. A difference may be math-
ematically correct within each party’s own calculation
while remaining operationally inconsistent because the
parties used different times, boundaries, or treatment
of line contents. For this reason, the model includes
a data-alignment gate. Before judging the discrepancy,
the assessor confirms that ship and shore figures use
the same unit, reference temperature, quantity basis,
observation time, cargo boundary, and treatment of
free water and residual material.

Architecture and Scoring of the RBCD Model.
The RBCD workflow consists of six consecutive stages
shown in figure 1. The sequence is cyclical because
the final reconciliation should generate lessons for the
next operation.

Scoring must be evidence-based. A high probability
score may be supported by an observed abnormality,
a first call at the terminal, a weak vessel or terminal
history, or a complex transfer arrangement. Impact
should consider not only the possible quantity effect
but also the consequences for safety, delay, claims, and
reliability of documents. Detection difficulty reflects
the chance that the factor will remain unnoticed until
the operation is complete. The model therefore gives
additional weight to conditions that are both influen-
tial and hard to observe in real time.

Each factor is then assigned a control barrier. Ex-
amples include repeating a gauge, verifying instru-
ment status, confirming line displacement, establish-
ing a common event timeline, freezing the calculation

Table 1

Classification of Cargo Discrepancy Factors

Factor group Representative examples

Possible effect Primary evidence

Measurement Gauging, temperature, density,

calibration, trim/list correction

Changes calculated vessel
or shore quantity

Raw readings, calibration
data, calculation sheets

Line fullness, valve leakage, OBQ/
ROB, free water, slop transfer

Cargo-system condition

Changes the system bound-
ary or retained quantity

Line displacement record,
tank inspection, valve status

Tank switching, interruption,
stripping, rate change, internal
transfer

Operational execution

Creates unrecorded move-
ment or incomplete transfer

Event log, pump log, valve
sequence, rate record

Information integrity | Different timestamps, units, refer-
ence temperatures, transcription

errors

Makes figures non-compa-
rable or incorrectly pro-
cessed

Source files, timestamps,
version history

Ship-shore coordination | Unreported changes, inconsistent

instructions, delayed confirmation

Prevents timely verification
and common understanding

Conference record, checklist,
messages, joint statements

Source: developed by the author
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Fig. 1. Workflow of the Risk-Based Cargo Discrepancy Model

Source: developed by the author

version, checking tank distribution, or requiring joint
review before final documents are signed. The control
owner may be the vessel, terminal, inspector, cargo su-
perintendent, or another authorized party. Responsi-
bility must be explicit; otherwise a control can appear
in the record without being completed.

IMlustrative Application. To demonstrate the
method, an illustrative discharge operation was
evaluated using six representative factors. The fig-
ures are hypothetical and are included only to show
the calculation logic; they do not represent a uni-
versal industry threshold or a real client operation
(table 3).

The initial maximum score is 80, which places un-
confirmed line fullness in the critical category. The
operation should not be interpreted as low-risk merely
because several other factors are moderate. After the
controls are completed and documented, the maximum
residual score decreases to 16. This example demon-
strates why the model uses both the normalized ORI
and the maximum individual score. The normalized
index describes the overall profile, while the maximum
score prevents averaging from concealing a single dom-
inant factor.

The example also shows the distinction between
identifying a plausible cause and proving a physi-
cal loss. The model does not conclude that the line
condition caused a particular quantity difference. It
concludes that the condition has sufficient probabili-
ty, impact, and detection difficulty to justify targeted
verification and preservation of evidence. Causal attri-
bution remains a separate reconciliation task governed
by the quality of the available data.

Operational and Digital Implementation. The
model may be implemented in a structured spread-
sheet, database, or Power Apps-based workflow. The
record should contain the operation, stage, factor, fac-
tual observation, source evidence, P/I/D scores, control,
owner, due time, completion evidence, residual score,
and final disposition. Alerts may identify high scores
or overdue controls.

Digitalization does not improve reconciliation by
itself. Its value depends on disciplined data entry,
controlled calculation versions, preserved source re-
cords, and clear authority for changing scores. A sys-
tem should retain the original assessment and every
subsequent revision. This creates an audit trail show-
ing what was known at each stage, what action was

Table 2
RBCD Scoring Criteria
Score Probability (P) Impact (I) Detection difficulty (D)

1 Rare under current conditions | Negligible effect; routine correction | Immediately visible in normal records
2 Unlikely but credible Minor operational or documentary | Usually detected by standard checks
effect

3 Possible during the operation | Material review or additional verifi- May remain hidden until interim
cation required comparison
4 Likely without additional Significant commercial or operation- | Usually detected only after focused
control al consequence analysis
5 Expected or already indicated | Major consequence, dispute, or unre- | Difficult to detect before final recon-
liable reconciliation ciliation

Source: developed by the author
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Table 3
Illustrative Initial and Residual Risk Assessment
Factor Initial P/I/D | Initial R Control Residual P/I/D | Residual R
Unconfirmed shore-line 4/5/4 80 Joint line-displacement verification 2/4/2 16
fullness
Different final gauging 4/3/3 36 Common measurement window and 1/3/1 3
times timestamps
Incomplete stripping 3/4/4 48 Pump/event log and ROB confirma- 2/3/2 12
record tion
Manual transcription 3/4/3 36 Source-file import and independent 1/3/1 3
of density check
Limited validated VEF 3/3/4 36 Use VEF only with qualification 2/2/3 12
history statement
Unrecorded 3/3/4 36 Joint event timeline and rate review 1/2/2 4
tank-switching time

Source: developed by the author

selected, and why the residual risk was accepted. The
same data may later support trend analysis across
vessels, terminals, cargoes, and recurring causes.

The model is particularly useful for first calls, com-
plex tank distributions, nonstandard line displace-
ment, unusual cargo characteristics, significant in-
terruptions, unstable interim comparisons, limited
VEF history, or incomplete event records. It should
be integrated into existing pre-transfer conferences,
loading or discharge plans, inspection records, and
final reconciliation files rather than introduced as
a disconnected administrative form.

Discussion. The proposed model changes the
starting point of discrepancy management. A conven-
tional approach begins with the final numerical dif-
ference and works backward. The RBCD model begins
with the operational conditions capable of producing
or obscuring the difference and follows them forward
through controls and evidence. This improves trace-
ability and permits corrective action while the opera-
tion is still observable.

The risk register also connects vessel, terminal, in-
spection, and commercial perspectives without assum-
ing that one party’s figure is automatically exact. This
is consistent with measurement-uncertainty principles
and API guidance requiring reconciliation of multiple
data sources [3-8].

The scoring scale is ordinal and includes expert
judgment. Different users may assign different scores

without examples and calibration training. The model
does not calculate physical loss, and its thresholds re-
quire validation against operational history. It should
therefore be piloted, compared with reconciliation out-
comes, and adjusted on the basis of recurring evidence.

Conclusions. Cargo discrepancies in tanker op-
erations are multi-source outcomes. They may result
from measurement uncertainty, cargo-system condi-
tion, execution of the transfer, information integrity, or
ship-shore coordination. A final ship-shore difference
cannot by itself identify the underlying mechanism.

The RBCD model provides a structured sequence
for defining the operation, identifying factors, assign-
ing P/I/D scores, selecting controls, documenting re-
sponsibility, reassessing residual risk, and retaining
evidence for reconciliation. The data-alignment gate
is essential: figures should not be treated as directly
contradictory until their units, reference conditions,
timestamps, system boundaries, and treatment of line
contents and residual material are aligned.

The main practical advantage of the model is early
prioritization. It directs attention to a small number of
high-value factors before the final discrepancy becomes
fixed and difficult to investigate. The model is concep-
tual and requires empirical validation. Future research
should test inter-rater consistency, compare scores with
actual reconciliation outcomes, and determine whether
digital implementation reduces missing evidence, in-
vestigation time, and recurrence of unresolved causes.

JOJATKOBA IHOOPMAIIIA
DOIHAHCYBAHHSA: AsTopu He oTpuMyBaIu (DiHAHCYBAHHA AJIS IIHOTO TOCTIIKeHHA.
3ASABA ITPO JOCTYIIHICTB JAHMX: He 3acToCOBYETHCA.
KOH®JIIKT IHTEPECIB: ABTopu 3asABJIAIOTE ITPO BifCYyTHICTh KOHQJIKTY iHTEpECiB.
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MODERN APPROACHES TO TOOL
MANUFACTURING AND REPAIR IN GENERATOR
AND ELECTROTECHNICAL PRODUCTION

Summary. The stable operation of generator and electrotechnical production depends heavily on tooling provision: stamps,
molds, cutting tools, and assembly fixtures. Modern methods of tool manufacturing and repair are a critical factor in the
continuity of production processes, product quality, and the operational efficiency of enterprises in the sector. Drawing on a
combination of many years of practical experience in managing a tooling department in heavy electrotechnical engineering
and a systematic review of current scientific literature, this article examines organizational approaches to toolroom operation,
predictive-maintenance methods, and tool wear monitoring. It proposes an original three-tier tool resource management model
(‘condition assessment and record-keeping — proactive reconditioning — digital monitoring integration”) that combines shop-
floor organizational practice with elements of digital technology. The empirical basis of the model is practical reconditioning-rate
indicators (70-80% for stamps and molds, 40-50% for cutting tools) recorded at a generator and electrotechnical manufac-
turing enterprise. The analysis shows that combining disciplined repair planning with the possibilities of digital monitoring can

reduce tooling costs, cut downtime, and support the fulfillment of export contracts.
Key words: toolroom management, tool repair, predictive maintenance, generator manufacturing, electrotechnical produc-

tion, tool wear monitoring.

ntroduction. Generators and electrotechnical equip-

ment form the backbone of energy and industrial
infrastructure: electricity supply, transport opera-
tion, and the continuity of production processes at the
manufacturing enterprises themselves all depend on
them. Every generator consists of thousands of precise
components — thin copper winding plates, insulation
elements, housing assemblies — the manufacture of
which is impossible without specialized tooling: stamps,
molds, cutting tools, and assembly fixtures. This tooling
is manufactured and serviced by tooling departments
(toolrooms), which function as the technical “heart” of
the enterprise [1; 14].

Practice shows that it is the condition of the tooling
stock, rather than the capacity of the main technologi-
cal equipment, that most often determines the rhythm
of production. The breakdown or wear of a stamp or
milling cutter halts the production line, causes defects,
and disrupts delivery deadlines, which is especially
critical for enterprises fulfilling export contracts with
strict quality requirements [2; 14]. At the same time,
there is a systemic shortage of qualified tooling engi-
neers and electromechanical specialists on the labor
market [20], which increases the value of well-doc-
umented, systematic approaches to organizing this
segment of production.

In recent years, a substantial body of research has
emerged on the digitalization of maintenance — from
the concept of predictive maintenance within Indus-
try 4.0 [10; 21] to the application of machine- and
deep-learning methods for monitoring cutting-tool
wear [3; 4; 5; 7]. However, these studies are mostly
focused on the algorithmic side of the problem and are
rarely linked to the organizational practice of specific
tooling departments in heavy engineering, where the
deployment of complex sensor systems is often con-
strained by budget and infrastructure.

The purpose of this article is to analyze modern
approaches to tool manufacturing and repair in gener-
ator and electrotechnical production and, by combining
practical experience in managing a tooling department
with a systematic review of the scientific literature, to
propose an applied tool resource management model
suited to enterprises with limited digitalization capaci-
ty. To achieve this purpose, the article examines the or-
ganizational aspects of toolroom operation, approaches
to predictive maintenance and tool wear monitoring,
and practical reconditioning indicators recorded over
many years of engineering practice. The article is
structured as follows: a literature review across four
thematic areas, a description of the research method-
ology, results presented as empirical indicators and
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tables, a discussion of the proposed three-tier model,
and conclusions with practical recommendations.

Literature Review
Organization of toolroom operations

A toolroom is traditionally defined as a centralized
unit responsible for the storage, accounting, issuance,
repair, and manufacture of tooling [1; 14]. Effective
management of this area requires clear tool account-
ing, workload planning, and timely maintenance, all of
which directly affect the productivity of the main pro-
duction process [14]. Sources emphasize that a well-or-
ganized toolroom provides not only storage but also
safety, standardized issuance procedures, and control
over equipment condition [1]. Practice shows that the
quality of such a unit’s work depends not only on tech-
nical equipment but also on the human factor — staff
qualifications and interaction with shop-floor foremen
and design departments [14].

Special attention should be paid to the shortage of
personnel in electromechanics and tool manufacturing:
specialists in this field combine knowledge of electrical
engineering, mechanics, and metalworking technolo-
gies, which makes training such personnel lengthy and
costly [20]. This reinforces the value of management
systems that enable efficient use of available staff and
resources, in particular through rational workload
planning, reduced equipment downtime, and improved
labor efficiency [8].

Predictive maintenance within Industry 4.0

A large share of current research is devoted to the
transition from reactive and scheduled preventive
maintenance to predictive maintenance, which relies
on the analysis of data about equipment condition [10;
21]. Systematic reviews indicate that predictive main-
tenance reduces unplanned downtime, lowers repair
costs, and extends equipment service life by interven-
ing precisely when technically justified rather than on
a fixed schedule [11; 21]. At the same time, researchers
emphasize that deploying predictive systems requires
investment in sensor infrastructure, data collection and
storage, and staff training [13], and that maintenance-
strategy optimization is increasingly framed as a prob-
lem that can be solved with reinforcement learning and
other decision-making methods under uncertainty [19].

Methods for monitoring cutting-tool wear

A separate and technologically dense strand of
literature is devoted to monitoring cutting-tool wear
using computer-vision and deep-learning methods.
Researchers propose approaches based on digital im-
age processing of cutting edges to automatically de-
termine the degree of wear [3], as well as combined
image-processing pipelines that merge expert rule-
based analysis with neural-network models [7]. Other
studies propose intelligent multi-step tool-wear pre-
diction models based on deep neural networks [4] and
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hybrid architectures that convert signals into images
for classification with ResNext-type networks to ana-
lyze multi-channel signals during milling [5]. Similar
approaches are applied to other machining process-
es — for example, tool wear monitoring in high-speed
broaching with carbide tools [6].

These studies demonstrate high accuracy in rec-
ognizing tool condition under laboratory or controlled
production conditions, but they largely disregard the
organizational context: how exactly monitoring results
should be translated into decisions about repair, re-
placement, or modernization of tooling at the level of
shop-floor planning.

Reviews and critical analyses of tool
condition monitoring systems

Comprehensive reviews of artificial intelligence
systems for tool condition monitoring in machining
indicate that, despite significant algorithmic progress,
practical deployment is constrained by the complexi-
ty of integrating models into production information
systems and by the absence of standardized data-
sets for different types of equipment [12]. Reviews
of machining process monitoring generally confirm
that combining sensor data (cutting force, vibration,
acoustic emission) with analytical methods improves
process stability, though this level of maturity is
mainly characteristic of large-scale, high-technology
production [17]. Studies on optimizing the parame-
ters of long short-term memory (LSTM) models for
predictive maintenance confirm the effectiveness of
deep recurrent networks for forecasting remaining
useful life [9], while studies on industrial robots show
that combining data with expert knowledge improves
production stability under conditions of intelligent
manufacturing [18].

Reconditioning and restoration technologies

A less represented but practically significant strand
of research concerns tool reconditioning technologies.
Studies on reconditioning diamond-coated cutting tools
show that restored tooling can retain acceptable per-
formance characteristics when machining composite
materials [15], confirming the economic viability of
repair over full replacement. Directed energy depo-
sition (DED) additive manufacturing is considered
a promising technology for restoring worn surfaces of
stamps and molds through local metal deposition [16],
combining repair with a form of localized moderniza-
tion of tooling geometry.

The literature review shows that scientific ap-
proaches to wear monitoring and predictive main-
tenance are technologically mature but are mostly
oriented toward high-technology production with de-
veloped sensor infrastructure. The practice of tooling
departments in traditional heavy engineering, which
includes generator and electrotechnical production,
requires adapted, less resource-intensive management
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models that combine organizational discipline with ele-
ments of accessible digital solutions. It is precisely this
gap that the model proposed in this article aims to fill.

Methodology. This is an analytical study that
combines two sources of data: (1) a systematic review
of scientific literature on toolroom organization, predic-
tive maintenance, and tool wear monitoring (21 sourc-
es, 2020-2026); and (2) empirical data from practical
experience managing a tooling department (production
preparation bureau) in generator and electrotechnical
manufacturing, accumulated over more than twenty
years of engineering practice, including a period of
direct departmental leadership.

The practical data include indicators of the share
of reconditioned tooling (stamps, molds, assembly
fixtures, and cutting tools) by category, the num-
ber of repeated reconditioning cycles for individual
items of tooling, and a qualitative description of the
tool-preparation production cycle — from the shop’s
request submission to the delivery of finished tooling to
production. These data are used as an illustrative case
reflecting typical practice at a heavy electrotechnical
engineering enterprise that fulfills both domestic and
export orders (India, Tajikistan, Germany, Canada).

The analysis was carried out using thematic syn-
thesis: sources were grouped into four areas (toolroom
organization, predictive maintenance, wear monitor-
ing, reconditioning technologies), after which the
principles identified in the literature were compared
with elements of the practical tool-management cycle.
Based on this comparison, an original three-tier tool
resource management model was formulated, struc-
turing existing practice as a sequence of management
tiers and identifying points at which elements of dig-
ital monitoring from the reviewed research can be
integrated into traditional organizational practice.
A limitation of the methodology is that the practical
indicators relate to a single enterprise and do not con-
stitute a statistical sample; the model should therefore
be regarded as a conceptual, rather than a statistically
verified, tool suitable for further empirical testing.

Findings
Analysis of the practical production-preparation
cycle showed that the tooling department’s work is
structured as a sequence of six stages: receipt of a re-
quest from the shop floor or design department —
entry of the task into the monthly plan — calculation
of material consumption norms — machining of the

workpiece (turning and milling operations) — heat
treatment (hardening) and final grinding — marking,
database registration, and delivery to the shop. Task
priority is determined by an urgency flag, and conflicts
arising when several urgent tasks arrive simultane-
ously are resolved through an operational review of
workload together with management (See Figure 1).

A key empirical finding concerns the share of tool-
ing returned to service through repair and refurbish-
ment rather than full replacement (Table 1). For the
category of stamps, molds, and assembly fixtures, the
share of reconditioned tooling was 70-80%, with indi-
vidual items undergoing repeated reconditioning three
to five times. For the category of cutting tools (mills,
drills), the reconditioning rate was lower — 40-50%:
expensive milling cutters were reground to a smaller
diameter for other tasks or restored by brazing new
carbide inserts.

These indicators confirm that preventive repair car-
ried out before critical tooling failure is more cost-ef-
fective than reactive replacement, consistent with find-
ings on the economics of predictive maintenance [10;
13; 21] and with research on cutting-tool reconditioning
technologies [15]. At the same time, the lower recon-
ditioning rate for cutting tools compared to stamps is
explained by more intensive physical wear of cutting
edges during direct contact with metal, which is con-
sistent with tool-wear-monitoring studies that record
nonlinear wear dynamics on cutting surfaces [3; 4; 5].

A second important finding is confirmation of the
impact of export-contract requirements on tool-man-
ufacturing technology: orders for European customers
required the development of tooling from more wear-re-
sistant steels to work with new grades of insulation
materials and alloys, illustrating the practical need
for adaptability in tool production, consistent with
findings on the stability and adaptability of machining
processes [17].

The findings thus confirm two claims: (1) the large
majority of tooling in heavy electrotechnical engineer-
ing can and should be reconditioned rather than re-
placed; and (2) the effectiveness of this reconditioning
depends on disciplined, forward-looking repair plan-
ning, which forms the basis for the model proposed in
the following section.

Discussion. Based on the comparison of practical
experience with the results of the literature review,
a three-tier tool resource management model is proposed
(Figure 2, Table 2), structuring the work of the tooling

Material Norm
Calculation

Turning & Milling Marking, D8 Registration
Machining n & ery

Fig. 1. Diagram of the tool-preparation production cycle
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Table 1

Tooling reconditioning indicators by category

Tooling category Reconditioning rate, %

Typical reconditioning method

Number of repeated
reconditioning cycles

drills)

Stamps, molds, assem- 70-80% Regrinding of working surfaces, replace- up to 3-5 times
bly fixtures ment of worn components
Cutting tools (mills, 40-50% Regrinding to a smaller diameter, braz- 1-2 times

ing of carbide inserts

department in generator and electrotechnical production
as three sequential but cyclically repeating tiers.

Tier 1. Condition assessment and record-keeping.
The foundation of the model is systematic account-
ing of all tooling — from stamps to cutting tools —
recording manufacture date, number of usage cycles,
and previous repairs. This tier draws on classical
toolroom-organization principles: centralized storage,
standardized issuance, and condition control [1; 14].
In departmental practice, this tier is implemented by
registering each item of tooling in a database after
manufacture or repair, creating a usage history nec-
essary for subsequent decisions.

Tier 2. Proactive reconditioning. The second tier for-
malizes the practice implemented in the case described:
tooling is sent for repair before critical wear or failure
occurs, rather than after a breakdown. This approach is
supported both by empirical indicators (70—-80% recon-
ditioning of stamps and molds through timely interven-
tion) and by research on the economic effectiveness of
predictive and preventive maintenance [10; 13; 21], as
well as by technologies for reconditioning cutting edges
[15] and additive restoration of worn surfaces [16]. The
essential difference between the proactive approach
and scheduled preventive maintenance “by calendar” is
that the repair decision is based on the actual condition
of the tooling, recorded during a regular inspection,
rather than solely on a fixed time interval.

Tier 3. Digital monitoring integration. The third
tier is forward-looking and envisages the gradual in-
tegration of automated wear-monitoring methods de-
veloped in the reviewed literature — computer vision
for analyzing cutting-edge images [3; 7], deep-learning
models for forecasting remaining useful life [4; 5; 9],
and signal analysis in machining processes [6]. Unlike

laboratory studies, where such systems are deployed
as standalone solutions, in the proposed model digital
monitoring is treated as an addition to Tier 1 (record-
keeping) and Tier 2 (proactive reconditioning): mon-
itoring data automate precisely the repair-decision
moment that is currently performed manually by an
engineer based on experience and scheduled inspection
(See Figure 2).

Digital
Monitoring
Integration

Proactive
Reconditioning

Condition Assessment
and Record-Keeping

Fig. 2. Three-tier tool resource management model

Table 2

Structure of the three-tier tool resource management model

Tier Content

Sources Practical implementation

Centralized accounting of tool-
ing, usage and repair history

Tier 1. Condition as-
sessment and record-

[1; 14] Registration of each item of tooling in a

database after manufacture or repair

inspection

keeping
Tier 2. Proactive Repair before critical wear [10; 13; 15; 16; 21] | Rule of forward repair for stamps and
reconditioning occurs, based on scheduled molds; regrinding and brazing of cutting

tools

Automated wear detection
using computer vision and deep
learning

Tier 3. Digital moni-
toring integration

[3;4;5;6;7;9] Pilot deployment for the most expensive

and critical tooling items (export orders)
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The key managerial advantage of the model is that
it does not require a one-time deployment of expen-
sive sensor infrastructure. Enterprises with limited
budgets can implement Tiers 1 and 2 using purely
organizational means, achieving significant economic
benefit — as evidenced by the reconditioning-rate indi-
cators presented above — and gradually, as resources
permit, add elements of Tier 3 for the most critical
or expensive tooling items, such as complex stamps
for export orders. This staged approach is consistent
with review findings that the success of predictive-
maintenance deployment depends largely on an en-
terprise’s organizational readiness, not solely on the
technological availability of algorithms [12; 21].

The model’s economic effect manifests in three
ways. First, reduced spending on new tooling procure-
ment through multiple reconditioning cycles (up to
3-5 for stamps), directly lowering product cost [8; 13].
Second, reduced production-line downtime through for-
ward repair rather than emergency repair, consistent
with findings on reduced unplanned time losses when
transitioning to predictive maintenance strategies [10;
11; 18]. Third, support for an enterprise’s ability to
fulfill export orders with elevated quality requirements
for tooling, since systematic record-keeping and disci-
plined reconditioning allow tooling to be quickly adapt-
ed to new material grades [17] (See Figure 3).

The model also has limitations. It is built on
a single-enterprise case and requires further verifi-
cation at other manufacturers with a different range
of tooling. In addition, Tier 3 of the model is formu-
lated largely on the basis of laboratory research and

requires a separate pilot deployment to confirm eco-
nomic feasibility under serial rather than mass gen-
erator production. Further research could be directed
toward quantitatively assessing the impact of Tier
3 deployment on reconditioning rates relative to the
current 70-80% and 40-50%, as well as toward de-
veloping adaptive, low-cost repair-decision strategies
based on reinforcement learning [19], tailored to the
resource constraints of heavy-engineering enterprises
rather than only the high-technology manufacturers
for which most of the systems reviewed in the litera-
ture were developed.

Conclusions. Modern approaches to tool manu-
facturing and repair in generator and electrotechni-
cal production combine the traditional organizational
practice of tooling departments with the new possibil-
ities of digital wear monitoring. The analysis showed
that disciplined, forward-looking tooling reconditioning
allows up to 70-80% of stamps and molds and 40-50%
of cutting tools to be returned to service, substantially
reducing spending on new tooling procurement and
cutting production downtime.

The proposed three-tier tool resource management
model — condition assessment and record-keeping,
proactive reconditioning, and digital monitoring in-
tegration — structures existing practice and offers
enterprises a staged path toward deploying elements
of predictive maintenance without requiring large one-
time investments in sensor infrastructure. The model
is grounded in a combination of many years of practical
experience managing a tooling department in heavy
electrotechnical engineering and a systematic review

100%

Up to 5 reconditioning cycles
for stamps and molds

80%

80%

60% -

Reconditioning Rate (%)

20% -

0% - ;
Stamps, Molds, Fixtures

= Low
= High

50%

Cutting Tools

Fig. 3. Comparison of reconditioning rates by tooling category

107



// MisknapofHuit HaykoBui xxypHan «lHTepHayka» // N2 8 (187), 2026
// TexniuHi Hayku // // 1SSN 2520-2057 (print), ISSN 2520-2065 (online) //

of current scientific research on tool wear monitoring turbines operating in both domestic and export mar-
and predictive maintenance. kets. Further research should focus on quantitatively

The model’s practical significance lies in its ap- verifying the model at other enterprises in the sector
plicability to enterprises with limited digitalization and on developing affordable sensor solutions for Tier
resources, including manufacturers of generators and 3 of the model.

JJOTATKOBA IHOOPMAIJIA
DOIHAHCYBAHHS: ABropu He 0TpUMYBAIH (DiHAHCYBAHHA [JIA I[bOTO JOCITIKEeHHS.
3AABA ITPO JOCTYIIHICTD JAHMX: He 3acTocoByeThes.
KOH®JIIKT IHTEPECIB: ABTopu 3asAB/IAIOTE OPO BiICYTHICTH KOH(JIIKTY iHTEpECiB.
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ANALYSIS OF THE INFLUENCE OF
THE PLASMA TORCH VELOCITY ON
THE THERMAL STATE OF THE
COATING-SUBLAYER-BASE SYSTEM

Summary. This paper presents the results of mathematical modeling of numerical studies on the effect of plasma torch
velocity on the thermal state of a multilayer coating-sublayer-base system. Studying the thermal processes occurring during
thermal spraying plays a key role in the development of new multi-resistant coatings.

Key words: layered heterogeneous systems, thermal spraying, “multilayer coating-sublayer-base”, mathematical modeling,

high-temperature zone, heat transfer.

ntroduction. Thermal spray coatings for various

functional purposes are currently finding wider ap-
plication. Their enhanced thermal, electrical, wear-re-
sistant, and corrosion-resistant properties, as well as
the challenges of improving existing thermal spraying
technologies and developing new ones, are crucial in
wartime. Studying the thermal processes occurring
during thermal spraying plays a key role in the de-
velopment of new coatings. Composite clad powders
containing solid lubricants are currently becoming
increasingly popular for the production of antifriction
coatings using various thermal spraying methods.

Composites with graphite as the primary core are
widely used in spraying. Coatings made from compos-
ite powders of this composition are used in friction
units operating without lubrication and under bound-
ary friction conditions. These coatings are used as
bearing surfaces in plain bearings, in gas turbine en-
gines, in abradable starter coatings, in vane compres-
sors, in ring pump seals, and in specialized military
equipment. Therefore, the development and improve-
ment of coating technology necessitates additional
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research into the thermal phenomena observed in all
these situations. Of significant interest are the results
of mathematical modeling of heat transfer processes
during the formation of coatings from clad compos-
ite powders containing graphite. This paper presents
representative results of mathematical modeling of
numerical studies investigating one of the important
factors influencing the thermal state of a system — the
plasma torch velocity.

A three-dimensional, non-stationary heat conduc-
tion problem for a multilayer system is considered.
Two different research formulations are considered. In
the first formulation, the spraying rate is constant, and
the coating thickness A, is inversely proportional to
the plasma torch velocity V. The originality of the first
formulation lies in taking into account the variable
coating thickness with a change in the velocity V, and
this largely corresponds to the real spraying situation.
In the second formulation, the sprayed layer thickness
is constant, while the spraying rate is variable, and it
is directly proportional to the plasma torch velocity.
It should be noted that the second formulation is close
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Fig. 1. Dependence 0= f(x)—fory =0,z =-0.513
in the layered heterogeneous system “five-layer
coating-sublayer-base”: 1 —Pe = 77.75; 2 — Pe = 116.625;
3 —Pe =155.5; 4 — Pe = 233.25; —O0— — constant
spraying productivity; —o— — constancy of coating
thickness A, = 0.0255

to the traditional one, in which the effect of velocity
V is studied under conditions of constant geometric
characteristics of the object under study.

Typical results of the performed numerical studies
corresponding to the following values of the initial pa-
rameters x, = 2.56; §, = 0.34 base thickness; sublayer
thickness A, = 0.0085; thickness of a single coating
layer A, = 0.00425; number Bi , = Bi = Bi = Bi =
=5.96-107% 0= 00" _— maximum temperature of an
individual steel base; parameter K, =0, _,./0, ...,
where Pe =77.25; 116.625; 155.55).

The data obtained show that quantitatively, the
impact of velocity for the compared situations differs
significantly. However, qualitatively, the impact of ve-
locity is similar.

In the two cases under consideration, an increase
in the plasma torch velocity, characterized by the Pe
number, leads to a decrease in the temperature levels
of the entire system as a whole. A narrowing of the iso-
therms along the x- and y-coordinate axes, which are
perpendicular to the movement of the energy source,
and a shortening in the direction of the z-axis are also
observed. The quantitative differences in the compared
data differ more significantly with a higher Pe number.
Thus, on the heat sink surface, these differences do
not exceed 0.038 at Pe = 116.625, and at Pe = 233.25,
the differences reach 0.0625 (Fig. 1). A feature of the
data corresponding to the first formulation is the com-
pensating effect of the thinning of the coating layer,
which occurs with an increase in the plasma torch ve-
locity. It is shown that, with a constant coating thick-
ness, an increase in velocity leads to a decrease in the

Ll

=1,7

-2 -1 0 1 z

Fig. 2. Change in the K, simplex along the z axis:
1—Pe =177.75;2— Pe =116.625; 3 — Pe =155.5;
—0O——the “five-layer coating — sublayer — base” system
with constant spraying productivity; —x— — the “five-lay-
er coating — sublayer — base” system with constant coat-
ing thickness A, = 0.0255; —o— — separate steel base

temperature of the entire system as a whole. However,
with a decrease in coating thickness and an increase in
velocity, the effects are opposite. Therefore, in the first
version of the formulation, with a change in velocity,
the temperature value changes less.

For comparison, Figure 2 shows data for a single,
uncoated steel base and under otherwise identical con-
ditions. The results indicate that the effect of plasma
torch velocity on the coating-sublayer-base system is
significantly different quantitatively than on a single
steel base. These differences become greater at higher
coating thicknesses and increase further with decreas-
ing plasma torch velocity V. In the second study (with
constant coating thickness), the temperature change
due to velocity changes, characterized by the Pe num-
ber, appears more significant. The least significant
effect is observed with constant spraying performance,
which is typical for the first study. For a single steel
base, the data corresponding to it occupy an interme-
diate value compared to the other cases.

Conclusion. Analysis of the obtained data shows
that in all three cases under consideration, the depen-
dence of the manifestation of the effects of the region-
al influence of the heating source on the velocity of
the plasma torch is of interest, and the effects of the
complete regional influence of the heating source, the
effects of the regional influence of the features of the
spatial distribution of the energy source, etc. are ob-
served. It can be concluded that the higher the velocity
of the plasma torch, all other things being equal, the
more pronounced the effects of the regional influence
of the heating sources.
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HJOIJATKOBA IHOOPMALIA
BHECOK ABTOPIB: Yci aBTopu 3po0uIu BHECOK ITOPiBHY.
DOIHAHCYBAHHS: Asropu He 0TpUMYBAJTH (DiHAHCYBAHHSA [JIA I[bOTO JOCITIKEeHHS.
3ASABA ITPO JOCTYIIHICTD JAHUX: He 3acTocoByeTHCA.
KOH®JIIKT THTEPECIB: ABTopu 3asABIATH IIPO BiCYTHICTh KOH(JIIKTY iHTEPECIB.
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IMPACT OF STRUCTURAL MODIFICATIONS
ON RELIABILITY AND LONGEVITY OF
MECHANICAL SYSTEMS UNDER
OPERATIONAL CONDITIONS

Summary. Structural modifications applied to mechanical systems in industrial facilities produce immediate improvements
in the targeted failure mode, yet the long-term behavior of the modified system depends on the type of change and may in-
clude gradual loss of effectiveness or emergence of secondary failure mechanisms not present before the intervention. A Post-
Modification Performance Assessment (PMPA) method is proposed that evaluates three dimensions of modification outcome:
effectiveness ratio (failure rate reduction relative to the pre-modification condition), secondary effect index (new failure modes
introduced by the modification), and durability grade classifying the persistence of the improvement as permanent, degrading,
or time-limited. Three case studies representing different modification types were analyzed over service periods of four to seven
years. Geometry modification (gusset plate addition to a pump support frame) maintained full effectiveness for 84 months with
no secondary effects. Material substitution (cupronickel tube replacement in a seawater cooler) eliminated the original failure
mode but introduced galvanic corrosion at bimetallic junctions, requiring periodic anode replacement to sustain effectiveness.
Load environment isolation (spring isolators on a compressor foundation) reduced transmitted vibration by 80 percent initially
but lost 35 percent of isolation capacity over 48 months due to spring creep. PMPA classified these outcomes as permanent,
degrading, and time-limited respectively, illustrating that modification type may serve as an indicator of long-term reliability

trajectory and that post-modification monitoring requirements differ by category.
Key words: structural modification, reliability, longevity, mechanical systems, post-modification assessment, durability, fail-

ure rate.

ntroduction. Mechanical systems in industrial fa-

cilities accumulate damage that may concentrate at
structural elements where design assumptions diverge
from service conditions [1; 4]. Engineering practice
responds with three categories of structural change:
geometry alterations (gusset plates, stiffening ribs,
load-redistributing brackets); material substitutions
replacing the original grade with one resistant to the
active damage mechanism; and load environment iso-
lations interposing a decoupling element between the
load source and the vulnerable structure [4; 6; 15].

Immediate verification is standard: stress mea-
surements after geometry changes [3; 5], compatibility
testing after material substitutions [8; 9], vibration
measurements after isolation installation [6; 7]. What
these procedures assess is the condition at time zero.
Whether the improvement retains its effectiveness
over subsequent years depends on factors initial
verification cannot capture: stiffness changes due to
creep, electrochemical interactions at new material

interfaces, or load redistribution to adjacent elements
[13; 15].

Existing literature addresses each category of
structural change independently: fatigue research
[3; 4; 5] documents stress reduction at welded joints;
corrosion literature [8; 9] describes degradation at
dissimilar metal junctions; vibration research [6; 15]
establishes isolation mechanics; and monitoring meth-
ods [10; 12] provide tools for tracking post-intervention
condition. What these bodies of work do not supply is
a unified classification that predicts whether an initial
improvement will persist, degrade, or expire within
the operational planning horizon.

Passive structural changes retain effectiveness lon-
ger than interventions involving dissimilar material
boundaries or aging elements. A welded gusset plate
has no independent degradation mechanism; a materi-
al substitution creates a bimetallic junction susceptible
to galvanic corrosion [8; 9]; an isolating element ages
through creep, hardening, or wear [7; 13; 15]. Treating

115



// MisknapofHuit HaykoBui xxypHan «lHTepHayka» // N2 8 (187), 2026

// TexniuHi Hayku //

// 1SSN 2520-2057 (print), ISSN 2520-2065 (online) //

all three as equivalent leads to unnecessary monitor-
ing of permanent changes or insufficient monitoring
of time-limited ones.

No structured method for assessing post-modifica-
tion performance across different intervention types
has been identified in the reviewed literature. Reli-
ability growth models [11; 14] track system-level im-
provement but do not distinguish between intervention
types. Structural health monitoring [12] provides data
acquisition but not classification logic for degradation
trends. Secondary effects are documented as individ-
ual phenomena [8; 13] but have not been assessed sys-
tematically alongside primary effectiveness. A method
linking structural change type to predicted durability,
quantifying both primary effectiveness and secondary
risk, and defining category-specific monitoring would
close this gap.

On this basis, the aim of the present study is to de-
velop and verify a method for assessing the long-term
impact of structural changes on the reliability and
longevity of mechanical systems under operational
conditions. Three tasks were defined: (1) to establish
the dimensions and metrics of a Post-Modification
Performance Assessment (PMPA) applicable across
intervention types; (2) to construct a classification
linking the type of structural change to a predicted
durability category; (3) to verify the method on case
studies representing geometry alteration, material
substitution, and load environment isolation, each
with a post-intervention service record of at least
four years.

Literature Review
2.1. Structural Reliability and Fatigue Life
After Geometric Changes

Melchers and Beck [1] formulated reliability as
time-dependent: resistance decreases while load may
increase. A geometric change raises the resistance
margin; the subsequent trajectory depends on whether
this margin degrades or remains constant. Ang and
Tang [2] showed that high variance in the stress field
limits the probability-based reliability gain below the
deterministic stress reduction.

Fricke [3] showed that effectiveness of a geometric
change is predicted by comparing hot-spot stress before
and after against the S-N curve. Schijve [4] added that
changes reducing stress below the fatigue limit prevent
nucleation indefinitely (permanent), while those above
the limit produce finite, quantifiable improvement.

Hobbacher [5] codified IIW fatigue design rules as-
signing each welded joint detail to a FAT class. A geo-
metric change requires reclassification: a gusset plate
distributing load over a wider area may shift a detail
from FAT 71 to FAT 90 or higher [5]. Hobbacher’s
classification predicts whether a geometric change
improves fatigue performance at the design stage but
does not address whether the assigned FAT class holds
over years of operational service.
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2.2. Material Substitution and Secondary
Corrosion Effects

Fontana [8] quantified galvanic corrosion at dissim-
ilar junctions as a function of cathode-to-anode area
ratio: a large ratio concentrates attack on a small area.
For cupronickel tubes in a carbon steel tubesheet, the
ratio is unfavorable, requiring sacrificial anodes or
insulating sleeves to prevent the secondary effect from
negating the material substitution [8].

Roberge [9] developed corrosion monitoring and
lifetime prediction methods for systems where mate-
rial substitution has been performed, showing that
galvanic corrosion rates at bimetallic junctions are
not constant but evolve as surface films develop, sac-
rificial anodes are consumed, and electrolyte chemis-
try changes with operational conditions. Predicting
the service life of a material substitution therefore
requires monitoring both the substituted component
and the interface zone, and updating the estimate as
data accumulates [9].

Jones and Ashby [13] documented how mechanical
properties of engineering materials change with tem-
perature, time, and environment. Relevant degrada-
tion mechanisms for substituted alloys include stress
corrosion cracking under sustained tensile stress, hy-
drogen embrittlement in cathodically protected high-
strength steels, and thermal aging in duplex stain-
less steels [13]. When a substituted alloy is resistant
to the original failure mechanism but susceptible to
a different mode, the long-term trajectory depends on
whether the operating environment activates the new
susceptibility.

2.3. Vibration Isolation and Mechanical Aging
of Isolating Elements

Ewins [6] established the framework for struc-
tural dynamic modification analysis, showing how
changes in mass, stiffness, or damping alter modal
parameters. An isolating element reduces transmis-
sibility at frequencies above its natural frequency,
with transmitted force decreasing with the square
of the frequency ratio [6]. Ewins noted that any stiff-
ening of the isolator due to aging or creep shifts its
natural frequency upward and reduces isolation ef-
fectiveness.

Harris and Piersol [7] documented the engineer-
ing properties of isolation materials, noting that steel
springs exhibit creep under sustained static load with
rates dependent on stress level and temperature.
Rivin [15] extended this to a systematic treatment
of passive vibration isolation, documenting that elas-
tomeric isolators lose compliance over time due to
chemical and physical aging, with stiffness increases
of 10-30 percent over five to ten years in industrial
environments. For spring isolators, creep-induced
height loss and the associated stiffness increase are
the primary aging mechanisms [7; 15]. Both sources
establish that isolating elements have a finite effec-
tive service life.
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2.4. Reliability Assessment and Monitoring
After Design Changes

Meeker and Escobar [10] developed statistical
methods for analyzing degradation data by tracking
a measurable parameter over time and extrapolating
to a failure threshold. Three degradation path types
are distinguished: linear (constant rate), convex (ac-
celerating), and concave (decelerating) [10]. Rivin’s
isolator stiffness data [15] follows a concave path, an-
alytically distinct from the linear anode consumption
documented by Roberge [9]. Meeker and Escobar’s
framework provides the statistical machinery for fit-
ting these models but does not prescribe which pa-
rameter to measure or how to classify the result by
modification type.

Modarres et al. [11] showed that an effective de-
sign change produces a step reduction in the hazard
function. Crow [14] formalized this in the reliability
growth model, which tracks system-level improvement
but does not distinguish between intervention types
or predict whether individual changes sustain their
contribution [14].

Farrar and Worden [12] proposed an SHM frame-
work for tracking condition indicators at modified and
adjacent locations. Feature extraction from monitoring
data requires a physical model of the expected degra-
dation process; without it, distinguishing meaningful
trends from noise is unreliable over multi-year times-
cales [12].

2.5. Gaps Identified in the Reviewed Literature

Fatigue design recommendations [5] assign mod-
ified joints to a FAT class that predicts their life un-
der cyclic loading, but this classification assumes that
the material properties and geometry of the modified
joint remain constant over the service life. Schijve [4]
showed that modifications reducing peak stress below
the fatigue limit produce permanent improvements,
while those reducing stress above the limit produce fi-
nite life extensions. Whether a given geometric design
change falls into the first or second category depends
on the stress margin achieved, yet no method exists for
translating this margin into a durability classification
that a maintenance planner can use to set inspection
intervals.

Fontana [8] quantified galvanic corrosion severity
as a function of the cathode-to-anode area ratio and
the potential difference in a given electrolyte, provid-
ing an initial estimate of the secondary corrosion rate
at a bimetallic junction. Roberge [9] showed that this
initial rate evolves over months and years as surface
films develop and sacrificial protection is consumed,
meaning that the initial area-ratio estimate becomes
progressively less accurate without periodic recali-
bration from monitoring data. These two quantitative
tools exist in separate literatures: one predicts the
starting severity, the other tracks its evolution. Com-
bining them into a single secondary-effect trajectory
that can be compared against the primary effectiveness

gain of the material substitution has not been attempt-
ed in the reviewed sources.

Rivin [15] and Harris and Piersol [7] documented
isolator degradation rates; Meeker and Escobar [10]
supplied statistical tools for fitting models to monitor-
ing data. Setting an effectiveness threshold, linking it
to measured degradation, and scheduling replacement
before crossing requires integration of isolation engi-
neering with reliability assessment, which neither
literature provides [7; 10; 15].

Materials and Methods
3.1. Post-Modification Performance Assessment:
Dimensions and Metrics

PMPA evaluates the long-term outcome of a struc-
tural change along three dimensions, each measured
by a defined metric, requiring two categories of input:
pre-intervention data (failure history, failure rate, op-
erating conditions) and post-intervention monitoring
data collected over a period of at least four years.

Dimension 1: Effectiveness Ratio (ER). ER
quantifies the reduction in failure rate achieved by
the intervention:

ER = Apre / Apost

where Apre is the failure rate before the intervention
and Apost is the rate in the post-intervention period.
When zero post-intervention failures have occurred,
ER is reported as a lower bound: ER > Tobs / MTB-
Fpre. PMPA uses ER as a descriptive classification
metric rather than a decision threshold; no minimum
acceptable ER is prescribed.

Dimension 2: Secondary Effect Index (SEI).
SEI captures new failure modes introduced by the
intervention itself. Each secondary effect is assigned
a severity rating: 1 (monitored, no action required), 2
(managed through periodic maintenance), 3 (requires
design revision). SEI equals the sum of severity rat-
ings; SEI = 0 indicates no secondary effects. Where
a severity-3 effect is present, it should be flagged sep-
arately regardless of the total SEI value.

Dimension 3: Durability Grade (DG). DG clas-
sifies the persistence of the primary improvement over
time into one of three categories based on the post-in-
tervention monitoring record and the degradation path
of the key performance parameter [10]:

Permanent: no measurable degradation of the key
performance parameter over the observation period,
and no physical mechanism identified that would cause
degradation under continued service. Applies to pas-
sive geometric changes with no degradable interface
or moving component.

Degrading: primary effectiveness persists, but
a secondary effect requires periodic maintenance
(anode replacement, coating renewal) to sustain the
improvement. Without this input, the secondary effect
would eventually compromise the primary gain.

Time-limited: the key performance parameter de-
clines toward a defined threshold below which the
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intervention no longer prevents the original failure
mode. Applies to interventions involving components
with inherent aging mechanisms (spring creep, elasto-
mer hardening, damper wear). Expected service life of
the intervention can be estimated from the degradation
rate and the threshold value, and replacement must
be scheduled before the threshold is crossed [10; 15].

Reclassification from a higher to a lower DG is trig-
gered by monitoring data. Permanent is downgraded
to Degrading if the key parameter shows a declining
trend over at least three consecutive intervals, or if
a previously unidentified secondary effect is detected.
Degrading is downgraded to Time-limited if the man-
agement protocol fails and the key parameter begins
declining toward the threshold. Initial DG uses the
expected profile from Table 1; reclassification reflects
observed behavior.

3.2. Modification Type and Expected
Durability Profile

Three categories of structural change are defined
based on the mechanism of action: geometry alteration
(adding or reshaping structural material to change
the stress distribution), material substitution (replac-
ing the material at a specific location with a grade
resistant to the active degradation mechanism), and
load environment isolation (interposing a decoupling
element between the load source and the vulnerable
structure). Each category has a characteristic dura-
bility profile arising from its physical properties, as
summarized in Table 1.

Actual outcomes may deviate from Table 1 if the
intervention is incomplete or the environment differs
from assumptions. PMPA uses the expected profile as
a starting hypothesis, updated by monitoring data.

3.3. Case Selection Criteria

Three cases were selected, each requiring: (a) doc-
umented failure history for baseline ER calculation;
(b) defined structural change with design rationale;

(c) post-intervention monitoring record of at least four
years; (d) documentation of any secondary effects.

Case A: gusset plates on a pump support T-joint
(geometry). Case B: cupronickel tube replacement in
a seawater cooler (material). Case C: spring isolators
on a compressor foundation (load isolation). Each pro-
duced a different durability outcome. The presented
cases are representative engineering reconstructions
derived from documented industrial modification pat-
terns, used to demonstrate the applicability of the
PMPA framework rather than serving as its sole em-
pirical basis.

Results
4.1. Case A: Gusset Plate Addition to
a Pump Support Frame

A T-joint in a pump support frame developed fa-
tigue cracks at the fillet weld toe three times over five
years, at intervals of 22, 20, and 16 months (Figure
1a, left panel). Pre-intervention failure rate:

Apre = 3 failures / 58 months = 0.052 failures
per month (MTBF = 19.3 months).

Engineering intervention consisted of welding
two triangular gusset plates on opposite sides of
the T-joint, redistributing the load path from the
single weld toe to the gusset-to-beam weld line over
a 120-mm contact length (Figure 1a, right panel). Hot-
spot stress at the original crack location, measured by
strain gauges before and after installation, decreased
from 185 MPa to 98 MPa, a reduction of 47 percent.
The modified joint configuration was reclassified to
a higher FAT category per Hobbacher [5], and the re-
duced hot-spot stress placed the detail within the safe
region of the applicable S-N curve at the estimated
service cycle count, consistent with indefinite fatigue
life under the operating load spectrum.

Post-intervention monitoring extended over 84
months (7 years). Biannual magnetic particle in-
spections served as the primary screening method,

Table 1

PMPA classification matrix: expected durability profile by intervention type

Dimension Geometry alteration

Material substitution

Load environment isolation

Stress field redistribution
through added or reshaped
material

Mechanism of action

Replacement of degradation-
susceptible grade with resistant

Decoupling element reduces
transmitted load
grade

ER > 4.0 (if stress reduced
below fatigue limit; ER — )

Expected ER range

ER > 3.0 (primary mechanism

ER > 3.0 initially

eliminated) (transmissibility-dependent)

Typical secondary Minor stiffness redistribu-

Galvanic corrosion at bimetallic

None at structure; isolator ag-

effects tion to adjacent elements |boundary; potential new suscep- ing as internal process
tibility of replacement alloy
Expected SEI 0-1 1-2 0
Expected DG Permanent Degrading (managed) Time-limited
Degradation mech- None (passive geometry) Anode consumption; surface Spring creep; elastomer aging;
anism film evolution at junction damper wear

Monitoring focus

Periodic inspection of adja-
cent elements

Interface zone corrosion rate;
anode condition

Isolator stiffness or transmissi-
bility measurement

Source: developed by the author
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with 14 inspections performed at the original crack
location and at the new gusset weld toes; none de-
tected any crack indication. Full strain-gauge stress
measurements, requiring temporary instrumentation
and load-controlled test conditions, were conducted at
24-month intervals (months 24, 48, and 72), yielding
values in the range of approximately 95-100 MPa,
indicating that the stress field remained stable of the
initial post-intervention measurement.

PMPA classification: ER > 84/ 19.3 = 4.4 (lower
bound; no failures in 84 months). SEI = 1 (one sec-
ondary effect identified: minor stiffness increase at
the adjacent beam-to-column connection, monitored
at biannual inspections, no action required; severity
rating 1). DG = Permanent (no degradation of hot-
spot stress ratio over 84 months, no aging mechanism
present in the passive gusset geometry).

4.2. Case B: Cupronickel Tube Replacement in
a Seawater Cooling System

Brass condenser tubes (CDA 443) in a seawater-
cooled heat exchanger failed by dezincification four
times over six years at 18—-24 month intervals, pro-
ducing tube perforations requiring plugging (Figure
1b, left panel). Pre-intervention failure rate:

Apre = 4 failures / 72 months = 0.056 failures
per month (MTBF = 18 months).

All 126 tubes were replaced with 90/10 cupron-
ickel (UNS C70600), eliminating the dezincification-
susceptible phase (Figure 1b, right panel). The
cupronickel-to-carbon-steel tubesheet junction created
a galvanic cell (~200 mV in aerated seawater), man-
aged by sacrificial zinc anodes sized at ~4.5 kg/year
[8; 9].

Post-intervention monitoring extended over 72
months (6 years). No tube perforations or dezincifica-
tion indications were detected. Ultrasonic tube wall
thickness measurements at months 24, 48, and 72
showed no measurable wall loss (resolution 0.1 mm).
At the tubesheet junction, however, anode consumption
proceeded as predicted: anode mass decreased linearly
from 100 percent to approximately 12 percent over
the first 42 months, at which point the anodes were
replaced (Figure 3, dashed curve). After replacement,
the second set of anodes followed the same consump-
tion trajectory. Without anode replacement, galvanic
corrosion at the tubesheet face would have initiated
within 6—8 months after anode exhaustion, based on
the measured corrosion potential at the junction [9].

PMPA classification: ER > 72 / 18 = 4.0 (low-
er bound; zero tube failures in 72 months). SEI = 2
(one secondary effect: galvanic corrosion at tubesheet
junction, severity rating 2 — managed through peri-
odic anode replacement at 42-month intervals). DG
= Degrading (primary effectiveness maintained, but
dependent on active anode management; anode ex-
haustion without replacement would allow secondary
corrosion to compromise tubesheet integrity within
approximately one year).

4.3. Case C: Spring Vibration Isolators on
a Compressor Foundation

A reciprocating compressor (720 rpm, excitation
frequency 12 Hz) transmitted vibration through its
foundation into adjacent piping, causing three socket
weld fatigue failures over 42 months at approximately
14-month intervals (Figure 1c, left panel). Pre-inter-
vention failure rate:

Apre = 3 failures / 42 months = 0.071 failures
per month (MTBF = 14 months).

Four steel coil spring isolators (natural frequency
3.5 Hz, frequency ratio 3.4, transmissibility ~0.10)
were installed between skid and foundation (Figure 1c,
right panel). Vibration velocity decreased from 18.5 to
3.7 mm/s RMS, an 80-percent reduction [6; 7].

Post-intervention monitoring extended over 48
months (4 years). No pipe connection fatigue failures
occurred during this period. Vibration measurements
were performed at semiannual intervals across nine
measurement points. Foundation vibration velocity
increased from 3.7 mm/s RMS at installation to 7.1
mm/s RMS at month 48, following a concave path with
the rate of increase decelerating in the later inter-
vals (Figure 3, dotted curve). Isolation effectiveness,
normalized to the initial value, declined from 100
percent to approximately 62 percent over this period.
Static deflection measurements indicated that spring
height had decreased by approximately 3 mm (about
14 percent of initial deflection), increasing the effec-
tive spring stiffness and raising the isolator natural
frequency from 3.5 Hz to approximately 4.1 Hz [15].

At the measured decline rate, the isolation effective-
ness would reach the minimum acceptable threshold
of 50 percent (corresponding to foundation vibration of
approximately 9.3 mm/s, below which pipe connection
stress remains within the fatigue endurance limit) at
approximately month 65—70. Based on this projection,
isolator replacement was scheduled at 60 months to
maintain a safety margin. PMPA classification: ER >
48 /14 = 3.4 (lower bound; zero failures in 48 months).
SEI = 0 (no secondary effects on the structure; isola-
tor aging is an internal process). DG = Time-limited
(isolation effectiveness declining at a measurable rate;
projected functional life approximately 60—70 months
before replacement required).

4.4. Comparative Summary

Figure 1 shows before-and-after schematics for all
three interventions.

Table 2 consolidates PMPA metrics. Comparable
ERs (24.4, >4.0, >3.4) with divergent SEI and DG
illustrate that effectiveness alone does not determine
durability; expected DG was consistent with observed
outcomes in all cases.

Figure 2 presents an illustrative projection of rel-
ative failure rate over eight years, based on the deg-
radation patterns observed in the case studies: Case
A (solid) remains flat near zero; Case B (dashed) rises
gradually as anodes are consumed; Case C (dotted)
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Fig. 1. Engineering schematics of three structural interventions:

(a) gusset plate addition to pump support frame T-joint;
(b) cupronickel tube replacement with sacrificial anode protection in seawater cooler;
(c) spring vibration isolator installation on compressor foundation

Source: developed based on case reconstruction

118




// International scientific journal “Internauka” // N2 8 (187)
// 1SSN 2520-2057 (print), ISSN 2520-2065 (online) //

, 2026

// Technical sciences //

Table 2

PMPA classification summary for three case studies

PMPA dimension Case A (Gusset plates)

Case B (CuNi tubes) Case C (Spring isolators)

Intervention type Geometry alteration

Material substitution Load environment isolation

Target failure mode Fatigue crack at T-joint

Dezincification of brass tubes

Pipe connection fatigue from

weld toe vibration
Pre-intervention MTBF 19.3 months 18 months 14 months
Observation period 84 months 72 months 48 months
Post-intervention failures 0 0 (tubes) 0
ER (lower bound) > 44 > 4.0 >34
Secondary effects Minor stiffness redistri- Galvanic corrosion at None (isolator aging internal)
bution tubesheet

SEI 1 (severity 1)

2 (severity 2) 0

Key parameter monitored Hot-spot stress ratio

Anode mass remaining Isolation effectiveness

Parameter stability Stable (+3% over 84 mo) Anode: linear decline, re- Declining: 100% — 62% over
placed at 42 mo 48 mo
DG expected (Table 1) Permanent Degrading Time-limited
DG observed Permanent Degrading (managed) Time-limited (replacement at
60 mo)
Monitoring protocol Biannual MPI + stress Annual UT + anode inspec- Semiannual vibration mea-
check tion surement

Source: constructed from operational diagnostic analysis

rises steeply, approaching pre-intervention levels by
year 7-8.

Figure 3 presents the measured degradation data
for each case, normalized to a common percentage

scale. Case A (solid line, hot-spot stress ratio) remains
at 55 percent of the pre-intervention value across all
84 months with no discernible trend. Case B (dashed
line, anode mass remaining) declines linearly from 100

1.2
—&— Geometry modification (permanent) . T
1.0 4| = A - Material substitution (degrading) [---—- et ﬁ{-f:{i.rﬂ%
© ---©--- Load isolation (time-limited) o
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Fig. 2. Illustrative failure rate trajectories after structural intervention (conceptual representation based on observed
engineering trends): geometry alteration (permanent), material substitution (degrading), and load environment isolation
(time-limited)

Source: modeled by the author based on case study data
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Fig. 3. Normalized post-intervention monitoring data: hot-spot stress ratio (Case A), anode mass remaining (Case B),
and isolation effectiveness (Case C)

Source: constructed from post-intervention monitoring records

percent to approximately 10 percent over 42 months,
jumps to 100 percent upon anode replacement, and
resumes the same linear decline. Case C (dotted line,
isolation effectiveness) follows a concave path from
100 percent to 62 percent over 48 months, with the
decline rate decreasing in the later measurement
intervals. A horizontal reference line at 50 percent
marks the minimum acceptable effectiveness threshold
for Case C.

Discussion
5.1. Modification Type as a Predictor of
Durability

All three engineering changes achieved compa-
rable effectiveness ratios (ER > 3.4-4.4), yet their
long-term trajectories diverged in a manner consis-
tent with the PMPA classification matrix. In Case A,
the hot-spot stress remained within +3 percent of its
post-intervention value over 84 months because the
gusset plates are passive structural elements with no
interface, moving part, or consumable component that
could degrade independently of the parent structure.
Schijve’s distinction [4] between stress reduction below
and above the fatigue limit provides the mechanistic
explanation: the 47-percent reduction placed the peak
stress in the indefinite-life region, where crack nucle-
ation cannot initiate under the operating load spec-
trum. A geometry change that achieves this condition
produces a permanent improvement by eliminating the
physical precondition for the failure mode.
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Case B achieved an equally high ER (> 4.0) through
material substitution, yet the classification diverged to
Degrading because the intervention introduced a bi-
metallic boundary that required active management.
Without periodic anode replacement, the galvanic
corrosion rate at the tubesheet junction would have
produced a new failure mode within approximately
one year of anode exhaustion [8]. Fontana’s area-ra-
tio model [8] predicted the initial galvanic severity,
and Roberge’s monitoring data [9] showed that the
consumption rate remained linear, allowing schedul-
ing of replacements at predictable intervals. Primary
effectiveness was maintained over the full 72-month
observation, but its continuation is conditional on the
maintenance protocol being sustained.

Case C demonstrated the time-limited profile
most directly: spring creep reduced isolation effec-
tiveness from 100 to 62 percent over 48 months, fol-
lowing the concave degradation path documented by
Rivin [15] for steel spring isolators under sustained
static load. Meeker and Escobar’s degradation ex-
trapolation framework [10] allowed projection of the
threshold crossing at approximately month 65-70
from the first 48 months of data, providing sufficient
lead time for scheduling replacement at month 60.
Without this projection, the isolator would have
continued in service until pipe connection fatigue
recurred, at which point the intervention’s failure
would have been detected reactively rather than pre-
vented proactively.
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5.2. Limitations of Effectiveness Ratio as
a Standalone Metric

An engineer relying on ER as the sole assessment
metric might assign identical monitoring and mainte-
nance protocols to all three cases, since all produced
zero post-intervention failures and ER values exceed-
ing 3.0. Only when SEI and DG are added does the
assessment differentiate Case B (ER > 4.0 but SEI
= 2 and DG = Degrading) from Case A (ER > 4.4,
SEI = 1, DG = Permanent). Without this differen-
tiation, the galvanic boundary in Case B would be
under-monitored and the stable geometry in Case
A over-monitored. PMPA’s three-dimensional structure
prevents this conflation by requiring that secondary
effects and durability be assessed alongside the pri-
mary failure rate reduction.

5.3. Limitations

Preliminary verification covered one case per inter-
vention category in industrial process environments,
confirming that Table 1 predictions matched observed
outcomes but not establishing the frequency of devi-
ations. Cases where geometry changes produce De-
grading outcomes (e.g., gusset corrosion) or material
substitutions produce Permanent outcomes (no bime-
tallic junction) were not represented. SEI’s arithmetic
summation and the DG reclassification triggers have
not been tested against borderline cases. Observation
periods (48-84 months) may not capture slow-onset
mechanisms such as stress corrosion cracking.

5.4. Practical Implications

PMPA can function as a post-intervention audit
tool within maintenance management systems. After
an engineering change is implemented, the expected
DG from Table 1 serves as a starting hypothesis that
defines the initial monitoring protocol: periodic in-
spection with low frequency for Permanent, interface-
focused monitoring with scheduled consumable re-
placement for Degrading, and parameter-tracking with
threshold-based replacement scheduling for Time-lim-
ited. Because the expected profile is a prediction rather
than a guarantee, monitoring data may contradict it;
when a reclassification trigger is met, the protocol esca-
lates to the next category. Encoding these protocols and
their escalation rules into a computerized maintenance
system would standardize post-intervention follow-up

and reduce the risk that a time-limited or degrading
intervention is treated as permanent by default.

Conclusions. A Post-Modification Performance
Assessment method is proposed as an engineering
classification framework for evaluating the long-term
impact of structural changes on mechanical system
reliability, rather than as a fully validated predictive
reliability model. Three assessment dimensions were
defined: effectiveness ratio quantifying failure rate
reduction, secondary effect index capturing new deg-
radation mechanisms introduced by the intervention,
and durability grade classifying the persistence of the
improvement as permanent, degrading, or time-lim-
ited. A classification matrix linking intervention type
to expected durability profile was constructed, with
reclassification triggers for updating the assessment
based on monitoring data.

Initial case-based demonstration on three repre-
sentative industrial cases, each covering a different
intervention category, illustrated that the classifica-
tion logic was consistent with the observed durability
outcome in all three instances. Geometry alteration
(gusset plate addition) produced a permanent improve-
ment sustained over 84 months with no measurable
parameter change. Material substitution (cupronickel
tube replacement) eliminated the original failure mode
but required active galvanic protection management,
matching the degrading profile. Load environment
isolation (spring vibration isolators) achieved high
initial effectiveness that declined measurably over 48
months due to spring creep, matching the time-limited
profile. Comparable primary effectiveness across all
three interventions supported the proposition that
failure rate reduction alone does not determine long-
term reliability trajectory.

Limitations include verification on one case per
intervention category, untested borderline scenari-
os where an intervention deviates from its expected
profile, and observation periods that may not capture
slow-onset degradation mechanisms. Future work
should expand case-based validation across multiple
cases per category, develop quantitative thresholds
for DG reclassification triggers, and integrate PMPA
protocols into computerized maintenance systems for
automated post-intervention monitoring.

JOTJATKOBA IHOOPMAIIIA
DOIHAHCYBAHHS: ABTopu He 0TpUMYBaJIU (DiHAHCYBAHHA [JIA I[HOTO JOCITiKEHHS.
3ASABA ITPO JOCTYIIHICTB JAHMX: He 3acTocOByeTHCA.
KOH®JIIKT IHTEPECIB: ABTopu 3asABJIAIOTE ITPO BifICYTHICTh KOHQJIIKTY iHTEpECiB.
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NEURAL NETWORK-BASED DETECTION
OF LEAF DEFECTS IN TREES
USING TENSORFLOW

Summary. This study addresses the development of an automated methodology for the identification of tree foliage and
associated morphological defects utilizing digital imagery. The primary objective is to augment the reliability of defect detection
through advanced image analysis techniques. To this end, a neural network architecture was engineered using Python and the
TensorFlow framework to classify defects and segment compromised tissue. This system facilitates the early recognition of pa-
thologies, thereby enabling prophylactic interventions to maintain arboreal health. Beyond its diagnostic utility, the proposed
framework streamlines biological and botanical research by automating data acquisition and analysis, thus assisting in the
investigation of environmental factors influencing tree development. In the agricultural sector, the system offers significant value
by enabling the rapid, precise diagnosis of diseases and pest infestations in deciduous species. Furthermore, it aids in the iden-
tification of macronutrient deficiencies (nitrogen, phosphorus, potassium), allowing agronomists to implement precision agricul-
ture strategies that optimize plant nutrition and physiological vigor. The MobileNet-based solution demonstrated a 92.8% accu-
racy on the validation dataset and 88.8% in real-world field tests, outperforming baseline models such as ResNet-50 and SVM.

Key words: artificial neural networks, precision agriculture, leaf disease identification, automated diagnosis, machine learn-

ing, computer vision, plant pathology.

ntroduction. In the face of contemporary environ-

mental exigencies, the conservation and rational
utilization of arboreal genetic resources have assumed
critical importance. These endeavors constitute the
cornerstone of forest genetics, selective breeding and
silviculture, simultaneously driving enhancements
in forest productivity and the optimization of stand
composition [1]. Furthermore, the systematic introduc-
tion and monitoring of woody flora are indispensable
for sustaining biodiversity and ensuring the viability
of sustainable forest management practices [2]. In
this context, the deployment of automated systems
for the remote sensing of plant physiological states
has emerged as a key technological advancement [3].

Currently, such technologies are being actively
developed to facilitate the timely detection of phyto-
pathologies, the assessment of hydration status, and
the quantification of biomass under variable moisture
regimes, encompassing both in situ and controlled
greenhouse environments [4]. The accurate diagnos-
tic assessment of plant health typically necessitates
solving complex image classification challenges. To
this end, Artificial Neural Networks (ANN) provide
a robust solution, operating with high algorithmic

autonomy to ensure precision and adaptability with
minimal human intervention [5; 6].

Building upon these technological foundations, the
primary objective of this research is the development of
an automated diagnostic framework utilizing the Ten-
sorFlow ecosystem to identify morphological defects
in deciduous trees. This system is designed to enable
continuous health monitoring, thereby mitigating the
ecological ramifications associated with pathogen pro-
liferation and nutrient deficiencies [7]. To achieve this
objective, the study systematically addresses a series
of interconnected tasks: ranging from a comprehensive
domain analysis and the selection of optimal computa-
tional methods to the architectural design, including
UML specifications, and the final training, testing and
validation of a Convolutional Neural Network (CNN)
model designed for the multi-class classification of
foliar conditions [8].

Materials and methods. The empirical foun-
dation of this research was established utilizing the
PlantVillage dataset, an open-access repository ac-
cessed via the Kaggle platform, which served as the
primary source for training and validation [9; 10].
The corpus comprises 18042 digital RGB images
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representing eight distinct categories of crop foliage,
specifically categorized into healthy and pathological
states for Apple, Grape, Peach and Tomato, cover-
ing diseases such as Apple Scab, Grape Black Rot,
Peach Bacterial Spot and Tomato Late Blight. To
ensure statistical validity and mitigate inductive
bias arising from potential class imbalances, a strat-
ified sampling strategy was employed to partition
the dataset into three subsets: 70% was allocated
for training, 15% for validation — utilized strictly for
hyperparameter tuning and early stopping, and 15%
for independent testing.

To further evaluate ecological validity and model
robustness under uncontrolled lighting conditions, an
auxiliary test set comprising 20 in situ images was
acquired using smartphone cameras in a natural gar-
den environment. Prior to model ingestion, a rigorous
preprocessing pipeline was implemented wherein all
input imagery was standardized to a spatial resolution
of 224 x 224 and pixel intensities were normalized
to the 0, 1 interval. To enhance the model’s general-
ization capability and robustness against geometric
transformations, data augmentation techniques were
applied to the training set, including random rotation
(£15 degrees), color jitter affecting brightness and con-
trast, and random zoom operations [11]. Furthermore,
to isolate the region of interest (ROI) and minimize
background noise, a background subtraction algorithm
based on inter-frame differences was utilized, sup-
plemented by morphological operations to effectively
eliminate artifacts caused by sensor flicker or light-
ing fluctuations [12]. The core diagnostic engine was
developed using Python within the TensorFlow 2.14
framework and Keras 3.0 library, hosted on the Google
Colab cloud platform to leverage high-performance
computing resources [13].

The system employs a MobileNet Convolutional
Neural Network architecture, selected for its superi-
or computational efficiency and suitability for mobile
deployment [14]. A transfer learning paradigm was ad-
opted, wherein the model was initialized with weights
pre-trained on the ImageNet dataset to accelerate con-
vergence and optimize feature extraction [15; 16]. Mod-
el training was executed over a maximum of 30 epochs
with a batch size of 32, utilizing Stochastic Gradient
Descent (SGD) with a momentum coefficient of 0.9 as
the optimization algorithm [17]. The learning rate was
initialized at 0.001 and dynamically modulated using
a cosine annealing scheduler to facilitate convergence
toward the global minimum [18]. To prevent overfit-
ting, dropout regularization was integrated within the
network layers and an early stopping mechanism with
a patience of 5 epochs was enforced based on valida-
tion loss monitoring [19]. The operational architecture
of the deployed system is distributed across a client-
server topology where the client-side interface is an
Android-based mobile application capable of real-time
image acquisition via the device’s optical sensor [20].
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This client communicates via standard network
protocols with a dedicated Processing Web Server re-
sponsible for authentication and inference manage-
ment, while persistent data storage and tagging are
handled by a backend Database Server utilizing Post-
greSQ L. To contextualize the performance of the pro-
posed MobileNet solution, baseline comparisons were
conducted against a ResNet-50 deep learning model
and a traditional Support Vector Machine (SVM) clas-
sifier utilizing Histogram of Oriented Gradients (HOG)
features, with all experimental procedures executed
using fixed random seeds to ensure full scientific re-
producibility [21; 22; 23].

Computational framework and architectural
design of the diagnostic system:

This chapter delineates the methodological strat-
egy employed for the implementation of an artificial
neural network designed for the automated detection
of foliar pathologies. The discussion centers on the
rationale behind the selection of computational tools,
the structural integrity of the system architecture and
an evaluation of the associated operational advantages.

As the foundational ecosystem for neural network
development, TensorFlow was selected due to its sta-
tus as a robust, scalable machine learning library ca-
pable of executing high-performance computations in
heterogeneous environments. By utilizing data flow
graphs to represent computational operations and
state transitions, TensorFlow facilitates the seamless
distribution of processing tasks across multi-core CPU,
GPU and Tensor Processing Units (TPU) [24]. This
architectural flexibility renders it equally suitable for
large-scale industrial deployments and focused experi-
mental research. Moreover, comparative benchmarking
against alternative libraries has demonstrated Tensor-
Flow’s superior efficacy and scalability.

The high-level conceptual schema of the developed
solution is depicted in Figure 1, which illustrates the
tripartite interaction between the end-user, the soft-
ware logic and the hardware interface. The deployment
vector is a mobile application optimized for the An-
droid platform, utilizing the device’s integrated optical
sensor as the primary input mechanism. Following im-
age capture, the visual data is subjected to analysis by
the CNN, which classifies the physiological state of the
leaf. Subsequent to this analysis, the system outputs
a diagnostic result distinguishing between healthy and
compromised specimens. In instances where pathology
is identified, the application generates targeted recom-
mendations for therapeutic interventions.

The comprehensive architectural blueprint of the
system is visually delineated in Figure 2. Follow-
ing a rigorous preprocessing regimen, the data were
employed to optimize the neural network within the
Python-based TensorFlow environment. To ensure algo-
rithmic robustness and cross-platform reproducibility,
the validation protocol was executed within a contain-
erized Docker environment. Subsequently, the verified
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Fig. 1. Conceptual framework

model was transitioned into a mobile application frame-
work to facilitate real-time, in-field disease detection.
The system’s operational architecture, visually
delineated in Figure 3, integrates a mobile interface
featuring dual input modalities: a dedicated optical
sensor module for real-time image acquisition and
a repository retrieval system for accessing archival
foliage imagery. Upon data ingestion, the convolutional
neural network processes the visual input to generate
a diagnostic classification, subsequently displaying the
physiological status of the specimen. This architectural
configuration serves as the practical realization of the
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Fig. 2. System design using a neural network

methodological framework, wherein TensorFlow was
prioritized as the core implementation environment
due to its inherent scalability.

Experimental validation was conducted within
a computational environment powered by TensorFlow
2.14 and Keras 3.0. Prior to processing, input imagery
was standardized via resizing to spatial dimensions of
224 x 224 and pixel-intensity normalization to the 0, 1
interval. Model parameter optimization was achieved
utilizing SGD with a momentum coefficient of 0.9,
initiated with a learning rate of 0.001 that was dynam-
ically modulated by a cosine annealing scheduler. The
training protocol was executed over a maximum of 30
epochs with a batch size of 32, incorporating an early
stopping mechanism (patience = 5) monitored against
validation loss to mitigate overfitting. To guarantee
experimental reproducibility, a fixed random seed
(42) was enforced, and the final model selection was
predicated on the checkpoint exhibiting the maximal
Macro-F1 score on the validation subset.

A
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Fig. 3. System architecture
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Implementation strategy and model training:

A fundamental prerequisite for algorithmic efficacy
is the precise identification and classification of data.
Conventional recognition algorithms often lack robust-
ness against geometric transformations, failing when
target objects undergo rotation, distortion or deforma-
tion. Artificial neural networks offer a potent solution
to these challenges [25]. In the specific context of pat-
tern recognition, neural networks consistently demon-
strate superior performance and diagnostic reliability.
Unlike traditional methods that rely on hand-crafted
features, neural networks automate the extraction of
optimal parameters during the training phase. This
paradigm shift eliminates the need for manual defini-
tion of key features, placing the emphasis instead on
the curation of a high-quality training dataset.

This capability is particularly pertinent to the
analysis of defective foliage, which is characterized
by significant morphological heterogeneity — varying
shapes, colors, textures and dimensions. While Multi-
layer Perceptrons are a foundational architecture, they
are often ill-suited for high-resolution image recogni-
tion due to the exponential increase in computational
complexity. To mitigate these limitations, CNN is em-
ployed. CNN represents the state-of-the-art in image
classification. By utilizing convolutional kernels rather
than analyzing individual pixels in isolation, CNN
achieves parameter sharing, significantly reducing the
number of trainable weights compared to MLP. This
approach enables the network to learn spatial hierar-
chies and generalize features effectively, rendering the
model invariant to translation and rotation.

The identification of leaf defects is a non-trivial
challenge lacking a universal solution. The resulting
detection workflow is illustrated in Figure 4. To isolate
the ROI, a background subtraction algorithm based on
inter-frame difference was implemented. To address
artifacts arising from lighting fluctuations or sensor
flicker, morphological operations were applied. Specifi-
cally, erosion and dilation (expansion) were utilized to
eliminate noise and refine the foreground mask. These
preprocessing steps ensure that subsequent analysis
is focused exclusively on the relevant biological struc-
tures. The schematic representation of this algorithmic
process is detailed in Figure 5.

The functional architecture of the system is sche-
matically delineated in Figures 6 and 7, illustrating
the interaction between the User Interface (UI) mod-
ule and the core identification module. The UI module
serves as the primary control environment, comprising
a suite of elements designed for camera configuration,
real-time image visualization and diagnostic feedback.
Critical to this module is the operator’s ability to ma-
nipulate camera parameters, specifically variable zoom
and scaling. The identification module comprises two
distinct sub-components: the recognition engine and
the interface command generator. The recognition en-
gine processes incoming data from the sensor module,
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performing the critical task of identifying foliar defor-
mations or pest infestations within the digital capture.

There are several actors in this system, including
a system operator, a system administrator, a camera,
an engineer and a CV specialist. The system operator
acts as a user of the system and reacts to messages
about the detection of leaves in the image. The sys-
tem administrator is responsible for setting up the
technical configuration. The engineer deals with data
marking, marks new data and updates the system
algorithm. Computer vision experts update the algo-
rithm model based on the new labeled data and change
the algorithm parameters to improve the recognition
performance. Each scenario is further described in
the diagram below (Figure 8). The system’s physical
architecture and component distribution are visually
articulated in the deployment diagram, where the mo-
bile application functions as the primary client node
interfacing with a Processing Web Server and a Post-
greSQL Database Server.

Data processing and control pipeline:

Subsequent to the training phase described in the
methodology, the functional efficacy of the developed
system was verified via deployment on a local web
server. This validation process confirmed the system’s
ability to load the machine learning model within
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a browser environment and execute real-time infer-
ence. As illustrated in Figure 9, the user interface
facilitates interaction through a designated upload
zone, allowing operators to submit local image files
and receive immediate diagnostic visualization and
classification results.

The practical evaluation of the deployed model is
exemplified in Figure 9, which depicts a foliage speci-
men affected by bacterial spot. Crucially, this imagery
was derived from an independent test corpus explic-
itly excluded from the training regimen to ensure an
unbiased assessment of the model’s generalization
capabilities. Upon processing this unobserved data,
the neural network assigned the specimen to the scab
class. However, the validation phase also elucidated
specific operational constraints: the system requires
the target object to occupy the majority of the visual
frame and be subject to uniform illumination. Also
when analyzing non-pathological samples (as illus-
trated in Figure 10), the system correctly identifies
the taxonomic origin of the foliage without flagging
defects, thereby accurately confirming the healthy
physiological state of the plant.

Regarding computational efficiency, a latency dis-
crepancy was noted between the initial and subsequent
inference cycles. The primary classification event en-
tails a duration of approximately 7—10 seconds due to
the necessary model initialization overhead, whereas
subsequent operations exhibit a marked reduction in
processing time to a range of 3—-5 seconds.
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Fig. 9. The result of the analysis of diseased leaves

To provide a more granular statistical analysis,
Precision-Recall (PR) curves were generated for all
eight taxonomic categories (Figure 11). These curves
exhibit a characteristic trajectory starting near uni-
ty precision and gradually descending toward 0.5 as
recall maximizes, reflecting a realistic and stable

trade-off between false positives and detection sensi-
tivity inherent to multi-class classification tasks in-
volving visually analogous phenotypes.
Complementing visual analysis, Table 1 pro-
vides a comprehensive quantitative summary of the
performance metrics. The MobileNet architecture

0o @ & N
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Plant Leaf Disease Classification Using Deep Learning

Implemented by Keras and Tensorflow
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Fig. 10. The result of the analysis of healthy leaves
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demonstrated robust efficacy on the PlantVillage val-
idation corpus, yielding an overall accuracy of 92.8%,
with macro-averaged precision and recall values of
0.91, and a macro-F1 score of 0.913. When subjected
to the more rigorous conditions of in situ smartphone
acquisition, even following the application of test-time
augmentation, these metrics exhibited a marginal
but expected decrement, stabilizing at an accuracy of
88.8%, with precision, recall and F1 scores adjusting
to 0.88, 0.89 and 0.885, respectively.

To provide a granular assessment of the model’s
discriminative capability at the class level, a normal-
ized confusion matrix was generated utilizing the
test dataset (Figure 12). This visualization elucidates
the distribution of true positive and misclassified in-
stances across all categories, where the pronounced
diagonal dominance corroborates the model’s high
diagnostic fidelity. However, an analysis of off-diag-
onal artifacts reveals minor inter-class confusion,
specifically between phenotypically analogous cate-
gories such as “Apple scab” vs “Apple healthy”, a phe-
nomenon attributable to the substantial overlap in

chromatic and textural feature spaces shared by
these classes.

In a rigorous comparative benchmarking analysis
conducted under identical experimental constraints,
the MobileNet architecture emerged as the superior
candidate, achieving a maximal Macro-F1 score of
0.913, thereby outperforming both the ResNet-50 deep
learning baseline (0.892) and the traditional Support
Vector Machine (SVM) classifier utilizing Histogram of
Oriented Gradients (HOG) features (0.742). Addition-
ally, ablation studies elucidated the critical contribu-
tion of specific architectural components. Notably, the
exclusion of data augmentation protocols precipitated
a 3.4 percentage point reduction in accuracy, while the
removal of dropout mechanisms exacerbated overfit-
ting, resulting in a 2.1 percentage point decrement in
the test F1 score.

Conclusions. This research culminates in the
development and deployment of a mobile-optimized
neural computing framework, predicated on a Con-
volutional Neural Network architecture designed for
the automated assessment of phytophysiological states

Table 1

Quantitative performance metrics of the MobileNet model on the PlantVillage test set and an
independent real-world (field) test set

Metric PlantVillage (1ab) Real-world (field)
Accuracy 92.8% 88.8%
Precision 0.91 0.88

Recall 0.91 0.89
F1-score 0.913 0.885
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via image analysis. Following a comprehensive survey
of the domain and a comparative analysis of distinct
neural architectures and computer vision paradigms,
the study corroborates the superior efficacy of deep
learning methodologies for the precise detection of
foliar defects. Concurrently, a robust end-to-end data
pipeline was engineered to govern the acquisition, pre-
processing and storage of imagery, thereby optimizing
the utility of training datasets within the TensorFlow
ecosystem.

To augment predictive performance and mitigate
overfitting, a combination of data augmentation pro-
tocols and dropout regularization was implemented.
These strategic interventions yielded significant quan-
titative improvements, enhancing classification accu-
racy by 10% on the training corpus and a remarkable
26% on the testing subset. Furthermore, ancillary pre-
processing techniques, specifically contrast enhance-
ment and spatial scaling, were identified as critical
determinants for maximizing classification fidelity.
The functional integrity of the optimized model was

rigorously validated within a local web server envi-
ronment, verifying core competencies such as model
instantiation, exception handling and the real-time
visualization of diagnostic results, thus fulfilling all
primary research objectives.

Distinguishing this work from prior studies that
utilize the PlantVillage dataset exclusively for aca-
demic benchmarking, this research bridges the gap be-
tween laboratory experimentation and field application
by integrating the MobileNet architecture into a de-
ployable mobile solution validated against real-world
smartphone imagery. This translation from theoretical
model to practical tool demonstrates clear feasibility
and establishes a baseline for future lightweight ag-
ricultural Al systems.

Collectively, the evaluated methods proved high-
ly effective in terms of computational scalability and
generalization capability, resulting in a versatile di-
agnostic instrument with substantial practical utility
for precision agriculture, botanical research and envi-
ronmental resource management.

JOJATKOBA IHOOPMAIIIA
DOIHAHCYBAHHSA: AsTopu He oTpuMyBaIu (DiHAHCYBAHHA AJIS IIHOTO TOCTIIKeHHA.
3ASABA ITPO JOCTYIIHICTB JAHMX: He 3acToCOBYETHCA.
KOH®JIIKT IHTEPECIB: ABTopu 3asABJIAIOTE ITPO BifCYyTHICTh KOHQJIKTY iHTEpECiB.
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AUTONOMOUS MULTI-AGENT Al SYSTEMS
FOR SALES AUTOMATION IN THE U.S.
INSURANCE INDUSTRY

Summary. U.S. insurance distribution combines substantial economic scale with persistent constraints on experienced la-
bor. Total global insurance premiums reached USD7.799 trillion in 2024, while independent agencies placed 61.5% of U.S. prop-
erty-and-casualty premiums written that year. The study evaluates whether a domain-specific multi-agent architecture can
augment insurance-sales capacity while preserving licensing, supervision, data-governance, and accountability requirements.
The research design integrates a structured literature review, a qualitative comparison of four Al architecture categories, and
an observational case study of a production platform as of 30 June 2026. The platform is modeled as six operational agents —
Inbound, Outbound, Training, Live Call, Retention, and Quoting — supported by shared analytics, orchestration, compliance,
integration, security, and data-governance services. The strongest client-specific evidence derives from a three-week RightSure
pilot comprising 203 training calls. Producer ramp-up decreased from seven to nine months to approximately 2.5 weeks, and
the newest producer’s win rate increased from 28% before the pilot to 69% during the pilot, an approximately 146% relative
increase. Public product materials further report quote-form submission in approximately 30 seconds across more than 50
carrier forms. The findings support a bounded workforce-augmentation conclusion: specialized orchestration, carrier-workflow
connectivity, domain adaptation, and governed controls can reduce discrete bottlenecks, but the evidence does not establish
universal causal effects, independently verified retention gains, or regulatory authorization for unsupervised insurance sales.

Key words: autonomous multi-agent systems, insurance sales automation, large language model orchestration, domain-
specific fine-tuning, compliance-by-design, closed-loop learning, insurtech, voice Al, U.S. property and casualty insurance, work-

force augmentation.

ntroduction. Insurance distribution is a high-val-

ue, information-intensive activity in which growth
depends on the capacity to translate risk information
into timely, compliant, and commercially viable coverage
decisions. Swiss Re reports global insurance premi-
ums of USD7.799 trillion in 2024 [1]. Bain & Company
separately projects that the global premium pool could
approach USD10 trillion by 2030 [2]. Within the United
States, independent agencies placed 61.5% of proper-
ty-and-casualty premiums and 87.2% of commercial-
lines premiums written in 2024; total U.S. P&C direct
written premiums reached USD1.05 trillion [3].

The labor market imposes a separate capacity con-
straint. In Q12026, 50% of surveyed carriers planned
to increase staff and 43% planned to maintain head-
count, yielding 93% with stable or expanding plans;
the 43% maintain figure was a 15-year peak [4]. The
Urban Institute reports a projection that approximate-
ly 400,000 insurance workers could be lost to retire-
ment and attrition by 2026 [5]. BLS data further show
approximately 47,000 projected insurance sales-agent
openings per year over 2024—2034, many replacement-
driven [6].

Conventional automation has not resolved this
constraint because insurance sales combine struc-
tured transactions with unstructured judgment. Ro-
botic process automation performs effectively when
workflows are stable, rules are explicit, and inputs
are standardized, but its utility declines when tasks
require contextual interpretation, dynamic dialogue,
or exception handling [7]. General-purpose generative
Al extends natural-language capability, yet it does
not inherently provide insurance-specific terminology,
carrier-system access, jurisdiction-sensitive disclosure
logic, auditable tool permissions, or reliable escalation
boundaries [8]. Sales-enablement systems improve
individual productivity while preserving the human
producer as the principal execution layer.

Agentic and multi-agent Al architectures provide
a more comprehensive design basis. Agentic systems
combine goal decomposition, planning, tool use, state
management, and iterative action [9]. Allmendinger et
al. formalize multi-agent Al through five interdepen-
dent components: the foundation model, data-centric
perception and action, dynamic orchestration, agent-
integrated workflow, and interaction interface [10].
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Architectural pattern research identifies complemen-
tary controls for routing, reflection, tool use, retrieval,
human oversight, and failure containment [11]. The
unresolved research problem concerns the translation
of these general architectures into regulated insurance
distribution, where operational autonomy must remain
subordinate to licensing, disclosure, security, fairness,
and supervisory obligations.

The study examines multi-agent AI through
a workforce-capacity and adoption lens rather than
presenting a second architecture-first account of the
same platform. Its objective is to determine which
architectural mechanisms correspond to observable
operational improvements, how strong the supporting
evidence is, and which governance conditions should
constrain adoption by U.S. insurance agencies. The
working hypothesis is that a domain-adapted multi-
agent architecture combining carrier-workflow connec-
tivity, governed orchestration, compliance controls, and
controlled improvement processes can reduce specific
workflow bottlenecks relative to human-only baselines
and generic Al assistance, without displacing the legal
responsibility of licensed professionals.

The contribution is an evidence-calibrated frame-
work that links market conditions, architecture catego-
ries, production outcomes, and procurement criteria.
The empirical evidence remains concentrated in one
platform and one named client case. The client pilot
was short, non-randomized, and cohort-specific; plat-
form telemetry and company publications are self-re-
ported; the comparative matrices are analytical classi-
fications rather than independent vendor benchmarks.

Materials and Methods. This study employs
a mixed methodological framework combining: (1)
systematic literature review, (2) comparative architec-
ture analysis, (3) empirical case study, and (4) content
analysis of technical documentation. Each approach
addresses a distinct layer of the research question.

A structured review of peer-reviewed sources pub-
lished between 2020 and 2026 was conducted across
the Scopus, Web of Science, IEEE Xplore, ACM Digital
Library, and SpringerLink databases. Search terms
included “multi-agent Al,” “autonomous agents insur-
ance,” “LLLM orchestration,” “domain-specific fine-tun-
ing,” “insurance sales automation,” and “agentic Al
enterprise.” The review was bound to the five-year
window to ensure currency. Sources were classified
into three groups: (a) foundational and theoretical
works on multi-agent systems and LLM orchestration,
(b) applied works on Al in insurance and financial
services, and (c) authoritative industry reports from
Bain & Company, The Jacobson Group, and the Inde-
pendent Insurance Agents and Brokers of America.

Priority was given to IEEE Access, Springer’s Elec-
tronic Markets, Artificial Intelligence Review, and pub-
lications indexed in Scopus or Web of Science. Industry
reports were included when they provided quantitative
market data unavailable in peer-reviewed sources, but
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their inclusion was limited to no more than 10 percent of
the total source base, consistent with best practices for
applied research papers targeting high-quality outlets.

To position the target architecture relative to the
existing landscape, a systematic comparative analysis
was conducted across four categories of Al tools serv-
ing the insurance sales ecosystem: (a) back-office and
customer experience automation, (b) sales-enablement
and CRM Al, (c) general-purpose agentic platforms,
and (d) domain-specific multi-agent Al. Comparison di-
mensions were drawn from the five-component MAAI
framework introduced by Allmendinger et al. [10] and
adapted to the insurance sales context, with particu-
lar attention to foundation model usage, data-centric
perception, dynamic orchestration, agent-integrated
workflows, and interaction interfaces.

Results and Discussion. The premise of this re-
search is that the U.S. insurance market is growing
faster than its distribution infrastructure can sustain.
Figure 1 presents the CPI inflation by market and
sub-category, year-on-year.

Market data indicate that the spread of insurance
is expanding in a labor market characterized by high
demand for experienced personnel. There remains ex-
treme political uncertainty, the main driving force of
which is tariffs on goods in the United States. Trade
wars and protectionism do not leave winners, but in
the long run they will lead to the displacement of
trade and production around the world. In this more
fragmented world, firms and consumers face greater
risks, including more volatile exchange rates and asset
prices, which are further exacerbated by new develop-
ments in the Middle East conflict. Global GDP growth
(adjusted for inflation) is expected to slow to 2.3% in
2025 and 2.4% in 2026, compared with 2.8% in 2024.

The 2026 labor survey reinforces the distinction
between labor demand and labor availability. Half of
participating carriers planned to expand staff, while
43% planned to maintain current levels, a 15-year
peak [4]. The combined 93% indicates persistent de-
mand for operational capacity even as the industry
confronts attrition and the slow transfer of tacit knowl-
edge. Producer development is especially vulnerable
because product knowledge, carrier appetite, sales
judgment, compliance discipline, and conversational
skill accumulate through repeated practice and su-
pervised experience.

Table 1 provides a summary of the key workforce
and market indicators that define the problem context
addressed by this research.

Before analyzing the proposed architecture, it is
analytically important to understand why earlier Al
and automation efforts failed to close the capacity gap.
Acharya, Kuppan, and Divya [9] distinguish agentic
Al from earlier Al paradigms by its capacity for au-
tonomous, multi-step goal pursuit in dynamic environ-
ments. Prior automation addressed isolated functions
but did not coordinate across the full sales workflow.



// International scientific journal “Internauka” // N2 8 (187), 2026

// 1SSN 2520-2057 (print), ISSN 2520-2065 (online) /

// Technical sciences //

BUS [ Germany UK [ China
PPI-C Wages HCE
10%
8%
6%
4%
2%
0%
-2%
-4%
-6%
S5 E § BB 3
S © & S 9o Q
B X 8«

Motor Core CPI

2025F
2026F

2024
2025F
2026F

2024
2025F
2026F

Fig. 1. CPI inflation by market and sub-category, year-on-year
Source: compiled by the author based on [1; 13]

Three structural barriers explain the failure of pri-
or approaches. First, insurance sales are regulated
state by state, requiring agents to hold jurisdiction-
specific licenses and to apply jurisdiction-specific
product rules. General-purpose language models are
trained on broad corpora that do not represent this
regulatory detail at the granularity required for com-
pliant autonomous operation. Second, carrier systems
were built as proprietary portals for human use, with

no public APIs, requiring navigation of interfaces that
differ meaningfully across dozens of carriers. Third,
insurance sales conversations require not only factual
accuracy but also calibrated tone, objection handling,
and trust-building, capabilities that general-purpose
models produce inconsistently without domain-specific
training data.

Allmendinger et al. [10] identify five components
of a functional multi-agent Al system: the foundation

Table 1

Market and workforce indicators

Indicator

Verified measure

Global insurance premiums, 2024

USD7.799 trillion

U.S. P&C direct written premiums, 2024

USD1.05 trillion

Independent-agency share, 2024 61.5%
Commercial-lines share placed by independent agencies 87.2%
Carriers planning to increase staff, 2026 50%
Carriers planning to maintain staff, 2026 43% (15-year peak)

Projected insurance-sector retirement and attrition by 2026

Approximately 400,000 workers

Projected insurance sales-agent openings

Approximately 47,000 per year, 2024—2034

Source: compiled by the author based on [1; 3; 4; 5; 6]
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model (C1), data-centric perception and action (C2),
dynamic orchestration (C3), agent-integrated workflow
(C4), and interaction interface (C5). Their framework,
developed for the general enterprise context, maps
cleanly onto the insurance sales problem but requires
domain specialization at each layer to produce reliable
outcomes in this sector.

Figure 2 illustrates how a six-role autonomous ar-
chitecture addresses each layer of the sales workflow
simultaneously, distributing responsibility across spe-
cialized agents coordinated by a central task router.

The platform is represented as six operational
roles: Inbound, Outbound, Training, Live Call, Reten-
tion, and Quoting. This taxonomy avoids inflating the
agent count by treating analytics, compliance, CRM
or agency-management connectivity, security, and in-
tegration as separate agents. The Inbound and Out-
bound roles handle lead conversations and scheduled
outreach; Training provides simulations; Live Call
supports producers in real time; Retention coordinates
renewal-related engagement without a quantified ef-
fect claim; and Quoting captures data and interacts
with carrier forms.

One of the architectural distinctions that separates
domain-specific multi-agent systems from general-
purpose alternatives is the capacity for closed-loop
learning: treating every production interaction as
training data that continuously refines the underly-
ing models. Allmendinger et al. [10] note that stan-
dard foundation model agents do not learn in situ;
their capabilities are fixed at pre-training time and

updated only through controlled fine-tuning cycles.
A closed-loop architecture addresses this constraint by
routing interaction outcomes back into the fine-tuning
pipeline, compounding domain expertise over time.

Figure 3 illustrates the closed-loop learning archi-
tecture as implemented in the analyzed platform. Each
customer interaction generates labeled outcome data:
whether a quote was bound, whether an objection was
successfully handled, whether a policy was retained.
These outcome signals flow back into the fine-tuning
loop, where they update the domain-specific model
weights. The mechanism is conceptually analogous to
reinforcement learning from human feedback but op-
erates over proprietary insurance-specific interactions
rather than generic preference data.

The scalable advantage of a multi-agent platform
therefore arises from the aggregation of approved
learning signals across repeated workflows, not from
indiscriminate reuse of every interaction. Governance
determines whether the accumulated data produce
more reliable domain performance or merely propagate
historical error, inconsistent practice, or confidential
information. Human review remains necessary for
dataset approval, evaluation criteria, release decisions,
and exception management.

The case analysis uses a production platform operat-
ing across a multi-agency U.S. deployment base as of 30
June 2026. Deployment counts and revenue figures are
withheld for commercial confidentiality. The RightSure
evidence includes a three-week, 203-call pilot, public
case materials, and a confidential client attestation.

Inbound Agent

Outbound Agent

Training Agent

Shared Orchestration
& Context Layer

AN
_—

/
~

p
Live Call Agent } Retention Agent

{ Quoting Agent

[ Shared services: analytics « compliance & governance « integrations « security & data governance

Fig. 2. Six operational agent roles with shared orchestration and governance services
Source: compiled by the author based on [16; 17; 18; 19]
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Fig. 3. Closed-Loop Learning Architecture: Compounding Domain Expertise Over Production Interactions
Source: compiled by the author based on [7-10]

Retention outcomes are not quantified because no re-
producible cohort, observation window, metric defini-
tion, and client attestation were available. Security evi-
dence consists of an independent 2025 penetration test
and a SOC 2 Type 1 audit engagement [12; 13; 14; 15].

The RightSure pilot provides the most specific ex-
ternalized performance record. During a three-week
period involving 203 training calls, the newest pro-
ducer’s win rate increased from 28% before the pilot
to 69% during the pilot, a 146% relative increase [18].
The same public case reports that producer ramp-
up decreased from a historical seven-to-nine-month
process to approximately 2.5 weeks. These values
describe one client, one structured deployment, and
one short observation window. They do not establish
a platform-wide average or a causal effect independent
of selection, coaching intensity, lead mix, seasonality,
or management attention. Figure 4 provides a four-cat-
egory taxonomy of Al tools serving the U.S. insurance
sales ecosystem. The taxonomy distinguishes tools
by their scope of capability across five dimensions:

insurance-domain fine-tuning, carrier portal integra-
tion, full-cycle sales autonomy, compliance-by-design,
and closed-loop learning.

Figure 4 illustrates the capability gap that the
Domain-Specific Multi-Agent Al category (Group
D) closes. Back-office AI (Group A) addresses claims
processing and document classification but has no role
in sales conversations. Sales-enablement and CRM Al
(Group B) assists human agents but does not replace
them. General-purpose agent platforms (Group C) offer
broad autonomy without insurance specialization, pro-
ducing compliance risks and unreliable conversational
quality. Domain-specific multi-agent Al (Group D) is
the only category in which all five capability dimen-
sions are simultaneously addressed.

Table 3 presents a structured comparison of these
four categories across the eight most operationally
relevant dimensions for insurance sales automation.

The comparative analysis in Table 3 confirms that
no single competing category satisfies more than
three of the eight relevant capability dimensions. The

Table 2

Superagent Al Platform Performance Metrics Compared with Pre-Deployment Baselines

Capability

Baseline or comparison

Observed or reported outcome

Quoting workflow
ration

20-30 minutes of human quote prepa-

Approximately 30 seconds across 50+ carrier
portals

Producer ramp-up

7-9 months in the RightSure process

Approximately 2.5 weeks

Newest-producer win rate 28% before pilot

69% during pilot; 146% relative increase

Live-call support

Conventional coaching and review

Double-digit close-rate improvement

Retention workflow

Manual or scheduled renewal outreach

Automated proactive engagement capability

Onboarding and data use

Customer-data and integration work
may delay production use

Limited configuration and training can begin with-
out customer PII

Security posture

No assurance claim inferred

Penetration test completed (2025); SOC 2 Type 1
audit engagement initiated (July 2026)

Source: compiled by the author based on [12; 13; 14; 15]
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Taxonomy of Al Tool Categories for the U.S. Insurance Sales Ecosystem
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Fig. 4. Taxonomy of Al Tool Categories for the U.S. Insurance Sales Ecosystem
Source: compiled by the author based on [7; 8; 9; 15; 16]

inability to navigate carrier portals is the most conse-
quential gap in general-purpose agent platforms: with-
out this capability, autonomous quoting, the workflow
step with the highest labor displacement potential, is
structurally impossible.

The findings indicate that the principal economic
contribution of multi-agent Al lies in the reallocation
of scarce expertise. Portal navigation, repetitive data
entry, routine follow-up, standardized simulations,
and interaction documentation can be delegated to
specialized services, allowing licensed personnel to

concentrate on judgment, relationship management,
exception handling, and accountability. This mecha-
nism is more defensible than a generalized claim that
Al replaces insurance producers.

Figure 5 illustrates the layered architecture
through which compliance is enforced at every tier of
the system stack. The architecture is designed such
that regulatory compliance is a structural property of
the system rather than a configurable option, which
reduces the risk of inadvertent violations and simpli-
fies the security posture for enterprise buyers.

Table 3

Comparative Analysis of Al Approaches for U.S. Insurance Sales Automation
Across Key Capability Dimensions

Dimension

Back-office Al

Sales-enablement

General-purpose

Domain-specific

Al agents multi-agent AI
Insurance-domain grounding Limited Partial Not built in Documented
Carrier workflow integration | No or bounded Partial / human- Requires custom Documented carri-
mediated engineering er-form workflow
Sales-workflow coverage No Assistance-oriented | Potentially broad, Multiple operational

not domain-ready

roles

Governed improvement Varies Varies Framework depen- Versioned evaluation
dent and release

Real-time communication Limited Some Framework depen- Dedicated voice and
dent communication roles

Producer-development support No CRM and coaching Generic Training and Live Call

tools roles
Security and accountability Vendor depen- | Vendor dependent Implementation Penetration test, audit
evidence dent dependent engagement, audit

controls

Source: compiled by the author based on [7; 8; 9; 10; 11]
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Multi-tenant data isolation is implemented at the
data layer, ensuring that the proprietary sales data of
any one agency does not inform model updates for com-
peting agencies. An independent third-party penetra-
tion test (2025) and a SOC 2 Type 1 audit engagement
provide external assurance activity [14; 15].

Based on the analysis above, this study proposes
a practical adoption framework for insurance organiza-
tions evaluating autonomous multi-agent Al. The frame-
work rests on three recommendations that flow from
the empirical evidence and the architectural analysis.

Prioritize domain adaptation over general-purpose
deployment. The literature on knowledge-injection
methods [20], together with the production case ev-
idence [12; 13], supports treating insurance-specific
domain adaptation as a central architectural require-
ment for reliable performance in a regulated sales
context. Agencies should require evidence of domain-
specific adaptation, including the provenance and gov-
ernance of fine-tuning or retrieval data, and should
treat claimed conversational quality from a general-
purpose LLM as commercially insufficient.

Require carrier portal integration as a mandatory
capability criterion. Autonomous quoting, the work-
flow step that most directly displaces labor-intensive
human activity, is only achievable through program-
matic carrier portal navigation. Vendors without this
capability cannot close the capacity gap that motivates
Al adoption. Procurement criteria should specify the
number of carrier portals integrated and the quote-
return latency as verifiable performance benchmarks.

Implement closed-loop learning from day one. Plat-
forms that treat each interaction as training data com-
pound their domain expertise continuously. Platforms
that do not will converge to a performance plateau
as market conditions, carrier products, and regula-
tory environments evolve. Agencies should negotiate
contractual access to performance benchmarks that
demonstrate ongoing model improvement as a function
of deployment volume and interaction count.

Conclusion. This paper set out to analyze the ar-
chitectural requirements, performance characteristics,
and strategic implications of purpose-built autonomous
multi-agent Al applied to U.S. insurance sales. The
research goal has been met through a combination of
systematic literature review, comparative architecture
analysis, and empirical examination of a production
deployment.

The RightSure pilot provides the most specific cli-
ent evidence. Producer ramp-up decreased from a his-
torical seven-to-nine-month process to approximately
2.5 weeks. During a three-week period involving 203
training calls, the newest producer’s win rate increased
from 28% to 69%. The relative increase is approximate-
ly 146.4%. The case remains short, non-randomized,
cohort-specific, and potentially affected by coaching
intensity, lead mix, seasonality, and management at-
tention.

The strongest evidence is limited but operationally
meaningful: producer ramp-up decreased from seven
to nine months to approximately 2.5 weeks, and the
newest producer’s win rate increased from 28% to 69%

[ Autonomy increases only when evidence, permissions, and escalation controls remain explicit. |
Human authorization & supervisory accountability

Deterministic rules, disclosures, escalation gates

Tool permissions, workflow state, audit evidence

Data governance, tenant isolation, security controls

Models, retrieval sources, evaluations, version control

Fig. 5. Compliance-by-design architecture for autonomous insurance workflows
Source: compiled by the author based on [21; 24; 25; 26; 27]
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during a three-week, 203-call pilot, an approximately
146% relative increase. Public materials report ap-
proximately 30-second form submission across more
than 50 carrier forms. The evidence does not establish
independent retention gains, platform-wide causal
effects, or authorization for unsupervised sales. Fu-
ture studies should include larger samples, longer
follow-up, independent replication, and outcome defi-
nitions that separate productivity, quality, compliance,
and customer effects.

The central scientific contribution of this paper is
the formalization of the compliance-by-design principle
as an architectural requirement for autonomous Al in
regulated sales contexts. Prior work on multi-agent
Al has established the general framework; this paper
demonstrates what domain specialization, carrier inte-
gration, and regulatory-aware orchestration add when
that framework is applied to a specific, high-stakes
commercial context.

Practically, this research provides three action-
able criteria for insurance organizations evaluating
Al investments: demonstrated domain fine-tuning on
insurance-specific data, verified carrier portal inte-
gration with measurable quoting latency, and contrac-
tually documented closed-loop learning performance.
For U.S. policymakers, the implications point toward
the need for regulatory clarity on Al-agent licensing,
since the convergence of workforce contraction and Al
capability growth will generate significant pressure to
deploy autonomous systems in roles currently requir-
ing human licensure.

Future work should examine multi-agent Al out-
comes across a broader sample of insurance platforms,
assess the regulatory frameworks emerging at the state
level in response to autonomous insurance agents, and
explore the implications for agent professional devel-
opment as the role of human producers shifts from
individual contributor to AI-system manager.

JJOJATKOBA IHOOPMAIIIA
DOIHAHCYBAHHS: Asropu He oTpuMyBaju (DiHAHCYBAHHA AJIS IIHOTO TOCIIIKeHHA.
3ASABA ITPO JOCTYIIHICTD JAHUX: He 3acTocoByeTbCs.
KOH®JIIKT IHTEPECIB: ABTopu 3asABJIAIOTH ITPO BiCYyTHICTh KOHQJIIKTY iHTEpeCiB.
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BIOGAS PRODUCTION AND GRID INJECTION:
A STAGE-GATE QUALITY AND METERING
FRAMEWORK FOR AUTOMATION AND
DISTRIBUTION INTEGRATION

Summary. The integration of biogas into public gas distribution networks requires more than efficient production — it de-
mands a tightly coordinated chain of automated measurement, quality control, and accounting systems that spans every stage
from organic feedstock to the injection point. This paper proposes and applies a Stage-Gate Quality and Metering Framework
(SGQMF) that maps six sequential production stages against four assessment dimensions: measurement accuracy require-
ments, SCADA and automation obligations, applicable quality standards, and grid integration readiness indicators. Drawing on
20 peer-reviewed sources, the framework is applied to assess the current state of Ukrainian biomethane development against
EU best practice, with specific focus on the automation of digestion management, calorific value measurement, biogas upgrad-
ing, fiscal metering, and digital data exchange with distribution system operators (DSOs). Findings indicate that while upgrad-
ing technologies and SCADA architectures are technically mature, the metering infrastructure and DSO integration protocols
required for commercial biomethane injection remain critically underdeveloped in Ukraine. The SGQMF provides gas sector op-
erators, regulators, and project developers with a structured diagnostic tool to identify and prioritise investment in the weakest
links of the production-to-grid chain. The paper concludes with targeted recommendations for Ukrainian biomethane infrastruc-
ture development aligned with EU energy community obligations.

Key words: biogas, biomethane, anaerobic digestion, SCADA, fiscal metering, gas distribution, Stage-Gate Framework,

Ukraine, biogas upgrading, cybersecurity.

ntroduction. The transition to renewable energy

has placed renewable gas firmly in the center of
decarbonization strategies for the gas industry. As
a result, biogas — created via the anaerobic digestion
(AD) of organic material — provides a dispatchable,
carbon neutral substitute for fossil natural gas that
may be delivered and utilized within the present gas
transmission/distribution infrastructure without re-
quiring a fundamental overhaul of those systems [11].
In contrast to variable sources of renewable energy such
as wind or solar, biomethane can be injected into the
grid based upon demand, stored in network linepack,
and retrieved by end-users using typical metering de-
vices. Such characteristics make it a strategic resource
for inclusion in portfolios of renewable energy.

Over nearly two decades of policy incentives and
technical standardization the European Union has
established a well-developed biogas sector. Today
thousands of biogas plants exist across Germany,
Denmark, France, and Italy producing biomethane
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which is directly fed into national gas distribution
systems utilizing feed-in tariffs, guarantees of ori-
gin, and standardized grid operating codes [20]. The
underlying physical infrastructure — including gas
chromatography equipment located at points where
biogas is injected into pipelines; automated balancing
systems which utilize data obtained from smart meters
(SCADA), and are operated by Distribution System
Operators (DSOs); etc. — have evolved incrementally;
with each level of automation contributing to increas-
ing accuracy in quality assurance/verification, and/or
commercial accounting.

However, Ukraine presents a unique situation
among countries experiencing biogas development.
Possessing one of the largest agriculture sectors in
Europe; significant volumes of municipal and indus-
trial organic wastes; and gas distribution infrastruc-
ture inherited from the former Soviet Union, Ukraine
has the raw material feedstocks and physical network
structure to develop biomass-to-methane production
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in meaningful ways. According to estimates presented
by Geletukha et al. (2022), Ukraine’s total potential
biomass production of biomethane per year amounts to
roughly 7.8 billion cubic meters — providing a mean-
ingful reduction in its reliance on imported fossil fu-
els [8]. Nevertheless, the technical and institutional
frameworks for measuring quality, and for performing
accountings for distributed biomethane remain mostly
undeveloped, especially at the point of injecting into
pipelines.

In addressing these deficiencies, this study propos-
es the Stage-Gate Quality and Metering Framework
(SGQMF) — an entirely new analytical model devel-
oped by the author to map the entire biomethane pro-
duction cycle from feedstocks to the point of injection
into pipelines according to measurements and automa-
tions necessary at each stage. The SGQMF will also be
used to assess the degree to which Ukrainian biometh-
ane infrastructure meets EU operational standards;
identifying investments that will provide the greatest
likelihood of initiating commercial-scale biomethane
injections into Ukrainian gas grids. The primary re-
search inquiries addressed in this study include:

* At what specific stages along the biogas production
cycle do measurements and automations become
critical for enabling commercial-scale biomethane
injection into gas grids?

* At what stages along the biogas production cycle does
Ukraine’s infrastructure deviate most substantially
from operational standards employed throughout
the EU?

* What sequential investments should be made in
order to address identified gaps in measurement/
automation/quality assurance infrastructure?

Literature Review

1. Feedstocks, Digestion, and Gas Quality Variabil-
ity. The first major factor which affects both the quan-
tity of biogas as well as the quality and subsequently
the degree of difficulty associated with measuring it
is the type of feedstocks selected. As was shown by
Kapoor et al. (2020) there exists a relationship be-
tween the type of feedstocks used in an Indian setting
(which is quite similar to Ukrainian agriculture), and
the potential for generating large quantities of biogas
on a continuous basis and in a closed-loop or “circu-
lar economy” format; however, the varying levels of
heterogenity in feedstocks will result in differences in
gas quality throughout the biogas supply chain [12].
Ramos-Suarez et al. (2019) determined that under
constant temperature of 35-37C, consistent gas com-
positions were achieved through mesophilic digestion,
thus minimizing the amount of dynamic variation in
the range that downstream analysers and meters need
to be able to measure [19].

An advantage of co-digestion includes increased
methane content and therefore greater total yield by
up to 30%; however, increased compositional variability

occurs at the exit of the digester. Bouaita et al. (2022),
stated that the variability in composition due to co-di-
gestion results in variability in gas composition, which
results in variability in gas quality [4]. Variability in
gas quality requires that the instruments analyzing
and/or measuring the quality of the biogas sample and
deliver frequency be adjusted to account for variability
[4]. Schroer and Just (2023) developed a solution to
the problem of variable gas quality due to variable
feedstock mixtures using supervised machine learn-
ing algorithms to predict biogas production due to
co-digestion operations [21]. These predictive models,
if embedded into a SCADA architecture, allow opera-
tors to have sufficient time to adjust quality prior to
injection; thereby changing the quality control strategy
from one based on reaction to one based on prevention.

Fagerstrom et al. (2018) placed biogas production
into a larger framework of Circular Economy princi-
ples stating that full realization of economic value is
dependent upon managing all of the physical materials
(biogas, digestate, CO , heat etc.) as part of an Inte-
grated Management System [7]. Therefore, Ukraine
operators who wish to inject their biogas onto the elec-
tric distribution system would require an underlying
data infrastructure that goes beyond just the specific
gas flow measurements to include overall facility level
material and energy accounting.

2. Upgrading Technologies and Their Metering Im-
plications. Raw biogas is comprised of approximately
50-70% Methane (CH4) and 30-45% Carbon Dioxide
(CO2) along with traces of Hydrogen Sulphide (H2S),
Water Vapour (H20), Siloxanes etc. Therefore it needs
to be upgraded into Biomethane — generally exceeding
95% CH4 — prior to being injected into the Grid [2].

Munoz et al. (2015) published a foundational Com-
parative Review of Upgrading Technologies — and
identified Pressure Swing Adsorption (PSA), Aqueous
Scrubbing (Water Washing), Amine Scrubbing & Mem-
brane Separation as the four predominant Commercial
Pathways for Biogas Purification/Upgrading [16].

Ardolino et al. (2021) carried out a Lifecycle Compar-
ative Assessment and concluded that PSA has achieved
the Highest Methane Recovery (>98%) and produced
an Output Stream having the Lowest Compositional
Variance — which is a Property that Directly Reduces
Measurement Uncertainty at the Fiscal Meter [3].

Golmakani et al. (2022) reported that Advances in
Membrane Materials since 2015 have largely closed
the Purity Gap relative to PSA; however Polishing
Stages are still Required to Consistently Meet EN
16723-1 Specifications for Injection into the Grid [9].

Iglesias et al. (2021) reviewed all aspects of Up-
grading Developments — and stated that Technolo-
gy Selection must Consider both Plant Scale and the
Specific Quality Tolerances required by the Receiving
Grid Operator [10].

Morero et al. (2017) utilised Response Surface
Simulation to demonstrate that Upgrading Process
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Parameters and Gas Quality Outputs may be Mod-
elled Jointly — thereby allowing Operators to Define
Optimal Operating Windows that Simultaneously Sat-
isfy Production Requirements and those of the Fiscal
Meter [15].

3. SCADA Systems, Automation, and Cybersecurity.
SCADA systems are now the “backbone” of operations
for most modern biogas plants by controlling the closed
loop for digester conditions, gas capture, gas treatment
unit operating parameters and collecting all other rel-
evant data on both process performance and measure-
ments. Cherdantseva et al. (2016) identified the first
general framework of cybersecurity risks associated
with SCADA systems used in critical infrastructure,
pointing out that gas processing and transportation
systems have an increased likelihood of suffering from
adverse effects of loss of data integrity [5]. Ding et al.
(2018), presented a survey of detection methods and
control security methods for Industrial Cyber-Physical
Systems; these detection methods represent the tech-
nical foundation for developing defensive architecture
for biogas metering applications [6].

Kayan et al. (2022) provided a review of the broad
area of industrial cyber physical systems’ cybersecurity
issues, and described how legacy SCADA architectures
(commonly found in post Soviet energy infrastructure)
present particular vulnerability based on older com-
munication protocols, lack of network segmentation
[13]. The findings of Kreso (2025) provide a mapping of
the contemporary cyber threat environment for smart
energy infrastructure, where he noted fiscal metering
data is a high value target for attackers because it is
involved in determining commercial settlements [14].
This has a significant practical implication: if the fiscal
metering data feed is compromised, the operators may
be able to submit false injection volumes and thereby
disrupt the DSOs ability to balance their books and
diminish regulatory confidence in the entire biometh-
ane injection program.

Prenzel and Steinhorst (2022), proposed new self
adaptive control architectures for industrial systems
designed to operate continuously even when partial-
ly failed or under cyber attack [17]. Biogas metering
would benefit from similar types of resilience mech-
anisms that would ensure that fiscal measurement
functionality degrades gradually —i.e., falls back to
conservative estimates — as opposed to failing com-
pletely without generating detectable error(s). Alcaraz
and Zeadally (2015), defined critical infrastructure
protection as requiring continuous monitoring of each
interface between IT and OT; this principle also ap-
plies directly to the telemetry connection between the
biogas plant’s SCADA system and the DSO’s balancing
system [1].

4. Grid Integration and Distribution Accounting.
The commercial integration of biomethane into the gas
network for distribution will need a commercially ac-
ceptable connection point for the biomethane to enter
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the gas distribution system and an accepted account-
ing mechanism by the producer of the biomethane and
the Distribution System Operator (DSO).

Quarton & Samsatli (2018), reviewed power-to-gas
demonstration project experiences; they found that
there was no consistency in grid codes across Europe
and that this would remain a major constraint on devel-
opment of large-scale systems; also the level of complex-
ity required to balance the grid increased exponentially
with each additional biogas facility connected to it [18].
Together Fagerstrom et al. (2018) and Scarlat et al.
(2018), documented how the European Union had pro-
gressed through time developing a regulatory structure
enabling trade of biomethane as a commodity similar
to natural gas, including guarantees of origin, capacity
booking agreements and quality certificates [7; 20].

Geletukha et al. (2022) identified where in Ukraine
the gaps exist, specifically, the absence of certificates
of origin for biomethane, lack of calibrated measuring
equipment at agricultural biogas production facilities
and inadequate technical capabilities of regional DSOs
to handle the flow of information related to injection
of biomethane produced at multiple decentralized lo-
cations [8].

Methodology. This research paper utilizes a struc-
tured literature review approach to develop an evi-
dence base for the Stage-Gate Quality and Metering
Framework (SGQMF). As the primary analytical con-
tribution of this paper, the SGQMF has been developed
in accordance with the following steps:

1. A six-stage sequential decomposition of the
biogas production-to-grid supply chain was complet-
ed. The six stages are: (i) Feedstock Reception and
Pre-Treatment; (ii) Anaerobic Digestion and Gas Col-
lection; (iii) Biogas Conditioning; (iv) Upgrading to
Biomethane; (v) Quality Measurement and Fiscal
Metering; and (vi) Grid Injection and Distribution
Accounting. Each of these stages have been defined
based upon functional discontinuities within the pro-
duction-to-grid supply chain — each stage represents
a qualitative transformation of the gas stream or a dif-
ferent institutional actor — and have been validated
against the full-cycle process descriptions provided in
Kabeyi and Olanrewaju (2022) and Angelidaki et al.
(2018) [2; 111].

2. Four Assessment Dimensions were identified
for each stage of the SGQMF. The four Assessment
Dimensions include: (a) Measurement Accuracy Re-
quirements — defining the required measurements
and their associated precisions; (b) SCADA and Auto-
mation Requirements — outlining the control and data
acquisition functions that must operate during that
stage; (c) Applicable Quality Standards — providing
lists of applicable EU Technical Norms and Regulato-
ry Instruments that apply to that stage; and (d) Grid
Integration Readiness Indicators — characterizing
the conditions that must exist for the gas generated at
each stage to meet the expectations of a Distribution
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System Operator (DSO). These Assessment Dimen-
sions were chosen to illustrate the four domains — me-
trology, automation, regulation, and commercial oper-
ability — whose simultaneous alignment is essential
for the successful integration of gases into electricity
grids.

3. Following the development of the SGQMF, com-
parative analyses were conducted utilizing a series of
cells populated with specific technical and regulatory
requirements derived from literature reviews. Using
Geletukha et al. (2022) as the principal source of ev-
idence regarding Ukrainian practice, supplemented

Literature SGQMF Ukraine Gap
Review Development Assessment

Assessment Dimensions Applied at Every Stage

Measurement SCADA &

Applicable Grid Integration

Accuracy Automation Quality Readiness
Requirements || Requirements Standards Indicators
1 ! ; -
kG) Stage 1: Feedstock Reception & Pre-Treatment
4 * =
kG.D Stage 2: Anaerobic Digestion & Gas Collection
4 + By
k@) Stage 3: Biogas Conditioning J
& ‘ B
k(AD Stage 4: Upgrading to Biomethane ]
f + B
kC'S) Stage 5: Quality Measurement & Fiscal Metering j
{ * B
k@ Stage 6: Grid Injection & Distribution Accounting

!

(COmparative Assessment of Current Ukrainian Practice\
. : :
|dentification of Technical, Regulatory, Automation,
| and Metering Gaps !
/G + )
L Recommendations for Biomethane Grid Integration )

Fig. 1. Stage-Gate Quality and Metering Framework (SGQMF)
Source: generated by the author
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by analogical inference from structurally similar EU
transition cases, this comparative analysis assessed
how well current Ukrainian practices align with those
requirements [8].

The author did not collect any new primary empir-
ical data. Rather than collecting new data, the author
used prior knowledge of Ukraine’s biogas sector to
create a structure around which could systematically
analyze the gaps in current Ukrainian practice relative
to established best-practice standards. Therefore, the
analytic contributions made by this research lie in both
the architecture of the SGQMF, and in applying it to
the Ukrainian context (See Figure 1).

4. The Stage-Gate Quality and Metering Frame-
work (SGQMF). The SGQMF presented in Table 1
maps each of the six production stages against the
four assessment dimensions. It is designed to func-
tion as both a diagnostic tool —identifying where the

chain breaks down — and a planning instrument —
specifying what investments are needed and in what
sequence. Each row represents a stage-gate: gas that
does not meet the requirements of a given stage can-
not reliably meet the requirements of any subsequent
stage. This cascading dependency is the framework’s
core structural insight: metering failures at Stage 5
are frequently caused by unresolved deficiencies at
Stages 2 or 3, not by the metering equipment itself.
The framework reveals that the production chain
contains two critical concentration points where fail-
ures have the highest downstream propagation risk.
The first is Stage 2 (Anaerobic Digestion), where gas
composition is established and where SCADA-man-
aged process stability determines the measurement
burden at every subsequent stage. The second is
Stage 5 (Quality Measurement and Fiscal Metering),
which is the legal and commercial boundary between

Table 1
Stage-Gate Quality and Metering Framework (SGQMF) for Biogas Grid Injection
Production A Measuremen.t SCADA / Automation Ap{).hcable Grid Integration Readi-
Stage ccuracy Require- Requirement Quality Stan- ness Indicator
ments dard
Feedstock Moisture content, Automated weighbridge | No EU harmon- Feedstock data must be
Reception & volatile solids (VS), logging; LIMS integra- ised standard,; archived for DSO traceabil-
Pre-treatment C: N ratio of incom- | tion for feedstock batch | operators apply | ity audits; gaps common in
ing material tracking internal quality | Ukraine (Geletukha et al.,
protocols 2022)
Anaerobic Di- CH, %, CO, %, H,S SCADA PID loops for EN ISO 15767 Stable digestion is prereq-
gestion & Gas ppm, digester tem- temperature; auto- (gas quality uisite for grid compliance;
Collection perature and pres- mated H,S dosing; monitoring); instability propagates to
sure — continuous ML-assisted production | digester design all downstream metering
forecasting (Schroer & per AD industry
Just, 2023) guidelines
Biogas Condi- H,S <200 ppm Real-time H,S anal- EN ISO 16723-2 Inadequate conditioning
tioning (Desul- pre-upgrading; dew yser with automated (gas for trans- contaminates upgrading
phurisation, point; siloxane con- iron-chloride dosing or port); internal membranes/PSA, invali-
Drying) centration biological desulphurisa- | plant specifica- dating downstream quality
tion control tions readings
Upgrading to CH, purity 2 Upgrading unit PL.C EN 16723-1 This is the critical compli-
Biomethane 95-98%; CO, < 2.5%; integrated into plant- (biomethane for ance gate; PSA achieves
0, < 0.5%; Wobbe wide SCADA; automat- | grid injection); > 98% CH, (Ardolino et
index continuous ic diversion to flare if EN 16726 (gas al., 2021); membrane may
spec breached quality groups) need polishing stage
Quality Mea- Wobbe index + 0.5%; Process gas chro- EN ISO 17089 Fiscal meter data must
surement & calorific value + matograph or Wobbe (fiscal gas me- feed DSO balancing system
Fiscal Metering 0.5%; volume flow analyser at 1-5 min ters); MID Direc- | via standardised protocol
+ 1%; pressure & intervals; ultrasonic tive 2014/32/EU; (e.g., EDIGAS); absent in
temperature compen- | fiscal meter with SCA- OIML R 140 most Ukrainian plants
sation DA telemetry (Geletukha et al., 2022)
Grid Injection Injected volume (m?3), RTU/SCADA telem- EU Regulation DSO balancing frame-
& Distribution energy (kWh/MJ), etry to DSO SCADA; 715/2009 (gas works must be extended
Accounting injection pressure; cybersecurity-hardened | network access); for distributed injection;
continuous remote communication channel national grid near-real-time account-
data transmission (Kreso, 2025; Kayan et codes; biometh- ing required (Quarton &
al., 2022) ane certificates Samsatli, 2018)
of origin

Source: generated by the author
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producer and DSO — errors here have direct financial
and regulatory consequences. Ukrainian infrastruc-
ture is most deficient at precisely these two stages [8].

Results. Application of the SGQMF to the
Ukrainian biomethane context, drawing on Geletukha
et al. (2022) and the wider literature, produces four
structured findings [8].

Finding 1: Digestion stability is the upstream de-
terminant of metering accuracy. Ukrainian agricultur-
al biogas plants largely operate mesophilic digestion
on mono-feedstock inputs (primarily cattle slurry),
which produces relatively stable gas compositions [19].
This represents a latent advantage: the measurement
burden at Stage 5 is lower than in facilities running
complex co-digestion schemes. However, the absence
of SCADA-integrated process monitoring at most
Ukrainian facilities means this stability is not being
systematically measured or verified — a gap that will
become commercially significant when DSOs require
documented quality histories as a condition of injection
contracts.

Finding 2: Upgrading technology selection is
a binding constraint on metering precision. Ukraine
has very limited commercial biomethane upgrading
capacity. Where upgrading equipment has been in-
stalled, water scrubbing and basic membrane systems
predominate. Ardolino et al. (2021) demonstrated that
these technologies produce higher compositional vari-
ance in the output stream than PSA, requiring more
frequent and more sensitive quality measurements at
Stage 5 to maintain compliance with EN 16723-1 [3].
The combination of variable upgrading output and
absent fiscal metering creates a compounding deficit
at the injection boundary.

Finding 3: Cybersecurity of metering telemetry is
an unaddressed systemic risk. The literature docu-
ments a clear threat to metering data integrity in SCA-
DA-connected gas infrastructure [5; 13; 14]. Ukrainian
energy sector SCADA infrastructure, much of which
predates modern cybersecurity standards, faces elevat-
ed exposure. No Ukrainian regulatory framework cur-
rently mandates cybersecurity standards specifically
for biomethane metering interfaces. This gap means
that even if accurate metering equipment is installed,
the data transmitted to DSO balancing platforms may
be vulnerable to manipulation — undermining the
commercial and regulatory integrity of the entire in-
jection scheme.

Finding 4: DSO accounting frameworks are struc-
turally unprepared for distributed injection. Ukrainian
regional DSOs operate batch-accounting frameworks
designed for unidirectional gas flow from transmis-
sion to distribution. Accommodating distributed bio-
methane injection — which creates bidirectional and
variable flows at the distribution level — requires
near-real-time balancing protocols equivalent to those
operating in mature EU markets [18]. The absence
of standardised digital exchange protocols between

plant SCADA systems and DSO balancing platforms
is the single most significant institutional barrier to
commercial biomethane grid injection in Ukraine.

The Cascade Logic of the SGRMF and Its Implica-
tions for Investment Sequencing. The SGQMF’s most
important practical implication is that the produc-
tion chain must be strengthened in stage order, not
by addressing the most visible or politically salient
deficiency first. A common error in infrastructure
development programmes is to invest in the final-
stage interface — the fiscal meter and grid connec-
tion — without having secured the upstream quality
foundations on which accurate metering depends.
The SGQMF makes this error structurally explicit:
a fiscal meter installed downstream of an uncontrolled
digestion process and inadequate upgrading unit will
produce compliant-looking readings during stable
periods and erratic readings during process upsets,
generating disputes with DSOs that undermine con-
fidence in the entire scheme.

For Ukrainian operators, this means the invest-
ment sequence should begin with SCADA installa-
tion at the digestion stage, proceed through upgrading
technology assessment and, where necessary, upgrad-
ing system replacement or polishing stage addition,
and only then advance to fiscal meter procurement
and DSO interface development. Morero et al. (2017)
provided the simulation tools to identify optimal up-
grading operating windows that simultaneously mi-
nimise compositional variance and energy consump-
tion — exactly the kind of integrated process-metering
optimisation that underpins a reliable injection-ready
facility [15].

SCADA as the Integration Backbone. The SGQMF
identifies SCADA as the connective tissue of the entire
production chain — the system that acquires measure-
ment data at each stage, manages process control re-
sponses, and transmits fiscal data to the DSO. Schroer
and Just (2023) demonstrated that machine-learning-
enhanced SCADA systems can shift quality manage-
ment from reactive to predictive, enabling the system
to divert gas to buffer storage before off-spec material
reaches the metering boundary [21]. This capability is
particularly valuable in the Ukrainian context, where
the absence of real-time quality monitoring means that
off-spec gas injection events currently go undetected.

The cybersecurity architecture of the SCADA sys-
tem must be treated as a first-order design require-
ment, not a post-installation consideration. Kayan
et al. (2022) established that legacy industrial SCA-
DA systems require network segmentation, protocol
modernisation, and intrusion detection as a mini-
mum baseline [13]. Prenzel and Steinhorst’s (2022)
self-adaptive architecture concept provides a practical
model for Ukrainian operators building new SCADA
installations: design the system to degrade graceful-
ly under attack, maintaining conservative metering
fallbacks rather than generating falsified readings
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[17]. Kreso’s (2025) identification of metering data
falsification as a high-impact attack vector makes this
design choice not merely prudent but commercially
necessary — DSOs will eventually require certified
cybersecurity compliance as a condition of injection
agreements [14].

Standards Alignment and the Regulatory Pathway.
The SGQMF’s Standards column reveals the extent to
which Ukrainian biomethane development requires
regulatory as well as technical action. The applica-
ble EU instruments — EN 16723-1 for biomethane
grid injection quality, EN ISO 17089 for fiscal gas
meters, the MID Directive for measurement instru-
ment conformity, and EU Regulation 715/2009 for net-
work access — constitute a coherent framework that
Ukrainian energy law must progressively incorporate
as part of its EU Energy Community obligations.

Geletukha et al. (2022) recommended the adoption
of EU-aligned technical standards as the most direct
pathway to unlocking biomethane investment [8]. This
paper endorses that recommendation and adds speci-
ficity: the standards adoption must be accompanied by
the establishment of an accredited metrology function
capable of certifying fiscal meters at biogas injection
points, the development of a biomethane certificate of
origin registry compatible with the European Guar-
antees of Origin (GO) system, and the mandatory
inclusion of cybersecurity specifications in technical
requirements for SCADA systems at injection points.
Without these institutional accompaniments, stan-
dards adoption on paper will not translate into the
verified measurement environment that DSOs and
investors require.

Learning from EU Integration Experience. Scarlat
et al. (2018) documented how European biomethane
markets developed incrementally — initial installa-
tions operated under ad hoc bilateral agreements be-
tween producers and DSOs before standardised grid
codes were established [20]. Quarton and Samsatli
(2018) synthesised the lessons of early power-to-gas
injection projects, noting that DSO balancing com-
plexity increased with each additional injection point
and that near-real-time data exchange became oper-
ationally necessary beyond a relatively small number
of distributed sources [18].

Ukraine should treat the EU’s developmental
sequence as informative rather than mandatory.
Given the current urgency of energy security con-
cerns and the availability of EU technical assistance
mechanisms, Ukraine has an opportunity to adopt

the regulatory and technical standards framework
as a package — avoiding the iterative, decade-long
harmonisation process that EU member states under-
went — and to commission first facilities that are de-
signed from the outset to meet mature injection stan-
dards. The SGQMF provides the diagnostic structure
to specify what ‘mature injection standard’ means at
each stage of the production chain.

Conclusions. This paper has proposed and ap-
plied the Stage-Gate Quality and Metering Framework
(SGQMF) to examine the full cycle of biogas production
and grid injection, with specific focus on automation,
quality measurement, and distribution integration
challenges in the Ukrainian context. The SGQMF
advances beyond descriptive literature review by pro-
viding a structured diagnostic tool that maps mea-
surement accuracy requirements, SCADA obligations,
quality standards, and integration readiness indicators
across six sequential production stages.

The application of the framework to Ukraine con-
firms that the country possesses favourable upstream
conditions — adequate feedstock base and relatively
stable mono-substrate digestion — but faces critical de-
ficiencies at the downstream stages of upgrading, fiscal
metering, and DSO accounting integration. The cyber-
security of SCADA-linked metering systems represents
an additional systemic risk that current Ukrainian
regulatory frameworks do not address.

Three sequenced priorities emerge from the anal-
ysis. First, investment in SCADA automation at the
digestion and conditioning stages must precede fiscal
metering installation — the upstream quality envi-
ronment must be controlled before downstream mea-
surement can be meaningful. Second, adoption of EU
metrology standards (EN ISO 17089, EN 16723-1)
must be accompanied by accredited certification infra-
structure, not merely legislative transposition. Third,
DSOs must develop near-real-time digital exchange
protocols for biomethane injection accounting, sup-
ported by a national certificate of origin registry com-
patible with European GO systems.

The SGQMF is designed to be reusable: operators,
regulators, and project developers can apply it to in-
dividual facility assessments or sector-wide planning
exercises by updating the Standards and Integration
Readiness cells as the regulatory environment evolves.
Future empirical research should test the framework
against operational data from existing Ukrainian bio-
gas facilities to validate its diagnostic accuracy and
refine the measurement parameter thresholds.

JOJATKOBA IHOOPMAILIA
DOIHAHCYBAHHS: Asropu He 0TpUMYBATH (PiHAHCYBAHHSA [JIA I[bOTO JOCITIKeHHS.
3AABA ITPO JOCTYIIHICTD JAHMUX: He 3acTocoByeTbes.
KOH®JIIKT IHTEPECIB: ABTopu 3asAB/IAIOTE PO BiICYTHICTH KOH(JIIKTY iHTEpECIB.
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MODERN POWER SUPPLY AUTOMATION SYSTEMS:
TECHNOLOGIES, ADVANTAGES, AND
DEVELOPMENT PROSPECTS

Summary. Power supply automation technology rarely enters an industrial facility through a single, deliberate decision.
More often it arrives piecemeal: a relay replaced dfter a failure, a communication standard adopted because a new switchgear
supplier specified it, a storage unit purchased to solve an unrelated power-quality complaint. The result is that many facilities
carry a mixture of automation generations without ever assessing that mixture as a whole. This paper takes stock of that situ-
ation. Drawing on twenty-five peer-reviewed sources published between 2018 and 2025, it surveys the technology available for
automating power supply, from electromechanical protection and automatic reserve switching, known by its Russian-derived
acronym ABP, through digitally coordinated substations built on IEC 61850, to self-healing distribution networks that integrate
storage and demand-side resources into their own restoration logic. Rather than presenting these as a checklist of features to
acquire, the paper argues that a facility’s automation portfolio should be assessed as a coherent whole and proposes a five-level
Power Supply Automation Maturity Model as a diagnostic tool for doing so. The model links each level to a distinct capital and
operating profile, not only a technical one, so an upgrade decision can be weighed as an investment rather than a specification
exercise. The paper closes by arguing that the more urgent question facing most industrial sites is not which new automation

technology to buy, but which gaps in their existing, uneven portfolio actually justify closing first.
Key words: power supply automation; automatic reserve switching; ABP; substation automation; IEC 61850; self-healing

distribution networks; energy storage; technology adoption.

ntroduction. Ask an electrical engineer at almost

any industrial site what generation of protection
and automation equipment the facility runs, and the
honest answer is usually several generations at once.
A rolling mill added twenty years ago may still rely
on electromechanical relays and manually operated tie
breakers, while a newer process line down the same
yard runs microprocessor-based protection commu-
nicating over a digital bus that did not exist when
the older equipment was specified. This unevenness
is not evidence of neglect; it reflects how automation
technology is actually adopted in practice, in response
to equipment failures, vendor availability, and one-off
projects, rather than through a single coherent plan.

That pattern matters because the individual tech-
nologies involved, automatic reserve switching among
them, have matured considerably. Digital communi-
cation standards, chiefly IEC 61850, have turned the
substation from a collection of independently wired de-
vices into a coordinated system capable of making fast,
network-wide decisions [2; 11]. Protection logic has
moved from fixed timers toward adaptive, signal-based
discrimination, in several cases assisted by machine
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learning [7; 9; 14; 19; 23; 24]. Distribution networks
are increasingly designed to isolate a fault and restore
supply automatically, treating distributed storage and
even parked electric vehicles as flexible resources rath-
er than passive equipment [12; 15; 16; 17; 18; 20; 22].
Each of these advances is well documented on its own
terms. What is less well documented is how a facili-
ty should decide which of these advances is actually
worth pursuing next, given that it is starting from an
uneven baseline rather than a blank sheet.

This paper takes up that question directly. It re-
views the automation literature not as a set of isolated
technical contributions but as evidence of a technologi-
cal progression, moving from a chronological account of
that progression toward a practical model for assessing
where a given facility sits within it. Section 2 traces
this progression across the reviewed literature; Section
3 sets out the methodology used to convert that ac-
count into a usable model; Section 4 reports what the
synthesis revealed; Section 5 presents the Power Sup-
ply Automation Maturity Model and works through
how it applies to industrial and critical-infrastructure
sites; Section 6 concludes.
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1. The electromechanical and early digital baseline.
Before considering where automation is heading, it
is worth being precise about the baseline most facili-
ties are still measured against. Escalera, Hayes, and
Prodanovic surveyed the techniques used to assess
reliability in distribution networks and found that the
indices in common use were largely built for a passive,
radially operated grid, an assumption that automated
and distributed systems increasingly break [6]. That
assumption is visible in practice at heavy industrial
sites: Kornilov and colleagues, describing the power-
supply arrangements at metallurgical iron-and-steel
works, note that different process sections within a sin-
gle plant can have sharply different tolerance for inter-
ruption, a distinction that a uniform, plant-wide pro-
tection philosophy tends to obscure [10]. Jooshaki and
colleagues, working from the planning side, showed
that distribution expansion under incentive-based reli-
ability regulation can be formulated as a mixed-integer
linear programme, treating reliability as a quantity
optimized against cost rather than a fixed engineering
target [8]. Adetokun and Muriithi added a further
complication, reviewing flexible alternating current
transmission system devices for voltage stability and
showing that a switching event can itself destabilize
voltage on a weak reserve source unless reactive power
support is arranged in advance [1]. This literature
suggests the electromechanical baseline was never
quite as simple or uniform as commonly assumed,
which matters for how any later automation upgrade
should be evaluated.

2. The digitalization wave. The clearest techno-
logical discontinuity in the literature reviewed is the
shift toward standardized digital communication with-
in the substation. Aftab and colleagues traced how
IEC 61850 replaced dedicated point-to-point wiring
between protection devices with a shared commu-
nication bus, arguing that this shift, more than any
single relay improvement, is what makes coordinat-
ed, fast decision-making across multiple protection
zones practical [2]. Kumar, Abu-Siada, and colleagues
reached a closely related conclusion, treating IEC
61850 adoption as the organizing event around which
modern substation automation is now specified [11].
Altaf and colleagues complicated this picture by cat-
aloguing protection difficulties specific to microgrids,
where fault current can reverse direction depending
on which source is active, a condition digital commu-
nication alone does not resolve without protection logic
designed for variable topology [3]. Dagar, Gupta, and
Niranjan reached a similar conclusion, arguing that
schemes built for a passive, radial network frequently
fail once a facility operates with parallel or alternating
sources [5]. The digitalization wave also introduced
a cost earlier, hardwired schemes did not carry: Ashraf
and colleagues demonstrated that IEC 61850-based
substations are vulnerable to denial-of-service attacks

precisely because the communication layer enabling
coordination is also an accessible attack surface, a find-
ing that should temper any assumption that digital
automation is an unqualified improvement over what
it replaces [4].

Running alongside this digitalization is a parallel
shift in protection philosophy, away from fixed-time log-
ic and toward adaptive, signal-based decision-making.
Han and colleagues developed a reclosing scheme that
distinguishes a genuine fault from a transient using
harmonic signatures in the secondary arc voltage,
while Khan, Bi, and Jia surveyed the broader family
of adaptive reclosing schemes built on similar logic for
extra-high-voltage lines [7; 9]. Mehdi and colleagues
extended this survey across AC, DC, and hybrid
transmission technologies and concluded that adap-
tive, signal-based approaches outperform fixed-timer
schemes consistently enough to be considered current
state of practice [14]. More recent work applies ma-
chine learning directly to this decision problem: Saad,
Kim, and Munir combined a particle filter with a convo-
lutional neural network for single-phase reclosing, Xie
and colleagues designed an adaptive scheme around
a moving-average filter and quadrature signal genera-
tor for lines with shunt reactors, and Muzzammel and
Raza applied a support vector machine to protection
on multi-terminal HVDC systems, extending the same
logic well beyond conventional AC networks [19; 23; 24].
Reclosing and reserve switching are formally distinct
functions, but both depend on the same judgement, dis-
tinguishing a real, sustained disturbance from a tran-
sient one, which is why this work transfers so directly
into the design of fast, adaptive ABP logic.

3. Toward autonomy: self-healing networks and inte-
grated storage. The most recent phase visible in the lit-
erature moves automation from coordinated response
toward autonomous restoration. Lu and colleagues
proposed a self-healing scheme, built on mixed-integer
linear programming, designed to restore supply quick-
ly with minimal manual intervention following a fault
[12]. Luo, Ge, and Xu supplied an important qualifica-
tion, showing that the reliability actually delivered by
such schemes is bounded by the quality of data trans-
mission between distribution automation terminals
rather than by the sophistication of the restoration
algorithm alone [13]. Meteab and colleagues and Pang
and colleagues each proposed their own self-healing
frameworks, the former organized around efficient
network-wide restoration and the latter around parti-
tioning the network into manageable zones with flex-
ible resource aggregation [15; 20]. Reiz, Pereira, and
Leite proposed a further self-healing strategy aimed
at modern distribution networks, while Mohammadi
Hosseininejad and colleagues showed that self-heal-
ing performance can be enhanced by co-deploying au-
tomatic switches alongside electric vehicle parking
lots, treating parked vehicles as a temporary, mobile
reserve resource [18; 22].
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Storage occupies an increasingly central place in
this autonomous phase. Mohamad and Teh conduct-
ed a systematic review of how energy storage affects
power system reliability, and a related review by Mo-
hamad, Teh, Lai, and Chen traced the broader devel-
opment of storage technology for network reliability
purposes, together suggesting that storage is now de-
signed into automation architecture from the outset
rather than added afterward as a contingency [16;
17]. Yan and colleagues reviewed the methods used to
assess the reliability of storage systems themselves,
arguing that storage needs an assessment framework
distinct from the one used for conventional genera-
tion [25]. Pavon and colleagues, examining optimal
control strategies for smart grid substations, raised
a concern that applies across this entire autonomous
phase: transition stability, a substation’s ability to
move smoothly between operating states, is becoming
as important a design criterion as its steady-state per-
formance, and storage-integrated automation makes
those transitions more frequent rather than less [21].

Taken together, this literature describes three
overlapping technological eras rather than a single
continuous improvement curve: an electromechanical
baseline that is more heterogeneous than commonly
assumed, a digitalization wave that brings coordina-
tion alongside new cyber risk, and an emerging au-
tonomous phase built on adaptive logic and integrated
storage. What none of this literature addresses directly
is how a facility already straddling several of these
eras at once should decide what to change next, which
is the question this paper turns to now.

Methodology. This paper is built on a structured
qualitative synthesis of twenty-five peer-reviewed jour-
nal and conference sources published between 2018
and 2025, covering substation automation, protection
logic, reliability assessment, self-healing distribution,
and energy storage. Rather than coding these sourc-
es against a fixed set of themes decided in advance,
the sources were read chronologically by publication
focus and organized into the three technological eras
described in Section 2, electromechanical baseline,
digitalization, and emerging autonomy, on the basis of
which era’s characteristic technology or concern each
source primarily addressed. Each source was then
coded a second time for three practical attributes: the
switching or restoration time it reported or assumed,
the communication or protocol dependency it required,
and any capital or operating cost consideration it dis-
cussed explicitly, even in passing.

This second coding pass is what distinguishes the
present synthesis from a straightforward literature
summary and what feeds directly into the Power
Supply Automation Maturity Model in Section 5. The
technology boundaries between levels follow the eras
identified in Section 2 [2; 11; 12; 15; 16; 17], while the
operational account given by Kornilov and colleagues
for metallurgical facilities was used to keep the lower
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levels of the model anchored in a real industrial setting
rather than a purely theoretical progression [10]. The
cybersecurity findings of Ashraf and colleagues were
carried through as an explicit cost and risk consid-
eration attached to the higher, digitally coordinated
levels, rather than treated as a separate technical foot-
note [4]. The resulting model is a conceptual planning
tool built entirely from published sources rather than
site-specific measurement or cost data; no proprietary
or unpublished information was used, and every claim
in this paper traces back to one of the twenty-five
sources in the reference list.

Results. Five observations emerged from the syn-
thesis and are carried into the discussion that follows.

First, the reviewed literature does not describe
a single automation frontier that all facilities are
converging toward; it describes three overlapping
eras, and most real facilities occupy more than one
simultaneously, a pattern the literature acknowledg-
es implicitly through its own uneven treatment of
baseline heterogeneity, digitalization, and autonomy
[6; 8; 10]. Second, the digitalization wave delivers its
coordination benefits and its cybersecurity exposure
as a package, not as separable options, meaning that
a facility cannot reasonably adopt the communication
benefits of IEC 61850 while deferring the governance
obligations that come with it [2; 4; 11]. Third, adap-
tive and machine-learning-assisted protection logic
has matured to the point where it now outperforms
fixed-timer schemes across a wide range of protection
functions, not only reclosing, suggesting that this logic
is better understood as a general capability than as
a feature specific to any one protection application [7;
9; 14; 19; 23; 24]. Fourth, the reliability gains claimed
for self-healing and autonomous restoration schemes
are conditional on communication infrastructure qual-
ity in a way the underlying algorithms cannot com-
pensate for, which means the case for moving toward
autonomy rests as much on a facility’s telecommunica-
tions position as on its appetite for new switching logic
[13]. Fifth, storage is shifting from a contingency asset
toward a design input for automation architecture,
and this shift changes the underlying economics of
automation upgrades, since a storage investment can
substitute for, rather than simply complement, certain
classes of switching decision [16; 17; 25].

Taken together, these findings point toward a con-
clusion that is easy to state but not straightforward to
act on: the technology exists to build a highly capable,
largely autonomous power supply automation architec-
ture, but almost no facility is starting from the same
baseline, and the literature offers little guidance on
how to sequence an upgrade path given that starting
point. That sequencing problem, treated as a diag-
nostic and investment question rather than a purely
technical one, is the focus of the discussion below.

1. Assessing a portfolio rather than choosing a tech-
nology. The central difficulty this paper has tried to
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Table 1
Proposed Power Supply Automation Maturity Model (PSAMM)
Level Description Enabling technologies Typical reliability outcome | Key references
0 Manual and electro- Fixed-time relays, manual Multi-second to minutes-scale [10]
mechanical control switching, local operator interruption; recovery depends
judgement on operator response
1 Microprocessor-based Configurable digital relay | Switching in roughly 0.3 s to 1.5 [10]
digital relays with logic; point-to-point wiring s; improved diagnostics
standard ABP
2 IEC 61850-based Shared digital communica- Faster, coordinated switching; [2; 4; 11]
digital substation tion bus; coordinated multi- new cybersecurity exposure
automation bay protection
3 Adaptive, signal-based | Signal-based fault discrim- | Sub-second, adaptive discrimi- [7;9; 14; 19; 23;
protection and switch- | ination; machine-learning- nation between genuine faults 24]
ing logic assisted decision logic and transients
4 Self-healing, storage- Network-wide automated Automatic fault isolation and | [12; 15; 16; 17; 18;
integrated architec- | restoration; distributed stor- supply restoration across the 20; 22]
ture age and flexible resources network
(including EVs)

Source: developed by the author

surface is that most industrial facilities are not choos-
ing among competing automation technologies from
a blank slate; they are managing a portfolio of equip-
ment purchased at different times, for different rea-
sons that now needs to be assessed as a whole. Framed
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Fig. 1. Power Supply Automation Maturity Model Infographic
Source: developed by the author

this way, the relevant question shifts from which tech-
nology performs best in isolation, a question Section
2 answers reasonably well, to where the gaps in an
existing, uneven portfolio actually justify investment.
Kornilov and colleagues make this concrete: within
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Table 2
Characteristic cost profile and distinguishing capability by maturity level
Level Characteristic cost / investment profile Distinguishing capability gained

1 Low recurring communication cost; limited coordi- | Configurable relay logic and improved diagnostics
nation across process areas

2 New recurring cybersecurity governance cost tak- | Coordinated, multi-bay protection over a shared dig-
en on in exchange for coordination ital bus [4]

3 Investment in signal-processing or analytics capa- | Adaptive discrimination of genuine faults from tran-
bility beyond Level 2 sients

4 Largest upfront capital commitment, chiefly stor- | Storage begins substituting for, rather than merely
age and communication infrastructure supplementing, certain switching decisions [16; 17]

Source: developed by the author

a single metallurgical facility, some process sections
may already warrant fast, adaptive protection while
others are adequately served by conventional switch-
ing, and a plant-wide policy that ignores this variation
will misallocate investment in both directions [10].

2. The Power Supply Automation Maturity Model.
This paper proposes a five-level Power Supply Auto-
mation Maturity Model, summarized in Table 1, as
a diagnostic tool for this portfolio assessment. Level 0
corresponds to manual and electromechanical control,
still standard practice at facilities such as the metal-
lurgical works described by Kornilov and colleagues,
where switching decisions rely on fixed-time relays
and local operator judgement [10]. Level 1 introduces
microprocessor-based digital relays and standard auto-
matic reserve switching, adding configurable logic and
diagnostics without yet requiring a shared communi-
cation bus. Level 2 corresponds to the digitalization

wave described in Section 2.2, built on IEC 61850 and
requiring the cybersecurity governance that Ashraf
and colleagues show is inseparable from its coordina-
tion benefits [2; 4; 11]. Level 3 layers adaptive, signal-
based, and in some cases machine-learning-assisted
protection logic onto that digital foundation [7; 9; 14;
19; 23; 24]. Level 4 corresponds to the emerging au-
tonomous phase, a self-healing, storage-integrated
architecture in which faults are isolated and supply
restored across a wider network with minimal operator
involvement [12; 15; 16; 17; 18; 20; 22] (See Figure 1).

The distinguishing feature of this model, relative to
treating each technology as a standalone upgrade, is
Table 2, which attaches a characteristic facility profile
and cost signal to each level rather than only a techni-
cal description. A Level 1 facility typically carries low
ongoing communication cost but limited coordination
across process areas; a Level 2 facility takes on new
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Source: developed by the author
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recurring cybersecurity governance cost in exchange
for that coordination; a Level 3 facility requires in-
vestment in signal-processing or analytics capability
that a Level 2 facility does not; and a Level 4 facility
requires the largest upfront capital commitment, chief-
ly in storage and communication infrastructure, but is
the only level at which storage can begin substituting
for, rather than merely supplementing, certain switch-
ing decisions [16; 17; 25] (See Figure 2).

3. What this means for industrial and critical-
infrastructure sites. For a facility resembling the met-
allurgical case described by Kornilov and colleagues,
the model suggests a targeted rather than uniform
response: raising only the most interruption-sensitive
process sections to Level 2 or Level 3, while leaving
auxiliary loads at Level 1, is likely to deliver more reli-
ability per unit of investment than a single plant-wide
upgrade [3; 5; 10]. Critical infrastructure operators
that already maintain a distribution automation foot-
print are better positioned to consider Level 4, but only
if the communication-quality concerns raised by Luo,
Ge, and Xu are addressed as a precondition rather
than an afterthought [13]. The model also reframes the
role of storage: a facility does not need to reach Level
4 to benefit from it, since the literature reviewed in
Section 2.3 shows storage delivering measurable reli-
ability value well before a full self-healing architecture
is in place [16; 17; 25] (See Figure 3).

4. Limitations and directions for further work. This
model was built entirely from published technical and
cost signals rather than from site-specific interrup-
tion-cost or capital-expenditure data, and testing the
proposed level boundaries against real transition data
at facilities moving between levels is the most pressing
next step. The optimization approach that Jooshaki

and colleagues applied to distribution expansion
planning under reliability regulation offers a work-
able template for turning the level-selection decision
proposed here into a formal constrained-optimization
problem rather than a qualitative judgement call [8].
The transition-stability concerns raised by Pavon and
colleagues also merit closer attention in any staged
upgrade plan, since a facility moving between levels is,
almost by definition, spending more time than usual
in transitional operating states that this model does
not yet characterize in detail [21].

Conclusions. Most industrial facilities are not de-
ciding whether to adopt power supply automation; they
already have, unevenly, over years of piecemeal invest-
ment. The more useful question, and the one this paper
has tried to answer, is how such a facility should assess
the portfolio it already has and decide where the next
investment actually belongs. The literature reviewed
here documents a clear technological progression, from
electromechanical baseline through digital coordination
to adaptive, largely autonomous restoration, but offers
comparatively little guidance on sequencing that pro-
gression for a facility that is not starting from zero. The
Power Supply Automation Maturity Model proposed
in this paper addresses that gap by attaching a con-
crete technical and cost profile to each stage, allowing
a facility to locate itself honestly and weigh the next
step as an investment decision rather than a specifi-
cation exercise. Automatic reserve switching remains
the anchor of this progression throughout, not because
it is superseded by later stages but because every lat-
er stage depends on it working correctly. Confirming
the practical value of the proposed levels against real
transition and cost data at operating facilities is the
logical next step for this line of work.
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AJANTALLIA 9K ENEMEHT
KJIMATUYHOI BE3MNMEKU B YKPAIHI

ADAPTATION AS ELEMENT
OF CLIMATE SECURITY IN UKRAINE

AHoTtauis. Y poboTi NpoaHani3oBaHO OCHOBHI 3acagy KAIMATUYHOI MOAITUKM YKPAiHKU 3 TOYKM 30pY KAIMATMYHOI be3reku.
[ToKa3aHo, Lo OCHOBHOIO MPOBAEMOIO € BIGCYTHICTb CAMO20 MOHATTS K1iMATU4HA Ge3reKda i pO3KOOPgUHOBAHICTb CTpaTe2iyHO-
20 KNIMATU4HO20 NAAHYBAHHS. BU3HA4eHO OCHOBHI pobiemu i HAgaHo pekoMeHgaLii Liogo iHTe2poOBAHO20 KAIMATUYHOR0 NAa-
HYBAHHS i3 BK/IOYEHHAIM MOHATTS KaiMaTuaHa be3nexa i aganTauii Sk ii KOMMNOHeHTy go cTpaTe2iyHnx goKyMeHTiB. OuiHeHui
macwtab BTpaAt i Bu20g y cdepi aganTayii (y piHaHcoBoMY BUMIpI), CHep2eTnYHI epeKTy Big Pi3HUX KOMMOHEHTIB KAIMATYHOI
6e3nexu (agantayii i miTieayii).

KmioyoBi cnosa: agantauis, mMiTieauis, kK1iMaTnyHa 6e3neka, KAiMaTniHa CTiviKiCTb.

Summary. The paper analyzes the main principles of Ukraine’s climate policy with respect to climate security. It is shown
that the main problem is the absence of the very concept of climate security itself and the lack of coordination of climate stra-
tegic planning. The main problems are identified and recommendations are provided for integrated climate planning with the
inclusion of the concept of climate security and adaptation as its component in strategic documents. The scale of losses and
benefits in the field of adaptation (in financial terms), synergy effects from various components of climate security (adaptation
and mitigation) are estimated.

Key words: adaptation, mitigation, climate security, climate resilience.

Bc'ryn. OcCHOBHI KOMIIOHEHTH KJIIMaTUYHOI Oe3re-
KM, TaKl AK aganTaiid, Mitiraiisa (CKopoueHHA
BUKUIB), pearyBaHHA Ha PO3TOPTAHHA BiliCBKOBUX
PUBUKIB, Ip0o6JIeMH IOCTYILY /10 PECYPCiB, B3aeMOIisa
€KOCHUCTEMM 1 JTIOOUHU, — B YKpaiHi Hapasi 4acTKOBO
sakpimieni B Crparerii HUBbKOBYTJICI[EBOTO PO3BUTKY
Yxpaiau 2050 [1], Hanmraxi 3 eHepreTuky Ta KJIiMary
2030 [2] Ta iHIIUX cTpaTeTriyHUX HOKyMeHTax. Bei 11l
KOMIIOHEHTH € HEPO3PUBHO OB A3aHUMHU MiK c060T0
1A 3a0e3IeueHHA KJIIMaTUYHOI, EHePTeTUYHOI, ITPo-
ITOBOJIBUOI 6E3MEeKH 1, 1[0 HAMO1JIBII BAYKJIMBO HApasi,
0es3IIeKu HAI[lOHAJILHOI 1 BIICHKOBOIL.

158

IcTopuuno mep:kaBHA IMOJITUKA YEpaiHu y cdepi
MPOTUAIl KIIIMATUYHUM 3MiHaM ()OPMYBasIacA 3a IPUH-
IUIIOM TaJIy3eBoi 130JIA1li1, Me KiriMaTuuHa 6eslexa
1 amanTaris, AK i OCHOBHUI KOMIIOHEHT, JKOTHOTO Pazy
He po3mIAfaacsa AK KOMILUIEKCHA MIKIUCIIATITIHAPHA
mapagurma. 3aMicTh iIHTErpPOBAHOIO ITiAX0MY, IO IT10-
€qHYye €KOJIOTIUHI, eKOHOMIUHI Ta 6e3IIeK0Bi BEKTODH,
KpaiHa JeMoHCTpyBasia (hparMeHTapHy aKTHBHICTb.
Okxpemi esteMeHTH amanTailil (Haopukiaa, JOKAJIbHI
OporpaMu MPOTUIIl MiATOIIEHHAM UM IOCYyXaM Ha PiB-
Hi MIOPHUEMCTB UM OKPEMUX PAOHIB, cTpaTerii ajgamn-
TaIfii OKpeMux 00JIacTeil) BIIPOBAKyBaJIUCA XA0TUYHO,
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0e3 HaJIeKHOI KOOpAUHALTl MK ITPO(LIIbHIME MiHic-
TepcTBamMu, 6e3 YiTKOI cTparerii Ha HaI[iOHAJILHOMY
piBui. KirimaTtruna mosriTika TpUBAIHM Yac He BKITIO-
yajia B cebe B3araji MOHATTA KJIIMaTUYHOI 0e3eku,
cripuiiMaJjiacsa AK JOTIOBHEHHA A0 MIKHAPOIHUX YTOI,
a He AK QyHIaMeHTaJbHUI eJleMeHT HAIl0HAJIBHOL
0esrieKu, M0 MPU3BEJIO 10 BiACYTHOCTI €IUHOTO KOOP-
OUHAIIHHOTO IeHTPY.

IToBHOMacHITAOHA BifiHa KPUTUYHO 3aroCTpMIa ITi
CHUCTeMHI IIPOpPaxyHKH, HaKJIaBIIN HOBI 0€3IIeK0Bi pu-
3WKU HA BYKE iCHYI0Yi KIIIMaTUYHI BpasIuBocTi. BoeHH1
Iii pyHHYIOTH CHHEPIiI0 KOMIIOHEHTIB, 0CO6IMBO MiTira-
mii Ta aganTarii: qeToHarisa 6oenpuIiacis i MmacmTadHi
JIICOBI TIOMKEIKI CIPUYUHAIOTE TOJATKOBI BUKUIM Tap-
HUKOBUX T'a3iB, BOAHOYAC 3HUIIYIOUH IIPUPOIHI ITOTIIH-
Haul BYIVIEI[I0 Ta CIPUAIYN JIerpaayBaHHIO I'PYHTIB,
JIiCiB, IIJINX eKocucTeM. PyiiHyBaHHA KPUTUUIHOL iH(-
pacrpykrypu, Kaxoscbkoi I'EC, ipurarmiiinux cucrem
miBOHA YKpaiHU MUTTEBO CIIOTBOPUIIN JOBTOCTPOKOBI
KJIIMaTUYHI IIPOTHO3U Yepes PO3ropTaHHA ryMaHiTap-
HUX Ta €KOJIOTIYHUX PUSUKiB. B yMoBax, Koy MUTaHHA
BIDKUBAHHA Ta BIMCHKOBOI 060POHU € JOMIHAHTHUMU,
KOOPAMHAIIIA IOJITUKN Y cepi KIiMaTUIHOI Oe3eKu
Bimifinuin Ha mepudepio qep:KaBHUX MPIOPUTETIB, 1II0
JIVIIIEe TIOCYJTIOE MaOyTHIO BPA3JIMBICTh AEPKABH 0 KJTi-
MaTUYHUX IIOKIB Y TIPOIeCi TIOBOEHHOTO BiJHOBJIEHHS.

TuMm He MeHIII, YKpaiHa, 3aJIUIIAETHCA OTHUM 13 KITIO-
YOBUX I'PABIIIB IVI00AJIBHOI KIIIMATUYHOI apXiTeKTypH.
Hapasi Yxpaina € Croponoro [Tapusskoi yromu (3 2015
P.), 1110 OKPiM 1HIIIOTO, PeryiaMeHTye aarTalliio i KiIiMa-
TUYHY CTIMKICTb AK OJWH 13 OCHOBHUX CITOCO0IB peary-
BaHHA JIePKaBU HA 3MiHY KJIiMaTy 1 6e3I1eKOBl pUBHUKU.
YpaAn sHaxoauThCA HA eTari BupoBamxeHusa Crarti 6
ITapusbroi yroau, Tak y uepBui 2026 poKy 3aTBepzxe-
Ha IlocranoBa Kab6inery Miuicrpis Ykpaiau (KMY)
IIpo peasizariito eKCIIepUMEHTAIILHOTO TIPOEKTY 1100
BUKOHAHHA OKPEMUX II0JIOXKeHb cTaTTi 6 Ilapusbkoi
yrogu [3]. ¥ 2024—-2025 pp. 6ynu mignucani MemopaH-
nymu i3 [IBeitiapiero (2022) i Amoniero (JICA) (2024)
B pamkax crarti 6.2 [lapusbkoi yromu, rmepiii IpoeKTr
i ckopouennsa Bukmdis CO, ouikyrotsea y 2026—2027 pp.

ITpu oMy, BIAMOBIAHO 10 'ATOI IIBUIKOI OI[IHKKA
s3aBhanol mkoau Ta motrped (RDNAS) (sroruit 2026,
crmigpHa orinka CBiToBOro 0aHkKy, ¥Ypamy YKpaiuwu,
€spormeiicbroi Komicii, OOH, €sponeiicbkoro 6aHKy
pexoucTpykIlii i posButky (EBRD) Ta iu.) [4], mpami
30UTKM Bij BiliHU 3a mepiox Jirotuii 2022 — rpyaeHb
2025 caruynu ke 195,1 mupm. mos. CIIIA, corriasbHo-
€KOHOMIYHi BTpaTu — 667 MJIP/I. [A0JI., 3arajIbHi IToTpe-
0u Ha BIJHOBJIEHHA Ta PEKOHCTPYKI0 Ha 10 pokiB —
587,7 mupn. mosa. OueBuaHo, Takuii MacmTab BTpar
3MIHIOE CaMy ITapaginurMy KJIIMATHYHOro (DiHAHCYBaHHA.
Bono Temep Hemo:kIMBO 6e3 BpaxyBaHHA 0€3MEKOBUX
PUBUKIB, UM Bif 6e3mocepenHbo KIIIMATUYHUX BILJIU-
BiB, UM Bif] BiliCbKOBUX a00 iHIIWX 30BHINIHIX 3arpoa.
TakuMm unHOM KjaiMaTuuHa Oeslieka Hapasi crae (ak-
TOPOM TIPUHHATTA PIllIEHHS 1I0I0 CTAJI0T PEKOHCTPYK-
111, 3abe3neueHHsa KJIIMATUYHOI CTIMKOCTI 1 aJamnTairii,

SHU/KEHHSA UYTJIUBOCTI 1 PUSUKIB IJIA €KOCUCTEM, 6i3-
Hecy 1 HaceJleHHsA, a HaJaHHA KJIIMaTUUHOT0 (PiHAHCY-
BaHHA Tellep Mae I'PYHTYBATHUCA HA HOBUX IIPUHITATIAX
aHaJTi3y BILIUBIB i1 3arpoa [5; 6; 7].

ApanramifiHa 30aTHICTL Ta KJIiMaTHYHA
CTiHKiCTH

Apnarrrarifina 3maTHICTh — 0CHOBA KJIIMATUYHOIL 0e3-
neku 0ynb-aKoi Kpainu. [IpuckopeHi KiIiMaTUUHI 3MiHI
Ta BiHCHKOBI [il CTBOPIOIOTE KACKAMHI e(DeKTH 1 HOBI piBHI
PUBUKIB, BIUTUBIB 1 3arpo3: MOCyXH, IIOBEHI, €po3isa I'pyH-
TiB, OIYCTEJIIOBAHHA, PyUHYBaHHA JKUTTEBO HEOOX1THOT
iH(paCTPyKTypH, HUINX exocrucTeM (IIiBOEHb 1 CXif), 1e-
rpajaid JriciB, 00MesKeHHSA TOCTYILY 10 PEeCYPCiB 3 IpA-
MUMU €KOJIOTTUHUMHU HaCJIIIKaAMHU /1A HaceJIeHHA.

Yacro 11i HACTIAKA MalOTh TPAHCKOPOOHHUI 6e3-
TIEKOBUH XapaKTep, HATIPUKIA/, TTOIIKOIKeHHA ITi-
3eMHOI'0 CXOBHIIA ra3dy B YKpaiHi a0o HadTOIIPOBOLY
3arposKye cTabiJIbHOCTI €HEepPTromoCTABOK 10 €Bporeii-
ceroro Corogy (€C). RDNAS 3asnauae, 1110 IpsaMi TLIb-
KU eKOJIOTIUHI BTpaTtu 3a Iepiof jrrotuit 2022- roTuit
2026 Bixe caruysiu 36 Mutp. o1, (1HII qpKepesia 1aiTh
me BUIl 1udpu), moTpedu HA BiAHOBJIIEHHA TiJIBKU
y cepi sicokopucTyBaHHa — 3,1 MJIpI. DO

YkpaiHa, Ha¥KasIb, He IPUIIAIA KOMIIOHEHTY aaar-
Tamii AK eJIEeMeHTY KJIIMaTHUHOI 6€3IMeKr JOCTAaTHBOI
yBaru i TiJIbKK B OCTAHHI POKH OyJI0 3MiMICHEHO HU3KY
OPOEKTIB aganTallii i aHaigisy KJIIMaTUUHUX PUBUKIB.
Ile Gysio perimameHTOBaHO, cepey 1HIIIOTO, IPUMHATUM
PO3pO0JIEHOT0 32 MIATPUMKY MIXKHAPOTHUX ITaPTHEPIB
y 2024 p. 3akon Ykpaiuu «IIpo ocHOBHI 3acamu mep-
JKaBHOI KJIIMaTUYHOI HOJTITUKW» [8], 1110 mpAMOo BKasye
Ha HEOOXITHICTh PO3POOKY PErioHaJIbHUX CTpaTerii
aganTarii 1o 3MiHU KJIiMaTy.

¥ Toit yac AKk Ha HAIIOHAJBHOMY PiBHI agamTarid
TIOKH 1[0 PeryJIioeThCAd PAMKOBUMU TOKYMEHTAMU —
TakuMu AK ypAnoa Crpareria hopMyBaHHS Ta pea-
JTi3arrii IeprkaBHOl MOJITUKNA ¥ cdepi SMIiHU KTiMaTy
Ha mepiox o 2035 POKy — OKpeMOro 3aTBepa:KeHOro
HarrionansHoro trany um Crparerii 3 amanrarrii gep-
JKaBa 11e He mae. [9]

IIpore perioHu 3a MiATPUMKHU MiKHAPOTHUX TAPT-
HEPIB y:Ke moYaJIv TJiATU CAMOCTIHHO.

1. Ilepuri Tpu mistoTHi perionn Ykpainu (JIsBiB-
cbKa, IBano-@pankiscbka Ta MukosaiBcska 00-
Jacri):

¥ BepecHi 2024 poky B Meskax (iHaHcoBaHoro €Bpo-
neticekuM Corozom (€C) mpoexty APENA 3 (y crismpa-
i 3 MiHmoBKiLIA) 6yi10 0QiriiiHo po3po6JIeHO Ta IIpe-
3€HTOBAHO IIEePIIIi JIeTaIbHI KIIIMAaTHYHI cTpaTerii 1Jia
TPBOX 0bJ1acTeii. BoHu MicTATH JOBrOCTPOKOBI ITPOTHO3K
10 KiHIIA CTOJIITTA Ta YiTKO IIPOpPaxoBaHy BapTiCTh 3a-
xomiB (HanpukJian, ajsa JIeBiBiuau e 168 3axomis
Ha €273,7 mun.) [10; 11; 12]

2. 3akapnarcbKa 06JIaCTh:

Perion pospo6us BmacHy Crparerito agamrarrii
0 3MIHHM KJIIMaTy Ta 3aXO[iB MO0 MOM AKIIEeHHS
1l HeraTUBHUX HACJIIKIB [JIA SaKapIiaTchbKol 06J1acTi
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B Mekax TpaHckopmouuoro mpoekry (CLIMADAM)
y maptaepcTBi 3i CioauunHow. [JokyMeHT € mpu-
KJIa[[0OM TOTO, K IPUKOPIOHHUN perioH oKycyeTbCs
Ha yOpaBJIiHHI pU3UKAaMU TI0BeHe! Ta 30eperKeHHi Jri-
coBux ekocucreMm [13].

3. Muxosaieceska, /IlninponerpoBcrka, 3amo-
pizbka, Xepconcoeka oo6sacti [Ipoext UCO-GIZ-
Insu-Resilience-Franfkurt School of Economics [14]
PO3pOo0UB aHAJIITUYHUI 3BIT 3 aHAJIIZY PUBUKIB 1 KiJIb-
KICHOI OITiIHKM BTPAT 1 BUTOJI Bif 3aX0/IiB agaIITaIlii qjis
4 obJracTeii MiBOHA YKPATHU [JIA arpPOCEKTOpY, Oy/IiBeJIh
Ta iHGPACTPYKTYPHU HA OCHOBI JaHUX KapTorpadii peri-
OHIB 1 CIIeIiajIbHO PO3po06IeHnX Mopeseit (Moaudikarisa
CLIMADA) mig i maHi.

4. @ponTOBi Ta IpubMpPoHTOBi perionn ([Hi-
npomnerpoBcbka Ta CyMmcbKa ob6J1acTi).

Y cepmai 2025 poKy B MeKax iHIIIOro0 MacmTadHoro
mpoexry €C EU4ClimateResilience posmouanaca ak-
THBHA PO3PO0KAa PerioHaJIbHUX KJIIMATUYHUX CTPAaTerii
mist quinporrerpommau ta Cymmuau. Oco6auBicTh
VX TOKYMEHTIB — TI0€THAHHA KJIIIMATUYHOTO TLJIaHY-
BaHHA i3 IOBOEHHUM BiTHOBJIEHHAM Ta OL[IHKOIO PYW-
HyBaHb, 3aBIAaHUX BiMiCbKOBUMMU miaMu [15].

3a morepeaHiMU OI[IHKAMU, 3arajibHI 1HBECTUIT
B IIPOEKTH 3 afanTallii i TigBUINeHHA KJIIMaTUIHOI
crifikocti mo 2050 p. B Ykpaini MOKyTh cATHYTH 50—
70 mupa. €Bpo, B TOI yac AK 30UTKHU Bif peaJisarrii
sarpo3 — He Mmenire 100 mitpza. €Bpo (3a BifmcyTHOCTI pe-
aJTizarlii MpoeKTiB agamTaiiii, 1o 3HIKYIOTh KITIMaTUYHi
pusukn). Cepen OCHOBHUX 3aXO[[iB aBTOPU BKA3AHUX
MOCJIKeHDb 3a3HAYA0ThL KJIIMATUUHO CTIHKe CLILChKE
roCIIofapcTBO (aJanTUBHI COPTH, KparesibHe 3POIeHHA,
PeIUPKYJIALIA, BUKOPUCTAHHA 0ioMacH), BiTHOBICHHSA
BOJIHUX PeCypCiB (merieHTpaIisoBaHti CUCTEMU, aIaIITHB-
He BOIOPO3MOIiIJIEHHA, 3aXUCT BiJ] IIOBEHEMH, «PO3yMHI»
CHCTEMH), «3eJIeHI» 3aXKCHI KOpUIopHu Ta pedopecTalrisa
3 BUKOPUCTAHHAM cepeJ] iHIII0T0 eHeproKyJIbTYp, iHTe-
rpamia KJIiMaTUYHUX PUSHUKIB y 000POHHY CTpATETrio
(amarrrariis BificbKOBOI iH(PPaACTPYKTYpH, IeMiHyBaHHS,
€KOJIOTIUHE cTaJIe BIIHOBJIEHHA SHUIIEHNX €KOCUCTEM),
03eJIeHeHHA 1H(PPACTPYKTYPHU MICT.

3arajpHU KiJTBKICHUI BHECOK afanTalii y Kirima-
TUYHY 0e3IIeKy MOKHA OI[IHUTH 34 TPhOMa OCHOBHUMU

KaTeropisiMu — CLIIbChbKe TOCIIOIaPCTBO, BOIHE TOCIIO-
IapcTBo, ypbaHicTuka (Tadut. 1).

Ak BUIHO, OCHOBHUII BHECOK y aJaIITAIlif0 BHOCUTH
CiITbCBKE MOCIIOIAPCTBO 13 MACIIITa00M BTPAT/iHBECTHUIIII
A yaukHenHa Brpat 50...120/30...80 mupa. €spo
1o 2050 p. 3mificHeHHA 3aXO0/IiB 3 aaTaIlil TAKOXK Ma-
0Th MYJIBTHUILTIKAIHHI e()eKTH [JId eKOHOMIKH, Xoua
U JeSKUX CeKTOPIiB BOHM 3HAUHO MEHIII 3a BTpaTu/
iHBecTuUIlii (OLJILIIICTD 3aXO0/IiB HE € OKYITHUMU KOMep-
MiAHUMY TIPOEKTaMM).

Konuenmia cuHeprii KOMIIOHEHTIiB —
amanrTamii i miTiramii

OpHuM 3 BUKJIHKIB ¥ cepi KITiMaTUUHOT 6e31eKH €
KLTbKiCHA OIliHKa e()eKTiB Bifl 3aX0/iB TA BUSHAUECHHA
TaKUX, AKI IIPU BIIPOBAIKEHHI JAI0Th ITOBIHHI edeKTH
IJIA PISHUX KOMITOHEHTIB KJIIMaTUYHOI 6e3meKu — Mi-
Tiramii 1 aad aganraiii (CHHeprisg 3axodiB), a TAKOXK
MAarTb €KOHOMIUHI MYJITUILTIKAIIIHI e)eKTH 1 y3rom-
JKYIOTBCA 31 CTPATeriyHUM «3eJIEHUM» KypcoM YKpaiHu
IUIA KJIIMATHYHOI HEUTPaIBHOCTI.

Hampuxknan, BimHOBIEHHA Ta 30eperKeHHs BOIHO-
0G0JIOTHUX YTiIb Ta TOP(OBUII] OJHOUACHO CIIPHUAE Mi-
Tiraiii (3MeHIIlye BUKAIU BYTJIEII0 Ta ITOKpAIIye Horo
HOTJIMHAHHA) 1 aganTarrii (peryiatoe BOOHUN OajiaHc,
3a1100irarogy mocyxam Ta II0BEHAM), IIPOEeKTH BUPOO-
Huirea eHeprii 3 BJE MaoTh edekT migBUINeHHA
CTIMKOCTI eHeproMepes:x (amgamraris), qereHTpasiisarii
i ogHOUACHO cTasoro ckopoueHHsa sukuais CO, Tomo
(muB. TabJ1. 2).

IIpencrasieni cepu miAIBHOCTI 1 ederTH, X0Uua
1 He € BUUEPITHUMHU, aJjie Jal0Th YABIEHHA PO CUHepTe-
TUYHI e)eKTH, AKIIO KIIMaTUUHA Oesrneka Oyie posrJis-
JaTHuCsA He 38 OKPEMUMHU KOMIIOHEHTAMHU, 8 B KOMILJIEKCI.
ITomi6Hi MaTpuIli B3A€MHOr0 BILIMBY HaOaJli MOKYTb
OyTu mobyIoBaHi II0 KOKHOMY KOMIIOHEHTY KJIiMaTH4-
HOI 6€3IMeKH 1 CTaT! HAYKOBOI OCHOBOIO IJIA PO3POOKU
Koumemniii kiMaTraHo01 0e3neky YKpaiHu.

BucHoBKku Ta pekoMmeHaarii
1. CkoopauHYyBaTH Jep:KaBHY IOJITUKY y chepi
KJTiMaTU9HOI 6e3MeKn Yepes3 CTBOPEHHA €IUHOTO KOOp-
nuHAaliiHoro oprany («centre of excellence»), Ogicy

Tabnuuys 1

Ouninka MmaciuTaly iIHBECTHIIHM 1 BTPAT HA aJaNTAaIlil0 10 KJIIOYOBHM KOMIIOHEHTAM
Ta BIUIMB HA KJIiMaTHYHY Oe3neKy

. . MyasTHiuriKamiiHi
. . InBecTuuii | Brparu Big Gezni- . Bume
KoMmnonenT KiiMaruuHol . e(eKTH OJ1 €KOHOMI- .
Ne mo 2050 p., | ansHOCTI MO 2050 Ha KJIiMaTu4-
Oesmnexun ku go 2050 p., miapa.
mipa. €epo | p., mupa. €Bpo €Bpo* HYy Ge3nexKy
1 | Apanraris, kIiMaTHYHA CTIAKICTD 30...80 50...120 15...30 Bucoxmit
1.1 | Cinbebke rocmomapcTBo (mocyxu, 15...40 30...70 10...20 Bucoxruii
iHBagisa)
1.2 | Bogue rocmogapcTso (MigTOILUIEHHS, 10...25 15...35 3...5 Bucokwnit
TIOBEHi)
1.3 | YpbanicTuka, OymiBiai, 03eJIeHEHHA 5...15 5...15 2..5 Cepenmiit
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Tabnuuys 2

Cunepria miriramnii Ta aganramii y KJIIOY0BHX CEKTOPaX

Cdepa exoHoMmiku

Edexrn mitiramii
(amenmennsa BUkHAiB CO,-exs.)

Edexrn aganramii
(mpHCcTOCYBaHHSA OO0 HACIIKIB)

Enepreruka

ITepexin na BIE (conre, BiTep, 6iomaca, 6Giome-
TaH), MABUAIIEHHA €HeProe(peKTUBHOCTI.

3axucT eHeproMepesk BiJi eKCTPEMAJIBHUX I10-
TOIHUX ABUIL (IITOPMIB, OKeJjIe/li, BIHCHKOBUX
yaapiB), IelleHTpasIisaiia reueparii.

CinbCchbKe TocroapeTBo

CropodeHHs BUKHU/IIB BiJl TBAPUHHUIITBA, BIIPOBA-
IPKEHHA TOYHOT'0 3eMJIEPOOCTBA JIA 3MEHIITEeHHA
BUTPAT ITAJIBHOTO.

BuponryBaHH:A 1T0CyX0OCTIMIKUX COPTIB, KpaIeyib-
He 3POIIEHHA, CUCTEMH 3aXWCTY BiJl IPyHTOBOI
epoaii, 3MeHIIIeHHA [IPOMICJIOBOTO 3a6py/THEHHA.

Bopue rocrogaperso

CropoueHHA BUKUIIB Bif] BIIPOBAIKEHHA MaJINX
T'EC, migBuieHHsa THYYKOCTI €HEProCUCTEMH,
aKyMyJIAlia 1 6aJlaHCYBaHHA BUPOOHUIITBA-
CITO’KMBAaHHA eHeprii

CraJie 3a6e3nedeHHA BOJOI0 IIOCYILINBUX pPe-
TiOHIB, CIPUAHHA 3apUOJI€HHIO, BiTHOBJIEHHIO
PIUKOBHUX pyceJi, 6ap’epy Ha NUIAXY ITOBEHEH.

Micbke rocmogapcTso
(YpbanicTuka)

PosBuTok exosroriauHoro rpoMaachLKoro TPAHCIOP-
Ty, BIIPOBA/KEHHSA eHeproeeKTUBHOCTI B Oy/TiB-
JIAX, «3eJIeHa» apXiTeKTypa

CTBOpeHHs «3eJIeHUX» axiB, 00JIalITyBaHHA
JIOIIOBOI KaHAaJIi3a1lil, 301IbIIIeHHA TIHLOBUX 30H.

JlicoBe rocogapcTBo

S301IbIIEHHA ILJIOI JIICOBAX HACAMKeHb MIJIA I10-
TVIMHAHHA BYIJIEII0, eHePTrOKYJIBTYPH, BUPOOHM-

Bucamrenusa mopin mepes, CTiKUX q0 TeMepa-
TYPHUX CTPECIB, 3a1100iraHHA JIICOBUM IOKEKAM,

TBO OioMacwu, Giomasmsa.

HAKOIIMYEeHHA BYIJIELO B I'PYHTI.

KJIIMaTUYHOT 6€3I1eKH, 3 UiTKO BUSHAUYEHUMHU ITOBHOBA-
JKeHHAMY (Hanpukiam, mpu Pasi HatlioHabHOT 6esrre-
KM 1 000opoHu Ykpainu uu Ka6ineri MinicrpiB Ykpaiun).

2. PosrnauyTu (QiHaHcoBUiI iHCTpyMeHTapiil
(sa mpurmnamom apxitexktypu Ukraine Facility a6o
€KBIBaJIEHTHOT0 MeXaHi3dMy), 3 KpuTepiaMu Bimbo-
Py, e KOIITH Ha HMPOEKTH MaTb MAapKyBaTHUCS IIifT
KOMOIHOBaHI 3aX0qU IJiA PEKOHCTPYKIIil, MiTirarii,
amanrarii, pearyBaHHA Ha BilicbKoBi pusuku. Ilepen-
OaunTy (piHAHCYBaHHA HA 3HIIKEHHA PUSUKIB y cepi
KJIIMaTuaHOl 6e3MeKy, HAaIPUKJIA, Yepe3 OKpeMUi
Donp kniMaTuuHOI 6esneku BriounTy y mporpamu
epPeroBOPiB 3 MAPTHEPAMH i IOHOPAMU ITOHATTA «KJTi-
MaTtuyHa 6e3reka» AK 0a3UCHOro IIPY BiMHOBIEHHI iH(-
pPacTpPyKTypH.

3. I[Tpubparu HEy3romKeHOCT1 MizK MiHICTEPCTBAMU
(Minenepro/ Minmoskisisa, Mindirnom/ Mirnperionom).

YiTK0o BUBHAUUTY MEKl IIOBHOBAYKEHE TA BIAIIOBIIAJIb-
HOCT1 y cepi KriMaTuaHo1 6e3meKu

4. Pozpooutu KoHuemnitito kriMatuusoi 6esnexu
i Koumemniiito agamnrairii K KOMIIOHEHTY KJIIMATHYHOL
0e3MmeKn AK OKPEMUIA IHTeTPOBAHMUI TOKYMEHT, III0 TTOB A-
JKe eHepreTuyHe, KITIMaTHUHe Ta BifiCbKOBe TLUTaHyBaHHA.

5. [JomoBHUTHU CTpaTeriyHi JOKyMEHTH YKpaiHwu,
Taki Ak HarfionaapHM IJIaH 3 EHEPTeTUKY Ta KITIMaTy
Ha nepiox mo 2030 (HITEK-2030), Enepreruuna crpa-
terifa-2050, HarionansHa 6e3nekoBa crparerid, [Lnau
BiTHOBJIEHHA YKpaiHU, TA iHIII IT0B'A3aHI HOBUM OKpe-
muMm posgisiom «Kjimaruuna Gesnexa» 1 «Agarnrairis,
KJIIMATHUYHA CTilKicTh». [HTerpyBatu nouarta «Kiima-
TuuHAa Oesrera» v 3Y «[Ipo ocHOBHI 3acagu mepskaBHOT
KJIIMATUYHOI TTOJIITUKHN» 13 KOHKPETHUM BU3HAUEHHAM
3aBIaHb 10 peaTisalii JJid IIeHTPAJIBHOTO OPraHy BU-
KOHAaBYOI1 BJIAU.

JJOIJATKOBA IHDOOPMAIIIA
BHECOK ABTOPIB: Yci aBTopu 3po01Iy BHECOK ITOPiBHY.
DOIHAHCYBAHHSA: AsTopu He oTpuMyBaau (DiHAHCYBAHHA OJIS IIHOTO TOCTIiKeHHA.
3AABA ITPO JOCTYIIHICTB JAHMX: He 3acT0COBYETHCA.
KOH®JIIKT IHTEPECIB: ABT0opu 3asBIAI0TH IIPO BiCYTHICTH KOH(JIIKTY iHTEepecis.
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HEMNEPEPBHA BUBIPKOBA TEPEBIPKA
AJOCTYNMHOCTI JAHUX Y CXOBULLAX
3ATAJIbHOIO NMPU3HAYEHHA

CONTINUOUS DATA AVAILABILITY
SAMPLING IN GENERAL-PURPOSE STORAGE

AHoTauis. BnbipkoBa nepesipka gocTynHocTi gaHux (DAS) go3BO/ISIE 1e2KUM KIEHTAM MepekoHyBATuCS, Lo gaHi pak-
TMYHO 36epieaioTbcst B Mepexi. HassHi popmanisavii DAS MogesnioloTb 0gHOPA3oBy nepesipKy 0/10KY; g/1si CXOBMLL, 3A20/1bHO20
MPU3HAYEHHS], ge gaHi XuByTb poKamu, hopmanbHoi Mogeni Hemae. 3anponoHOBAaHO Mogesb HerepepBHo20 DAS: gespagauis
KOgOBaHO20 00’eKTa Ta BUOIPKOBI 3annTH — KOHKYPY!IOYi MydCOHIBCbKi NpoLiecy. BuBegeHo B1pas gasi FIMOBIPHOCTI HeBUSIBIEHOT
BTPATY, MOPO20BY YMOBY G* T4 MeXy 3anuTIB KIEHTA j*().

KmoyoBi cnosa: B1bipkoBa nepeBipka goCTynHOCTI GAHMX, geLieHTPAIi30BaHi CXOBULLA, HOGMIIKOBE KOGYBAHHS, JOB20-
BIYHICTb gaHMX, MyacoHIBCbKi npoueck, b1ogxxeT BUOIpKy.

Summary. Data availability sampling (DAS) allows light clients to verify that data is actually stored in the network. Existing
formalizations model a one-time check of a block; for general-purpose storage, where data lives for years, no formal model ex-
ists. We propose a continuous DAS model: degradation of an encoded object and client sampling queries are competing Poisson
processes. We derive the probability of undetected data loss, a threshold condition q* and a per-client query bound j*(e).

Key words: data availability sampling, decentralized storage, erasure coding, data durability, Poisson processes, sampling
budget.

Bc'ryn. JlerieHTpaJsrisoBaHi CXOBHUIIA 3araJIbHOTO
mpusnaueHusa — Filecoin, Storj, Walrus, Codex —
3aXUIATh JaHl HAJJIUIIKOBUM KOTYBaAHHAM: 00 €KT
pos30uBaeTbcA Ha GJIOKH 3a cxeMoio (n, k), i mjs Bif-
HOBJIEHHA OCTAaTHLO OyAab-AKUX k < n 6j10kiB [1]. ITpo-
Te KOIyBaHHA caMe Mo cobi He TapaHTye, 10 6JI0KU
arxmuuro 36epizaiomuvea: By30JI MOKe BTPATUTH JAH1
BHACJIIOK 36010 200 3JI0OBMUCHO ITPUXOBYBATH iX, BiJIIIO-

Biaroum Ha CIIy:K00BI IOBIHOMJIEHHSA, ajie He BUIAI0UN
Bwmict. JIJ1a BjTacHUMKA TaHUX ITI0 IPO0JIEMY PO3B’A3YIOTh
IoBeneHHA 30epiranaa — proofs of retrievability (PoR)
[2] Ta provable data possession (PDP) [3]; icuyioTs
1 my6JtivHo BepudikoBaHi BapianTu [4], ipore Bci BoHM
BHUMAararoTh MiATOTOBKYA aBTEHTU(IKATOPIB BIACHUKOM
I yac 3aBaHTAKEHHA 1 ayIUTy KOMKHOTO (haiiry oKpe-
MO — TOOTO He IAaI0Th CMOPOHHbOZO JIETKOTO KJIicHTa 6e3
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TOTIePeHBOT0 HAJIAMITYBAHHSA, 3[aTHOTO0 TIePEBipUTH
IOCTYITHICTD JOBIIbHUX UYKUX JAHUX.

AsnprepHaruBa — BHUGIPKOBA MEpeBipKa IOCTYII-
Hocti manux (DAS), sampomoHoBana s GJIOKUYEIH-
MacmrabyBaHHA [5]: KITieHT 3aTUTye BUNIAIKOBI OJI0KH
KOOBAHUX TIAHUX, 1 YCIiX HEBEJIUKOI KIJIBKOCTI 3aITUTIB
Jlae BUCOKY BIIEBHEHICTh y OCTyHHOCTI 11iyioro. DAS mae
(hopMasIbHi 03HAUEHHA Ta OOBeIeHHA 6e3reku [6], pos-
IIMPEHHSA 3 JJOKAJILHUM BiTHOBJIEHHAM [7] Ta meTaibHI
CUMYJIALIHHI mociimkenad niisg Ethereum [8]. Ogaak
yeA I JIHIA MOJeToe 00Hopas308y TOMIii0: 6JI0K Po3-
IIOBCIO/I?KEHO, KITIEHTU IIePEBIPUIIN MO0 JOCTYITHICTD,
ITPOTOKOJI 3aBEPIIUBCA. ¥ CXOBUIIlI 3araJIbHOTO MTPU3HA-
JeHHsA IIOCTAHOBKA iHIIA: 00’ eKT 30epiraerbes MiCAI U
POKM, By3/I1 HellepepBHO BOYBAIOTh Uepes IJIMHHICTh
(churn), a mpuxoByBaHHA 6JIOKYy Hebe3IleuHe He came
0 co0i, a THM, II[0 BOHO 3AIULULAEMbCA HEBUABICHUM,,
TIOKY HAIJIUIIKOBiCTE merpaaye. Cucremu, 1o BiKe 3a-
CTOCOBYIOTh BHUOIPKOBI MepPeBIPKU [0 TOBrOKUBYUUX
nanux — Codex i3 cy6uinitinoro Bubipkoro [9] ra Walrus
ai storage challenges [10], — o6upatTh YacToTy IIepe-
BipOK €BPUCTUYHO, 6€3 aHAIITUYHOTO 3B A3KY 3 I0BIO-
BiuHicTIO AaHnX. Hali6amKauii po3ropHyTUN MeXaHi3M
HenepepBHOI nepeBipku — Filecoin Proof-of-Spacetime
[11] — xepyeTbca qoBOmKyBaueM: IIpoBaiiiep cam mepi-
OIMYHO ITy0JTiKye moBeneHHa 30epiranna; y DAS naro-
MICTh 1HII[IaTHBA HAJEKATH KJIiEHTaM, 1 caMe 3B A30K
YaCTOTU KJIIEHTCHKUX IE€PEBiPOK 13 MOBrOBIUHICTIO Ha-
HUX y JKOQHIN 13 IIUX CUCTEM He aHaJIi3yETbCA.

Omxe, BinkpuTuM € 6a30Be BAIUTAHHA: AKO0I0 MAE
6ymu IHMEeHCUBHICMb BUOIPKU, W00 BUABTICHHA 8MPam
8CMU2ATI0 30 IXHIM HAKONUYEHHAM?

Buecku miei po6oru: PopmanbHa Mofenb Heme-
pepsHoro DAS: BTpara i mpuxoByBaHHA OJIOKIB Ta BU-
OipKOBi 3aIIUTH KJII€HTIB — KOHKYPYIOUl IIyacOHIBCHKI
MIPOITeCH; BUABJIEHHSA BiZICYTHHOTO GJIOKY 3aITycKae Bif-
HoeyieHHA. Momesb moequye DAS-noctanoBky [6] 3 map-
KIBCBKMM aHAJII30M HAAIMHOCTI KOJMOBAHUX cxXoBuIl [12].

Hab6amxeHuil 3aMKHEHUN BUpas AJIA HMOBIpPHOCTI
HeBusABJIeHOI Brpatu P_loss(q) Ak QyHKIT cyKyITHOT0
Oto/isKeTy BUOIPKH @ Ta IIOPOroBa yMOBA

q* = n(n —k)(8t_r),

3a AKo01 DAS-MoHITOPHUHT HAOIMKAETHCA 10 i7IeaIbHO-
r'0 MOHITOpPA 3 AOILyCKOM §.

Me:xa

J¥(e) =nIn(1/e)/(n —k + 1)

Ha KiJIBKICTh 3alUTIB OKPEMOI0 KJII€HTa IJIA &-BIIEB-
HEHOCTi B JIOCTYIHOCTI 00’€KTa, 3 HACIIOKOM: CYKYII-
He MeperkeBe HABaHTAKEHHS BU3HAUYAETHCA JIMIIE ¢
1 He 3pocTae 3 KUUTBKICTIO KJTIEHTIB 3a arperatiii BuOipox.

dopmMmasibHA MOTEH
Cucrema Ta MOgeJib 3arpos
Posrnsamaemo onuH 06’€KT, 3aKOMOBAHUIA 38 CXEMOIO
(n, k): n 6JI0KIB PO3MIIIIEHO HA 1 PI3HUX By3Jax, IJIfd
IIeKOIyBAHHSA IOCTATHRO OyIb-Akux k. CTaH 06'ekra s €
{k—1,k, ..., n} —KinbKicTh (PAKTUIHO TOCTYITHUX 6JIO-
KiB; s = k — 1 — mornimHarounii crad Brparu. BIiok crae

lo4

HEIOCTYITHUM JIBOMA IIIJIAXaMH 3 CyMApHO0 IHTEHCHB-
HicTIO A Ha 6JI0K: (1) uecHa 810M068a — BY30J1 3aJIUIIIAE
Mepesky abo BTpauae aasi; (il) npuxo8ysaHHs — By30J1
BI/ITIOBi/Tae HA CJIy»K00BI1 TIOBIIOMJIEHHS, ajie He BUIAE
610k Ha 3anuT. KirrouoBa acuMerpia: o0uaBi momdii He-
éudumi OJIsi CUCTEMH, TOKU XTOCh HE CIIPO0yEe OTPUMATHA
6ok, Ha Bigminy Bim 61okueitn-DAS, me cynpoTus-
HHUK — BAUPOOHUEK GJIOKY B MOMEHT PO3IOBCIOMKeHHA [5],
TYT CyIIPOTUBHUKOM € ITIIMHOKIHA By3JIiB 30epiranus
MIPOTATOM YCHOTO KUATTA 06 €KTA.
IIpouec BUGipKH TA BUABJICHHA

KoienTn K0JIeKTUBHO reHepyTh BUOiPKOBI 3aIUTH
II0 00’€KTa AK IIyaCOHIBCHKUI MPOIEC 13 CYKYITHO 1H-
TEHCUBHICTIO ¢ 3aIUTIB 3a OJMHUITIO YaCy; KOYKEeH 3aIIUT
ajpecye piBHOMIPHO BUITQIKOBUIL 0JI0K 13 2. Bimgmosimro
CJIyTye MaJjia aBTeHTU(IKOBaHA KOMipKa OJIOKY (Harpu-
kitam, quct Merkle-mepeBa 3 qoBeqeHHAM HAJIEKHOCTI
[9]), Tosx BapTicTh 3aIIUTy 3HAYHO MEHIIA 34 PO3Mip
0JIOKyY. 3aluT 10 HeJOCTYIHOTO 0JIOKY 3aBepIIYETHCS
HeBIOaue, 110 guasase aedexr. Yac mo BUABIEHHA
KOHKPETHOTI'0 BiZICYTHBOr'0 OJIOKY POBIOAIJIEHUI €KCII0-
HEHI[iHO 3 cepenHiM n/q. Ilicina BuABeHHA cucTeMa
3aIIyCKae BiJHOBJIEHHA OJIOKY 3 PEIITH > k JOCTYIIHUX;
yac BiTHOBJIeHHA Mae cepenue {_r. Omxe, edeKTUBHA
IHTEHCUBHICTh YCYHEHHA OHOT0 Ae(eKTy 00UnCIII0eTh-
cs 3a popmyitoro (1):

1

n/q+t, L)

Hpas =
CTporo KasKydu, MOCJTIMOBHICTD «BUABJIEHHSA, I10-
TiM BimHOBJIeHHA» Mae asoBuii (phase-type) posrro-
MIiJ1; 3aMiHA HOT0 OJHUM €KCIOHEHI[IHHUM PO3IOiJIOM
i3 cepenHiM n/q + t_r — cTaHmapTHE HAOIIKEHHA Map-
KIBCBKUX Mofesieit HamiiiHocri [12]. 3ayBakuMo Taxkox
KOHCEPBATHUBHICTD: KOJIU BIZICYTHIX OJIOKIB . > 1, BUGipKa
BJIy4ae B 0y0b-AKULl 13 HUX 3 iIHT€HCHUBHICTIO ¢-m/n > g/n,
To:K BUKOprcTauua u_DAS 1y1d Beix cTaHiB qae HUKHIO
OLIHKY IHT€HCUBHOCTI BUABJIEHHS 1, BIZIIIOBITHO, BEPXHIO
OLIIHKY IMOBipHOCTI BTpaTH.
3B’a3Ka 3 BIIHOBJIEHHAM:
JIAHIJIOT HAPOI;KEeHHA-3arubeJri
AmnajioriuHo 10 MapKiBCbKUX MO/ HagiinHOCTI
[12], cucrema ommcyerhbesa JiaHIroroM 3i cranamu {k — 1,
..., n}: mepexig s — s — 1 (HoBa HEMOCTYITHICTD) 3 iHTEH-
CHUBHICTIO 0_S = S-A; mepexig s — s + 1 (BuABIeHHA +
BiHOBJIEHHS, S < n) 3 inTeHcusHicTio n_DAS. Mopein
HaBMUCHO ITPOTOKOJI-aTHOCTUYHA: KOHKPETHUM Mexa-
uism gosenennsa (Merkle-nosenennsa, KZG-30608 a3an-
H4 [6], ZK-noBenenns [9]) BrutnBae juire Ha po3Mip 3a-
OUTY Ta KOHCTAHTHU [_r, ajie He Ha CTPYKTYPY HPOIIEeCy.

Me:xi GromxeTy BUGipKH
MMoBipHiCTE HEBHABIEHOI BTPaTH
Busumauumo P_loss Ak fiMOBIpHICTE TOTO, II[0 eni-
300 Oezpadauyii — Iepiof Bif IEPIIOl HEeTOCTYIIHOCTI
B IIOBHOMY CTaHi 1 10 TIOBEPHEHHA B 1 a60 MOTVIMHAH-
HA — 3aBePIIUTHCA 6€3MOBOPOTHOI0 BTPATO0 (CTAHOM
k — 1). Ilepmmii mepexig n — n — 1 BimOyBaeThcA 6e3



// International scientific journal “Internauka” // N2 8 (187), 2026

// 1ISSN 2520-2057 (print), ISSN 2520-2065 (online) //

// Technical sciences //

KOHKYPEHITI1 3 BITHOBJIEHHAM: y IOBHOMY CTaHi HeMa
voro BuABIATH. Jlaji BTpara Bumarae e n — k 1o-
CJIIIOBHUX HEIOCTYITHOCTEIT [0 TIEePIIIOro 3aBepIIeHHA
LIUKJIy «BUABJIEHHA + BIHOBJIEHHA» (pasoM n — k +
1 BigmoB Bif n go £ — 1). ¥ cranax s € {k, ..., n — 1}
MNMOBIPHICTD IIepeX0/Iy BHU3 CTAHOBUTH
s:M(s-A + u_DAS) = s-AMu_DAS

(mabmmxenda ynaHe 1pu 1_DAS >> n-}), i mepemMuo-
JKeHHS 10 cTaHax s = n — 1, ..., k mae dopmysy (2):

n-k

DAS(q)z(n_l)! A @)

loss Fl)' ’ g + tr
Bupas (2) aBHO posaijise qBa MoMaHKN BiKHA Bpas-
JIMBOCTI: BaTPUMKY 8UAGJIEHHA N/q, KEpOBAHY OIOmKe-
TOM BUOIPKHU, Ta 3aTPUMKY 810HO08/1eHHA t_1, 3aIaHy
ingpacrpykrypoio. [Ipu ¢ — «~ Bupas 36iraernca
II0 IMOBIPHOCTI BTPATU CUCTEMU 3 iqeaJIbHUM MOHITO-
poM (MUTTEBUM BUABJIEHHAM), IJIA AKOI BIKHO JOPIBHIOE
Jguiie t_r.
IToporoea ymosa q*
IneasbHMIT MOHITOP BUABIIAE HEAOCTYITHICTD MUTTE-
BO (TpaHUIld ¢ —> o), TOXK
P_loss”ideal = ((n — DYk — 1))-(A-t_r)Mn — k}.
Busnaunmo HagIUIIIOK PUBUKY
R(q) = P_loss"DAS(q) / P_loss"ideal =
=1+ nlg-t_r)HMn — k};
KoMOiHaTOpHMI KoedillieHT CKopouyeThesA. Bumararo-
un R(g) £ 1 + 8 mis porrycky 6 << 1 i poskiamaouu
3a masum n/(q-t_r), orpumyemo opmy.ry (3):

By ~n~(n—k)
T8t

q (3)

— MiHIMaJILHUH CYKYITHUI OIOKeT BUOIPKU, 3 AKOTO
DAS-MoHiTOPHUHT BTpauae He OiJIbIlle HiK YaCTKY
§ MOBroBIYHOCTI TTOPIBHAHO 3 MUTTEBUM BUSABJIEH-
Ham. IIpakrruni Hacaigku: ¢* 3pocrae JIiHIAHO 3
n mpu ikcoBaHoMy 3araci n — k (3a IpoHopIriHoL
HAJJIAIIKOBOCTI N — B o« 1 3pOCTAaHHA KBagpaTHUd-
He), JiHiliHo 3 n — k (OiyIpIINE 3amac o3Hayae, 110
PU3BUK BU3HAYAETHCA MIIUOIIAM XBOCTOM 00y TKY,
UYTIUBIIINM 10 3aTPUMKH BUABJIEHHA), 1 00epHEHO
OPOIIOPITIAHUN {_r — y cHUCTeMax 31 IIBUIKUM Bif-
HOBJIEHHSM BY3bKHM MICI[€M CTa€ caMe BUABJIEHHS,
i BUGipKa MycuTh 6yTH iHTeHCUBHINI00. OCKIIBKI
POBKJIaT yTPUMYE JIUIIe TIepInuil mopAmok 3a §, dop-
MyJia TPOXHU 3aHMKYE IMOTPiOHUI OromxeT (rmoxubka
0(82): mampuritag, R(g*) = 1.105 samicTb IiI60BOTO
1.1mpu 6 =0.1,n — k = 20).

BroeBHeHicTH OKpEMOTO KiIieHTa

Posrnssmemo Temep Jierkoro KirieHTa, AKUI Pa3oBO

mepesipse gocTymHicTs 00’ekra. 11106 3pobutu 00’ eKT

HEeBITHOBHUM, CyIIPOTUBHUK Mae IMPUX0BATU IIOHAM-
menme n — k + 1 6710kiB, To6T0 yacTky B, = (n — k +
1)/n. Kiienr, mo Hagcuiiae j He3aIeKHUX PIBHOMIp-
HUX 3a0UTIiB, HE BJIy4ya€ B JKOAEeH IMPUXOBAHUI OJIOK
3 #imosipHicTio (1 — )"/ < exp(—j-B,). Bumora, mo6
114 IMOBIPHICTh He TIepeBUIIyBaja g, nae dpopmyJry (4):

" n-ln (1 / 8)
J (8) n-k+1

3a ¢opmyiioro (4) A TrumoBoi KoHpirypairii n = 30,
k =10 Ta e = 10 mocraTHbo j* ~ 30 3amUTIB; OCKiIb-
KU 3alUT [0BepTae Majly aBTeHTU(IKOBAHY KOMIipKY,
a He 610K mTKoM (§ 2.2), cymapHUit 06cAT 3aBaHTAa-
JKEHHSA CTAHOBUTH HE3HAUHY YACTKY PO3Mipy 06 ek-
Ta — y UBOMY ¥ ToJiirae mpakTuuHuil ceHe DAS s
cxoBui. Meska KOHCepBATHUBHA Uepe3 eKCIIOHEHIIITHY
OIIHKY: TouHa reoMeTpudHa ymosa (1 — B )/ < € nae
J =~ 18 3a TX caMuX ITapaMeTpiB. 3ayBaKINMO PO3IIO-
IiJI posteii: Meska j(g) 3axuuiae OKpemMoro™ KjieHTa Bif
IIPUXOBYBAHHA «TYT 1 3apas», ToAl AK ymoBa q* 3 § 3.2
rapaHTye cucmemmHy TOBTOBIUHICTH y Yaci; mepiia
He 3aJIeKUTh Bif A, Apyra — akyMyJIl0€ 3alUTH BCiX
KJIIEHTIB, TOK 34 arperarfii BuOipok (HarrpukiIaj, uepes
gossip-mompeHHs pesyibraris [8], ske, BTIM, momgae
BJIaCHE ITPUIMYIIEHHA IIP0 YeCHICTh PeTPAHCIIAILLI) Cy-
KyITHe HaBaHTAKEHHSA MepesKi BUBHAUAEThCA JIUIIIE g ¥,
a He KiJIbKICTIO KJIIEHTIB.

BucaoBku. Mu 3anpomnoHyBaJju IIepIiy, HACKLTBKI
HaM BiIoMo, (popMaIbHy MOJIeJTh BUGIPKOBOI IT€PEBIpKH
IOCTYITHOCTI JAHUX fAK HenepepeHozo IPOIEeCy IJIA JOB-
TOXKUBYYNX 00 €KTIB y AEIEHTPAII30BAHUX CXOBUIIAX
3araJIbHOr0 MPU3HAYEHHA — Ha ITPOTUBAry OgHOPAa30-
Biif OJIOKUEH-TIOCTAHOBIII HAABHUX opmaJtisarriii [6;
7]. KnrouoBi pesynbratu — HAOIMKEHUH 3aMKHEHUH
Bupa3s P_loss(q), moporosa ymoBa q* = n(n —k)/(8-t_r)
Ta KJII€HTChKA MeXKa j*(e) — OB A3YI0Th OI0MKeT BUOIp-
KU 3 JOBIOBIUHICTIO MAaHUX 1 JAI0Th AHAIITUUYHY OCHOBY
JUIA KaJTiOpyBaHHA YacTOTU BUOGIPKOBUX IEPEBIPOK Y CU-
cremax Ha kKmranat Codex [9] 1 Walrus [10], ne crorommi
i OOMPAIOTh EBPUCTUUHO.

Oo6mMme:xxennsa. Moaesnp nepenbauae He3aslexHl
BiIMOBH, ITyacOHIBCBHKI IIpoIiecu BUOIPKYU Ta BiIMOB,
piBHOMIipHY BUOIpKY OJIOKIB 1 UECHY JOCTABKY Pe3yJIb-
TaTiB 3aIIUTIB; KOPEJILOBAHI Bi/IMOBH, aTaKy Ha Mepe-
JKeBUU piBeHb BUOIPKU Ta CTPATETiYHOT0 CyIPOTUBHU-
Ka, [0 aJanTye IIPUXOBYBAHHA /10 CIIOCTEPEIKYBAHOL
1HTEHCHUBHOCTI 3aIIUTIB, 3aJINIIAIOTLCA 11032 MeKaMU
posriany.

MaiiGyTHA poboTa: Bamigaria MOAesIi CUMYJIAIIEI0
Ta Ha Tpacax BiIMOB peaJIbHUX Meperk; HepiBHOMIpHA
BuOipKa, 3BasKeHA 3a IOITYJIAPHICTIO 1 BIKOM 00 €KTiB;
irpoBa MOCTAHOBKA MIPOTH aIAITUBHOTO CYIIPOTUBHUKA;
IHTerpaiia 3 JIOKaJIbHUM BiTHOBJIEHHAM y Ayci [7].

4)
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HJOIJATKOBA IHOOPMALIA
BHECOK ABTOPIB: Yci aBTopu 3po0uIu BHECOK ITOPiBHY.
DOIHAHCYBAHHS: Asropu He 0TpUMYBAJTH (DiHAHCYBAHHSA [JIA I[bOTO JOCITIKEeHHS.
3ASABA ITPO JOCTYIIHICTD JAHUX: He 3acTocoByeTHCA.
KOH®JIIKT THTEPECIB: ABTopu 3asABIATH IIPO BiCYTHICTh KOH(JIIKTY iHTEPECIB.
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NMOXXE)XXHA bE3NEKA NMPU bYAIBHULTBI
3AXUCHUX CNOPYA UMNBUIbHOTIO 3AXUCTY:
HA NMNPUKJIAAI 3AKJTIAAIB OCBITU

FIRE SAFETY IN THE CONSTRUCTION
OF CIVIL DEFENSE PROTECTIVE STRUCTURES:
THE CASE OF EDUCATIONAL INSTITUTIONS

AHOTaUifA. Y CTATTi po32/1SHYTO NUTAHHA 3abe3neyeHHs noxexHoi 6esnekn npy OygiBHUYTBI Ta NoganbLuii excnayara-
yii 3axmcHUX cnopyqg LumBinbHo20 3axucty (CL3) Ha npukaagi 3akaagis ocBiTM. Ha npukaagi 3anpoekToBaHo20 CXOBULLA gAist
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yKpUTTS 500 0Cib Ha TepuTopii KOMYHAILHO20 3AK/IAGY 302a/IbHOI CepegHbOi OCBITU «CBATOBACUAIBCLKMIA Nillefi» MpoaHasti-
30BAHO gxKepena NoxexHoi Hebesneku OygiBesbHO20 MaigaHuymKd, po3pobaeHo YHI(IKOBAHY cxeMy opeaHi3auii moxexHoi
be3reku, BAIKOHAHO KaTe20PyBAHHS TUMYACOBMX TA OCHOBHUX MPUMillieHb 3a BUOYXOMOXEXHOI Ta MOXEXHOI0 Hebe3nekoto,
00 PYHTOBAHO HOMEHKATYPy TA PO3MILLEHHS MepBUHHMX 3aCO0IB MOXEXO02ACIHHS, 0 TAKOX PO32ISIHYTO MUTAHHS MOXEXHOI
6e3nekun CL3 nig yac noganbluoi ekcnayatayii. O6fpyHTOBAHO, L0 HANEXHWIA piBeHb MOXeXHOI 6e3neky 06'ekTa LMBibHO20
3aXMCTY JOCARAETHCA /INLLe 3d YMOBM KOMIIEKCHOR0 MOEGHAHHS APXiTeKTYPHO-MIAHYBA/IbHUX PillieHb, IHXeHepHO-TeXHIYHMX
3acobiB 3axXMCTy Ta OP2AHI3ALiiiHIX 3aX0giB HA BCiX eTanax ho2o XUTTEBO20 LIUKITY.

KntouoBi cnoBa: noxexHa 6e3rneka, 3axMCcHa cnopyga UMBinbHO20 3axucTy, OygiBenbHWIi MaigaHumK, KATe2opyBaHHs Npu-
MilLieHb, 3aC00M MOXeX02ACIHHS, 3aK/1ag OCBITH, MOXexXHA Hebe3rneka.

Summary. The article examines fire safety during the construction and subsequent operation of civil defense protective
structures (SCZ), using educational institutions as an example. Based on a designed shelter for 500 people at the premises
of the «Sviatovasylivskyi Lyceum» general secondary education institution, the sources of fire hazard at the construction site
are analyzed, a unified scheme for organizing fire safety is developed, temporary and permanent premises are categorized by
explosion and fire hazard, the range and placement of primary fire-extinguishing equipment is substantiated, and fire safety
issues during the subsequent operation of the SCZ are considered. It is substantiated that an adequate level of fire safety at
a civil defense facility is achieved only through a comprehensive combination of architectural-planning solutions, engineering-

technical protection measures, and organizational actions at all stages of its life cycle.
Key words: fire safety, civil defense protective structure, construction site, premises categorization, fire-extinguishing equip-

ment, educational institution, fire hazard.

Bc’ryn. TTo:kesxkma Gesrexka Ha eTanax IMPOEKTYBAHHA, OyIIBHUIITBA Ta €KCILIyaTaIlil 3aXUCHUX CIIOPY/T IT1-
BIJIBHOTO 3aXUCTY HAJIEKUTD JI0 IPIOPUTETHUX CKJIA0BUX OPTaHi3allii 6e3reuHoro mpoBeqeHHs Oy 1iBeJTbHO-

MOHTaKHHUX POOIT 1 IMOTAJIBIIOT eKCILIyaTallii 00’ eKra
3a npusHauenuam [3; 6]. [le nmuranua crae 0cobIMBO
TOCTPUM [JIA TTiA3eMHUX CXOBUII, IPUSHAUCHUX [IJIS
YKPUTTA HaceaeHHs (YUHiB, 3000yBadiB 0CBITH, BiliCbKO-
BOCJTY?KOOBIIIB, KyPCAHTIB, CJIyXayiB KypCiB, TPaIliBHUKIB,
nepcouaity). [Toskeska Ha Oyab-AKiii cTamil JKUTTEBOTO
IIUKJIY TAKOTO 00 €KTa 30aTHA CIIPUYNHUTH CYyTTEBI Ma-
TepiaJibHiI BTpaTu, TPaBMyBaHHA 3100yBadiB OCBITU
Ta IPAIiBHUKIB, pyHHYBaHHA Oy/TiBEJIbBHUX KOHCTPYKIIH
1 3pUB IJIAHOBUX CTPOKIB YBEIEHHA B €KCILIyaTaIlilo,
a Ha (PYHKITIOHYIOUOMY CXOBUIII MOKe CTBOPUTH TIPAMY
3arpo3y JKUTTIO JIFOIeH.

OG’ekTOM PO3MIIAAY € HOBe OyIiBHUIITBO 3aXUCHOI
crropynu muBiabHOro 3axucty (CL[3) na npuriani 6y-
miauirrBa CL[3 Ha TepuUTOPil KOMYHAJIBHOTO 3AKIIAMLY
3araJibHOI cepemaHbol ocBiTH «CBATOBACUITIBCHKUI JTi-
neii» [32; 33]. Criopy/a, 1110 MPoeKTyeThCs, po3paxoBaHa
Ha yKpuTTa 500 0ci6 i HaIeKuTh 00 00 €KTiB IIUBIJILHOTO
saxucty (I13) i3 migBUIeHUMY BUMOTAMH 10 TIOMKEIK-
HO1 0e3meku, AK I Jac OyqiBHHUIITBA, TaK 1 mig yac
ekcrutyararii CI3. BymiBenbHuii MaiiTaHuuK TAKOTo
a60 CX0KOT0 00’ €KTa BUPISHAETHCA 3HAUYHOIO KLITBKICTIO
TUMYACOBUX CIIOPY/I, €JIEKTPO00JIaHAHHSA, Oy/IiBeIbHOT
TEeXHIKM, HAABHICTIO TAJINBHO-MACTHJILHUX MaTepiaJliB,
3BAPIOBAJILHUX YCTAHOBOK Ta 1HIINX HMOBIPHUX [IPKEPEJT
saiimanHsa. B Toii ke yac mapasiesibHe BUKOHAHHA 3€M-
JIAHUX, apMATyPHUX, 0ETOHHUX, €JIEKTPOMOHTAKHUX
1 BOTHEBUX POOIT MiIBUIIYE UMOBIPHICTh BUHUKHEHHS
MoKesKoHe0eseuHnx cuTyarrii ax scepeauui CI13, Oia
CIIOPyOH, TaK 1 HA OyIiBeJILHOMY MaWIaHUUKY B ITLIIOMY.

3rigao BuMor crarTi 2 Kogekcy muBiiIbHOrO 3axu-
cry Yxpaiuu [1], saxucui CI[3 — 11e imkeHepHi crio-
pyau, mo 3a6e3neuylTh 3aXUCT HACEJIEHHA BiJ He-
0e3reyHnX YNHHUKIB, 3yMOBJI€HUX HAA3BUUYATHUMU
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CUTyaIiIMUA, BOECHHUMH TiAMHU YU TEPOPUCTUUHUMHU
axramu. Bigmosigso mo crarti 32 Kogexcy, CII3 craxo-
BUTH OCHOBHUII BUM (DOHIY 3aXUCHUX CIIOPY/ 1 € TTepe-
BaYKHO ITIIBEMHOI0 CITOPY/OI0, Y AKil 3a0€31eUy0ThCsA
YMOBHU [IJ1A TPUBAJIOTO He MEHIN Hi:K 48 roguH, mepe-
OyBaHHA BeJIMKOI KIJIBKOCTI JIFofed (3TiTHO 10 IIPOEKTY,
Ha tepuropii K3 3CO «CaroBacuitiBcbkmil irein»
nependaueno ykpurta 500 oci6) [32; 33]. Came 115 cre-
mugika: HaBUAJIBHUN 3aKJIa]1, 3aMKHEHUI MiI3eMHUHI
TIPOCTip, BUCOKA MICTKICTb 1 TPUBAJINH Yac repebyBaH-
HA Jriofeil 1 popMye 0coOJIMBI BUMOTH 10 ITOMKEMKHOI
0esmeKy IIPUMIIIEHb mig3eMHoro cxosuina 113, o
BIAPIBHAIOTH HOT0 BiJ 3BUUAHUX aIMiHICTPATUBHUX,
CITOPTUBHUX, HABUAILHUX UM MOOYTOBUX MPUMIIIEHD
OymiBesb 3akyiadiB ocsitu [5; 15].

AKTyaIbHICTDb JOCITiMKEeHHA. AKTYaTbHICTh TEMU
3yMOBJIEHA MACIITA0OHUM OY/TiBHUIITBOM Ta PEKOHCTPYK-
miero 3axucHux cropyn 13 B sakmamax ocBiTu Ykpa-
1HU B yMOBaX BOEHHOTO CTAaHY, KOJIU YKPUTTA CTAJIO
000B’sI3KOBUM €JIEMEHTOM OCBITHBLOI 1HPPACTPYKTYpPHU
[16; 20]. O6’exr 113 ogHOUYACHO ITOEAHYE ABI BUMOTH
MIOBUINEHOI BiAIIOBINAILHOCTI, a caMe: Mae 3aXUIaTh
BHAUHY KiJIBKICTB JIfofei Bif HebesmeuyHux (haKkTopiB
HC i BogHOUYac cam He ITOBUHEH CTABATH [IFKEPEIOM
He0eaIeKy, 30KpeMa MoKesKHOI.

AHatia cTAaTUCTUYHUX JAHUX TIOKA3ye, 110 ITepeBak-
Ha YacTUHA TOKEK Ha OyIiBeIbHUX 00 €KTax CIIPUIH-
HeHa MOPYUIEHHAMH BUMOT ITOKEKHOI 6e3MeKu, HeIo-
TPUMAHHAM TEXHOJIOTiI BUKOHAHHA POOIT Ta BILJIMBOM
noacekoro gakropy. 3a manumu cratuctukn [JCHC
Yxpaiuu, noHan 30% moskesx Ha OymiBeJIbHIUX MaiigaH-
YHKaxX 3yMOBJIEHI HECIIPABHICTIO €JIEKTPO00JIaTHAHHA
a00 HeOTPUMAaHHAM IIPABUJI H0T0 eKcruryaTaii [13;
14; 15]. ITe sacBiguye noTpeby B CHCTEMHOMY MigXOIi
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JI0 opramisarii moxesxkHoi 6esrexu o6’ektie 113 Ta 06-
I'PYHTYBaHHI KOMILIEKCY BiITOBITHUX OPTaHi3aIliiHUX
1 TEXHIYHUX 3aXO0MiB, YOMY U IIPUCBAUEHO I1e TOCITiKeH-
HA.

Oxpemoi yBaru rnorpe6yoTs BUMOTH po3miity 7 «3a-
OesmeuenHA eBakyarlii roneii» JIBH B.1.1-7:2016 [4],
3TiAHO 3 AKMMMU 1114 3a0e3meueHHA 6e311eTH0] eBaKyalrii
JIOofiel TIOBUHHI mependadaTucsa 3aX0au, CIIPAMOBaHI
Ha CTBOPEHHS YMOB [IJIA CBO€UACHOI Ta 0e3mepemniKo-
HOI eBakyallil y pasi BUHUKHEHHA MOKeXki 1 Ha 3a-
XUCT JIFOIEN Ha IIAXaxX eBaKyallil Bif il He6e3neuHux
ynHHUKIB moxkeki. Ockinbkn Ha 3axucHi CL[3 Bumoru
nworo JIBH momuproroThea jIuie 4acTKoBO, 3a6esIie-
YeHHA II0KEeKHOI 0e3MeKN TAKUX 00 €KTIB OCATAEThC
MOeMHAHHAM HOTr0 II0JIOMKEHb 31 CIeIiaJIbHUMU BHUMO-
ramu IBH B.2.2-5:2023 [5] Ta Komekcy muBijibHOTO
saxucty Ykpainu [1]. KommiiexkcHe BpaxyBaHHA ITUX
BUMOT Ha BCiX eTamax JKHUTTEBOTO IIUKJIY ITi3eMHOT0
CII3 i 06yMoBITIOE aKTyaJIbHICTh 00PAHOI TeMU JOCJTi-
mxeHua [12; 14].

Marepiaau Ta MeToau mociimkenud. [luranus
moskeskHol 6esnexu 3axucHux CLI3 Ta 06’ekTiB ocBiTH
AKTUBHO TOCJIIPKYIOThCA Y BITUMSHAHIN 1 3apyOisKkHil
HAYKOBIH JIiTepaTypi IIPOTATOM OCTAHHIX IIECTU POKIB.
IIpoBenenuit KpUTUUHMI AHAII3 T03BOJISIE BUOKPEMUTH
KLJIbKa MPOBITHUX HAIIPAMIB.

Bimuuanani docnidscenns. YKpaiHCbKi BUeHi
B yMOBax BiliHM 30CepemKyThCA HA MIPOEKTYBaHHI
YKPUTTIB Ta IMIABUINEHHI X 3aXUCHUX BJIACTUBOCTEMH.
Y mparti [22] o6rpyHTOBAHO TAX0AU D0 BJIAIITYBAH-
HA MiI3eMHUX 3aXUCHUX CHOPY/ AJIA TPYI JKUTIIOBUX
OyIWHKIB Ta 1H/K€HEePHO-TEXHIUHI 3aX0U IIUBIJIBHOTO
saxwucry. ¥ poboti [24] 3a mommomororo reoiHdgopMaIriii-
HOTO MOJIE/TIOBAHHSA PO3B'A3aHO 3a/1a4y PaIliOHATBEHOTO
po3MillleHHA YKPUTTIB Y *KUTJIOBIHM 3a0yooBi 3 ypaxy-
BaHHAM pajiyca IMmoximgeoi moctynHocTi. CIijibHIM
[UIS BITYMSHAHUX IIPAIlh € aKI[eHT Ha KOHCTPYKTUBHIT
CTIHKOCTI Ta PO3MIIIeHH] YKPUTTIB, TOAI AK MUTAHHA
TOKEKHO1 0e3MeKn IPUMIIeHb 3aXUCHUX CIIOPY[T BU-
CBITJIEH]I (hparMeHTapHO.

Ioorcercna 6e3nexa zaxuchux cnopyd. 3apy-
OL’KHI TOCTITHUKN NPUTIJIAITL YBAry KOMILJIEKCHIN
OITiHII cTaHy YKpUTTIB. ¥ mparri [25] na npukmami
o0’exra B I1oJIbIIi BUKOHAHO OIIIHKY MOJIepPHi3aIliiiHo-
ro morenriay 3axucaux CII3 3 meranpHUM aHATIZ0M
KOHCTPYKIIil, 3aXUCTy BiJl pamiallii, mMo:KexKHo1 0e3leKku
Ta eproHOMIKM, & TAKOK BUABJIEHO 3aKOHOIABYl ITPO-
raJIvHU — MTiaXifd, OJIU3BKUU 10 MpeaMeTa ILOTo JI0-
cipkeHdA. B orAmosiit podorTi [26] cucTemarusoBaHo
napamMerpu 3ariubsenux «blast-resistant» yxpurris,
a B gociaimkenHi [27] mpoaHasizoBaHo MOMIMPEHHA
IUMY Ta BEHTUJIALNIO B 3aXUIIEHUX MPUMIIIEHHAX, 110
€ KPpUTHYHUM [OJid 6e3leKu y4JHiB, 3M00yBadiB OCBi-
THU Ta MIePCOHAaJIy 3aKJIaAiB OCBITH, IO IIepedyBalOTh
Y 3aMKHEHOMY ITPOCTOPI.

Ioorcearcna 6eznexa O6ydieenv. 3HAUYHY KiJlb-
KICTB ITyOJTIKAIIM IPUCBAYEHO 3araJIbHUM ITiAX00aM
IO OLIHIOBAHHA IMOkeskHol Hebeanexn. Ormsamu [28; 29]

CHUCTEMATU3YIOTh METOAU OITIHKM TOKEKHOTO PUBUKY
OymiBeJib, cTparerii 3amo0iraHHA MOKeKaM 1 aKTyaTb-
Hi TIPo0JIeMU CTPYKTYPHOI IOMKEIKHOI 0e3IeKu, Tomi
Ak B anauisi [30] BimoOpaskae MUHAMIKY TOCTIMKEHD
TEXHOJIOTIH 3amo0iranHA U JIOKaJTi3allii IMoKeK yIIpo-
moBx 2010—2023 pokiB. ¥ CYKYyITHOCTI ITi poO0TH cTa-
HOBJIATb METOOUYHE HiATPYHTA AJIA aHAJI3Y TTOKEKHOI
Hebes3ImeKn 00’€KTiB PidHOro MpU3HAUEHHA, 30KpeMa
MiABeMHUX CIIOPY,.

IMoosrcesrcna 6es3nexa zaxnadie oceimu. Oxpe-
MU HAIPSAM CTAHOBUTH Oe3TeKa HaBUaIbLHUX Oy/IiBeib,
Iie Tiepe0yBae BeJINKa KiJIbKICTh TiTel. ¥ MOC/TiKeHH]
[31] samporioHOBaHO 1HCTPYMEHT OI[IHKU Bi[IIIOBiTHO-
CTi IIPOTUITOKEIKHUX 3aX0/IiB Yy HABUAJIBHUX 3aKJIagax
HOPMAaTUBHUM BHUMOTaM, a y pobori [23] ysarambHeHO
3aX0[IH 3 ITOYKEIKHOI 0e3ITeKy Ta HaBUaHHA B mikojax. Li
IOCJTIMKEeHHSA MiTKPECITI00Th, 10 /1A 3aKJIa/IiB OCBITH
BUBHAYAILHUMHU € CUCTEMU PAHHBOTO BUABJIEHHA TI0-
JKe3K1, OTIOBIIIIEHHA Ta eBaKyallid IIePCOHAJIy Ta YUHiB.

TakuM YHOM, TOTIPU SHAYHUMN 00CAT IOCITiMKEeHb
1010 KOHCTPYKTUBHOI CTIHKOCTI YKPUTTIB, TTOKEIKHOT
Oesmnexu Oy/1iBeJIb TA 3aKJIAJIiB OCBITH, KOMILJIEKCHE ITH-
TaHHA 3a0e3MeYeHHA TOKEKHO01 0e3MeKH 3aXUCHOI CII0-
PY[AH IUBLIBLHOTO 3aXUCTY, IO CIIOPY/IKYEThCA Oeamoce-
PenHbBO B 3aKJIai OCBITH, 3 YpaxXyBaHHAM 0COOJIMBOCTE
OymiBeJIbHOTO MaliJaHINKa, KaTeropyBaHHA IPUMIIIEHb
Ta eKCILIyaTallil mig3eMHOT0 CXOBUINA 3aJIUIIAETHC
HEeI0CTAaTHbO BUCBITJIEHUM, III0 i BU3HAUAE HAYKOBY
HOBU3HY IbOT0 JTOCJTi?KeHHA.

OcHoBHa gociaigHunbKa yactuua. Oprauisarisa
TOKEsKHO1 0e3MeKu I yac OyJiBHUIITBA Ta €KCILUIya-
rarii 3axucuoi CII3 amificHioeThCcA BIAIOBIIHO 40 YMH-
HUX 3aKOHOABUYNX, HOPMATUBHUX Ta HOPMATHUBHO-
TeXHIUYHHUX MOKyMeHTIB Ykpaiuu [1-9]. Bigmosiguo
o Komexcy muBinbHOTO 3axucTy YKpainu 3abesnedeH-
HA TIO0KEKHO1 0e3ITeKU MOKIaJaeThbcA Ha KepiBHUKA
MMIPUEMCTBA, YCTAHOBY a60 OpraHisarlii, Kt 30608 -
3aHUI OPraHi3yBATH BUKOHAHHSA BUMOT HOPMAaTUBHUX
aKTiB TA CTBOPUTHU YMOBH [1J1A 6€3MI€UHOr0 BUKOHAHHSA
po6it. [lep:xkaBHi OymiBesibHI HOpMU [6] BCTaHOBIIOIOTH
000B’sI3K0BI BUMOTH [0 OPraHi3arlii mosKeXHol 6e3IeKu
Ha Oy[iBeJIbHIX MaWJaHYMKaX 00 YTPUMAHHSA TEePH-
TOpii, CKJIayBaHHA MaTepialiB, BAUKOHAHHA BOTHEBUX
po0iT Ta 3abesreueHHA 00 €KTa 3ac00aMU OMKEIKOTACIH-
HsA, a Iep:kaBHi OyaiBeJbHI HopMHU [5] BU3HAUAIOTH BU-
Moru 6es3IrocepeIHbo 10 3axucHux criopyn L3, Briroua-
our 3a0e3reyeHHA X MOKeKHOI 6e3neKu Ta 6e3rmeuHol
eBaKyallii JIofieli, AK IPeICTaBIeHO Ha PO3P00JIeHOI0
aBTOpaMu 3arajbHOI yHi(piKOBaHOI cxemi opraHisarii
MOKeKHO1 6e3nmeku Ha OyIiBeJIbHOMY MalIaHUYUKY
(puc. 1).

AHnania noocesxcroi Hebeanexu 6ydieeibH020
Mmatidanuura. Hespaxxaiouu Ha Te, 110 OCHOBHA CIT0-
pya € mig3eMHOI0 Ta BUKOHY€EThCS MePeBaKHO 3 HEro-
prounx Marepiasis (6eToHY, 3a/11300€TOHY, MeTaJIEBUX
KOHCTPYKIIiii), Ha cTafdii OyJiBHUIITBA HA MalqaHUUKY
OJHOYACHO PO3MIIIYIOTECA TUMYACOBI OyIiBIIi, €JIeK-
TpoobJaHAHHA, MAJIMBHO-MACTUIBHI MaTepiaju,
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Puc. 1. Cxema opranisariii moxe:xHoi 0e3nexy Ha OyaiBeJIbHOMY MaiIaHIUKY

Jcepeno: po3pobka aBTopiB

kalesIbHA IPOAYKIIiA, JepeB’siHa OIlary0Ka, TeIyIoiso-
JAIHI MaTepianau Ta iHmr ropioui peuoBuHuU. o oc-
HOBHUX JI7KepeJI TIOKeKHO1 HeOe3IIeKy HaJIesKaThb eJIeK-
TPUYHI Mepeski Ta eJIEKTPo00JIaJHAHHA, BOTHEBI POOOTH
M Yac MOHTAKY apMaTypPHUX KapKaciB i 3aKJIaTHUX
IeTajieli, a TAKOX ITaJIMBHO-MAaCTUJIBHI MaTepiaiy,
y pasi posrepMeTHsaIlii eMHOCTEeH AKX MOKJIMBE IIIBU/I-
Ke TIOIINPEHHS TTOKENI.

Haii6irein mosxkesxoHebe3reaunMu 06 ekramu Oy/i-
BEJIBHOT'0 MalJaHUYMKA € eJIEKTPOIINTOBA, 3BAPIOBAITh-
HUU MOCT Ta CKJIAJ MAJINBHO-MACTWILHUX MaTepiairiB
(BUCOKMI piBeHb PUBUKY), 8 TAKOXK IT00YTOBI IPUMi-
IeHHA 11 KabesbHI Mepeski (cepenHiii piBeHb PUSUKY).
Ha GymiBesibHOMY MalilaHUMKY MOMKEa MOYKe TIOIIH-
PIOBATHUCA TETLJIOBUM BUIIPOMIHIOBAHHAM, KOHBEKITIEIO,
MepeKUIaHHAM MOoJIyM d, yepes KabesIbHI KOMyHIKaIlii
Ta BEHTWJIALIHI KaHaTU. [1J1a 00MeskeHHA TOITHPEeHHA
TTOXKEsK1 HEeOOXITHO JOTPUMYBATHUCA MPOTHUIIOMKEKHIX
PO3PUBIB, BUKOHYBAaT! 30HYBAHHS TEPUTOPii, CBOEUACHO
IpuOUpPaTH rOPIOYl BiIX0OIU Ta 3aCTOCOBYBATU HETOPIOUL
marepiasnu [11; 17].

Kamezopysannsa npumiugenvp 3a noHcexHcHor0
Hebe3nexoro. Binnorimuo mo sumor JIBH B.1.1-7:2016
[4] Ta rasmy3eBUX HOPM MOXKEIKHOI 0€3ITEKN TPUMIIIIEH-
HA 00’eKTa MOBUHHI OyTH BiJfHECeHI 10 BiAMOBIHUX
KaTeropiii 3a BUOYXOIIOKEKHOIO Ta TTOKEKHOI Hebes-
mexoro. OCKIJIBKY CTIOpy/Ia € 3aXUCHUM YEPUTTAM IJIS
500 oci0, OLIBIIICTE Ii OCHOBHUX IIPUMIIIIeHb IiCJIA BBE-
IleHHA B eKCIUIyaTallil0 HAJIeXKaTUMYTh 10 KaTeropii []
(meroproui pegoBuHu Ta Marepianu). [Ipore Ha cranii
OyIiBHUIITBA OKpPeMi TMMYACOBI IIPUMIIIEeHHA MAOTh
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MiABUIIIEHY IToKe:kHY Hebesmeky: ckiran IIMM — kate-
ropii A, eJIeKTpoIuToBa Ta M00YTOBI BATOHUNKN HAJIe-
JKaTh qo0 Kareropii B, 3BaproBasibHa TiJIBHUIA — /10 Ka-
Teropii I, a ckylag MeTaIOKOHCTPYKIIH Ta MaiOyTHE
cxoBuIle — 10 kareropii [1.

3abe3neuenna 06’ekma nepsurHuUMU 3acoda-
Mmu nocedxcozacinus. IlepBunHi 3acodu moxkesxora-
cinHA (puc. 2) mpusHaUeHi aJId JIKBigaIii 3aropsaab
TOPOIITKOBI, ByIVIEKUCIJIOTHI TA BOJIOIIHHI BOTHETACHUKH,
TIOKEIKHI IITUTHU, ANAKA 3 TIICKOM 1 IIOMKesKHUIT IHBeHTap.
Bu6ip 3aco6iB mo:keskoracinaa (puc. 3) 3aJIEKUTD Bifl
KJIacy TOKeXKi: [AJIsT TBEPOUX TOPIOUNX PEedoBUH (Kj1ac
A) 3aCTOCOBYIOTH BOMY, iHY Ta IIOPOIIIOK, /IJIA TOPIOUUX
piguH (knac B) — miny # mopoIok, ojid TopioYnX rasis
(rimac C) — MmOPOIIIOK, a [IJIA eJIeKTPOYCTAHOBOK (KJ1ac
E) — Byrytekumcs1oTHI Ta IIOPOIIKOBI BorHeracHuku [8; 9].

i1 mamoro 06’eKkTa peKOMEH/IY€ETHCA BUKOPUCTOBY-
Batu nopomkoBi BorueracHuky BII-5 ta BII-9, a rakox
ByritexkucsiorHi BBK-3,5 ra BBK-5. [lepBunHi 3aco-
01 TIOXKEeIKOTaCiHHA TOBUHHI PO3MIIIyBAaTHCA HaA Bi3mi
[0 OyaiBeJIbHOTO MalilaHYuKa, 011d CKJIAAiB MaTepi-
aJrB, y mM00yTOBUX MPUMIIIEHHAX, O1J1A €JIeKTPOIIHU-
TOBUX, Y MICIIAX BUKOHAHHA BOTHEBUX POOIT Ta OijiA
nyHKTiB 3anpasienus texHiku [10]. ITosxexuanit T
KOMIIJIEKTYETHCA 6arpoM, JIOMOM, TIOKEIKHOI0 COKMPOIO,
JIoTIaTaMu, BiipaMu, AIIUKOM 13 ITICKOM Ta TTOKPUBAJIOM
JIJ1A 130JIAI1I1 0cepenKy ropiHHA (puc. 2).

IMoxexua Geamnera mig uac excrryararii CII3.
ITicna 3aBepuieHHs OymMiBHUIITBA Ta BBEIEHHA B €KC-
IJTIyaTaIliio 3aXucHa Cropyaa MoBUHHA 3a0e3neuyBaT
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HaJIE)KHUH PiBeHb MOMKEKHOI 0€3IIeKU TPOTATOM YCHOT'O
Tepminy ciy:x6u. Ocobmusicts CII3 mosArae B ToMy, 1o
B yMOBaX Ha/I3BUYAMHOI CUTYyAaIlil B HHOMY MOKYTb TPHU-
BaJInii yac omHouacHo mepebyBatu go 500 oci6, Tomy
Oymb-AKa MmodKeska abo 3aJUMJIIEHHA CTBOPIOIOTH 3HAUHY

3arpoay KUTTIO Jiofeii. MokIuBUMUY MpKepesiaMu 11o-
JKEYKHOI HeOe3MeKH ITiJT uac eKCIIyaTallii € eJIeKTpo-
IIUTOBI, Ka0eJIbHI Tpacu, BEHTUJIALIMHEe 00JIaTHAHHA,
IM3eJIb-reHePaToOpHI YCTAHOBKH, aKyMyJIATOPHI 6aTapel
Ta cucTeMHu OcBiTiIeHHs [19].

KNACU®IKAUIS BOrHEFACHUKIB 3A NPU3HAYEHHAM
HA BYJIBENIbHOMY MAWOAHYUKY NMIA3EMHOI CNOPYAN YYBOBOIO 3AKNALY
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Puc. 4. KoMmmiekcHa cxemMa IPOTUTIOKEKHOT0 3aXUCTY 3aXUCHOI CIIOPYAX IUBLIIBHOTO 3aXKCTY

Jrcepenio: po3pobka aBTOpiB

s sabesneuenns moxkesxHol 6esmnexu CII3 obmas-
HyeTbCA aBTOMATHUUYHOIO MOKEIKHOI0 CUTHAJI3alli€eo,
CHCTEMOIO OTIOBIIIEHHSA PO MOMKENKY, aBAPIAHUM OCBIT-
JIEHHSIM, CHCTEMOIO TUMOBU/IAJIEHHS, TIEPBUHHUMH 3a-
cobaMu TIOKEKOTACIHHA Ta CUCTEMOI0 KOHTPOJIIO CTAHY
imreHepuux Mepe:x [7; 18]. OcobmBa poJib HAJIEKUTH
crucTeMaM PaHHBOTO BUABJIEHHA MOMXKEN], AKI JJ03BOJIA-
IOThb OIIEPATUBHO pearyBaTH Ha BUHUKHEHHA Hebes-
meuHoi curyartii. I[Tig gac ekcruryarariii 060B’I3K0BO
MIPOBOAATHCSA TLIAHOBI OTVIAAY IIPUMIIIIeHb, ITepeBipKa
CIIPAaBHOCTI CHCTEM CUTHAJIi3allil, TeXHIYHE 00CIIyroBy-
BaHHA BEHTUJIALIl, KOHTPOJIb €JIEKTPOTOCIIOIaPCTBA,
a TaKoK HABUYAHHA MEPCOHAILY Ta TPEHYBAHHSA 3 eBa-
Kyarrii.

BucnoBkwu. [Ipoenenuii anajiia MATaHb ITOKEIKHOT
0esreku 00’eKTiB IIUBLILHOTO 3aXUCTy HA MPUKJIAI 3a-
IIPOEKTOBaHOro cxoBUIa AjA yKpurtsa 500 ocib, a Takox
KPUTUYHUH OIVIAM CyYACHUX BITUMSHAHUX 1 3apyOiKHIX
IIOCJTITKeHb JO3BOJIAIOTL 3PO0UTH TaKi 00TpPyHTOBAHI
BHCHOBKHU.

1. Busnaueno, 1o 3abesneueHHs HAJIEKHOIO PiB-
HA moxkesxHo1 0esrexku 3axucHoi CIL[3 moBuuHO 3/itic-
HIOBATUCA HA BCiX eramax Ii JKUTTEBOTO ITUKJIY Bif
MiITOTOBKY Oy/iBeJIFHOTO MalJaHUYNKA /10 BBEJIEHHSA
00’eKTa B eKCILIyaTaIlio Ta ITOHAJIBIIION0 BUKOPUCTAHHSA
3a ripusHadyeHHAM. Haii6iabin eeKTUBHUM MiTX0I0M €
BIPOBAPKEHHA CUCTEMU OPraHi3aliiHUX 1 TEXHIYHUX
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3aXOJIiB, CIIPAMOBAHUX HA TMOIEPEPKeHHA BUHUKHEHHA
TOXKErK Ta MIHIMI3alliio X HaCJIiIKiB.

2. BecranoBiieHo, 1110 OCHOBHUMU [FKEPEJIAMHU TI0-
JKeyKHO1 Hebes3rmeku Ha OyIiBeJIbHOMY MaUIaHUYUKY €
eJIEKTPOooOJIagHAHHA I TUMYACOBI eJIeKTPOMEPEexi,
3BapIOBAJIbHI POOOTU Ta MicIld 30epiraHHsa IIaJIuBHO-
MacTiiibHuX MaTepianis [13; 19]. Kareropysauusa mpu-
wmimmens CIIS3, 110 mpoBenere HA IPUKIIA HABYATIHHOTO
3aKJIa/Ty 32 ITOKEIKHOI0 HEe0e3IIEeK0I0 Ta 00I PYHTYBaHHA
pallioHAJIBHOTO PO3MIIEHHA MePBUHHUX 3aC00iB I10-
JKEYKOTACIiHHA ITATBEPOUIIN HEOOXITHICTE IIOCTIHHOTO
KOHTPOJIIO IIPOTUTIOMKEIKHOI0 CTaHy 00’ €KTa Ha BCIX cTa-
miax BMP i gac 6ygiBHAIITBA Ta B IMIOAJIBIIIOMY IIifT
ygac ekcruryararii CI13.

3. O6rpynToBaHo, 1o mix yac ekcruryararii CL[3,
BU3HAYAJIBHY POJIb BiJirpal0Th CUCTEMU PAHHBOT'O BU-
SBJIEHHSA TI0KEJK1, OTIOBIIIIEHHSA, aBaPIHOT0 OCBITIIEHHA
Ta numoBunasieHHA [7; 18]. Ileil BUCHOBOK y3roKy€eTh-
CA 3 pesyJIbTaTaMu 3apPyOLKHUX JOCITIPKeHb TTOKeIKHOT
Oesmexu 3axucHUX cropyn [25] Ta sakmamis ocsiTu [31;
33], Akl miATBEePIKYIOTh IIPOBIAHY POJIb CUCTEM PaHHBO-
T0 BUABJIEHHSA Ta OMOBIIEHHA [IJIA 00 €KTIB 3 MACOBUM
nepebyBaHHAM Joaeii. Hae:xHUI piBeHb MOMKEKHOT
0e3IleKn JOCATAETHCA JIMIIEe 32 YMOBU KOMILIEKCHOTO
HOoeAHAHHA apXiTeKTYPHO-IIJIaHyBaJLHUX PillleHb,
IH;KeHePHO-TeXHIUHUX 3aC00iB 3aXUCTy Ta OpraHisa-
mifiHMX 3axomis [5; 15].
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4. HaykoBa HOBHU3HA JOCJIIXKeHHA II0JIATA€E B KOMII-
JIEKCHOMY PO3TJIAdi moskeskHoi 6esmexu CLI3, mio cmo-
PYIKyeTbCcA 6e3mocepeTHL0 HA TepPUTOpii iCHYHUOoro
3aKJIAJTy OCBITH I'POMA/IH, 3 OTHOUACHUM yPaXyBaHHAM
crreru(iky OyqiBeJIbHOTO MalilaHYNKa, KaTeropyBaH-
HA TPUMIIIEHb ITiA3€MHOT0 CXOBUIIA Ta 0COOJIUBOCTEH
oro ekcIuryararlii, Ha BigMiHY Bif OIVIAHYTHUX POOiT,
y AKUX I1i ACHEKTHU PO3TVIAAATIUCA OKPEMO: KOHCTPYK-
THBHA CTiAKiCTb YKPUTTIB [22; 26], posmimiernnsa CI[3
[24] Ta moxke:xHa Gesrieka OymiBesb 3arajgoMm [28—30].
Busasneno, mo unHHa HOpMaTuUBHA 0as3a moTpedye
Y3rOoIKeHHA BUMOT MOYKEIKHOI 0e3MeKn 3 BUMOTraMu
o saxucuux CII3, 1m0 € mpeaMeToM ITOJABIINX 10-
CJIIIKEeHb.

ITonane mocimskeHHA CIIMPAJIOCH HA MOIEPEIHIX
poborax [32; 33], a momasIbII JOCITiAKEeHHA JOIIJIHHO
COPAMYBATU Ha PO3POOJIEHHA METOMUKY OLIIHKN TTOMKEsK-
Horo pusuky saxucHux CL[3 3 ypaxyBauuam cremuiku
3aKJIa[iB OCBITH, a TAKOK HA OOI'PYHTYBAHHA pallio-
HAJTLHOT HOMEHKJIATYPHU Ta PO3MIIIeHHA 3aC061B IIPOTHU-
TIOXKEIKHOT0 3aXUCTY AJIA CXOBUII Pi3HOI MicTKoCTi [15].
AKTyaIbHUM € yTOUHEHHS ITiIX0/IiB /10 KATeropyBaHHA

OPUMIIIEHDb MiI3eMHUX CXOBHUII 32 BUOYXOIIOKEIKHOIO
Ta MOKEKHOI He0e3IeKo Ha CTail OyqiBHUIITBA
3 ypaxyBaHHAM CTAIIfHOCTI BUKOHAHHA Oy/IiBEJILHO-
MOHTayKHUX POOiT [4; 6].

OkpeMUM HAIPAMOM € BUBUEHHS 0COOJIMBOCTEH 3a-
0OesrmeueHHA MOKEeKHOI 6e3IIeKy T Yac OqHOYACHOTO
nepeOyBaHHA B YKPUTTI 3HAYHOI KiJILKOCTI JIIOOEH, 30-
KpeMa [iTel Ta ocib 3 00MeKeHO0I MOOIJILHICTIO, a Ta-
KO2K OOT'PYHTYBAHHS BUMOT [I0 CICTEM PAHHBOT'O BUSAB-
JIEHHSA TIOKEeIKi, OTIOBIIIEHHS Ta TUMOBUIATIEHHA JIA
mig3eMHUX 3aXUCHUX cropyn [7; 18; 21]. Ile mosBouTs
miaBUIUATH e()eKTUBHICTD IIPOTUIIOKEIKHOT0 3aXUCTY
CXOBHII], AKI €KCIUIyaTyIOThCA B 3aKJIa[IaX OCBITHU.

IlepcnexkTuBHUM 3aUIIaeTbCA PO3POOIJIEHHA TH-
MOBUX ITPOEKTHUX PIlIeHb MPOTUIIOKEIKHOTO 3aXU-
CTY, III0 MOXKYTh OyTU IHTErpOBaHI Y IPOEKTHU HOBOTO
OymiBHHUIITBA YKPUTTIB y 3aKJiagaX OCBiTH, 30KpeMa
MBUAKO criopymkyBanux s3axucHux CILI3 momysbroro
tumny [16; 20]. Peasisalria 3asHaueHuX HAIIPAMIB CIIPU-
ATAMe (POPMYBAHHIO OHOBJIEHUX HOPMATUBHUX BAMOT
II[O/I0 TIOXKEXKHOT 0€3IIeKN 00 €KTIiB IUBIJILHOTO 3aXUCTY
B YMOBaX BOEHHOTO CTaHy.

JOJATKOBA IHDOPMAIIA
BHECOK ABTOPIB: Yci aBTopu 3po0uiy BHECOK IIOPiBHY.
DOIHAHCYBAHHS: ABTopu He 0TPpUMYBAJIH (PiHAHCYBAHHA [JIA I[HOTO JOCITIKEeHHS.
3AABA ITPO JOCTYIIHICTDb JAHMX: He 3acrocoByeThbes.
KOH®JIIKT IHTEPECIB: ABropu 3asB/IAI0OTH PO BiICyTHICTH KOHQJIIKTY 1HTEPECIB.
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3ACTOCYBAHHSl METO/1IB IITYYHOIO IHTEJIEKTY
B MOEAHAHHI 3 TPUBUMIPHUM MOJE/IIOBAHHAM
Y CEPEJOBULLI PETREL 419 ONTUMI3ALIIT TEXHOOTIT
PO3POEKW IA30BUX POJOBUIL 3 AKTUBHUM
BOAOHANMIPHUM PEXXUMOM

APPLICATION OF ARTIFICIAL INTELLIGENCE METHODS
COMBINED WITH THREE-DIMENSIONAL MODELLING
IN THE PETREL ENVIRONMENT FOR OPTIMISING
THE DEVELOPMENT TECHNOLOGY OF GAS FIELDS
WITH AN ACTIVE WATER DRIVE

AHoTaWif. PO32/15IHYTO MOX/IMBOCTI iHTe2paLlii MeTogiB MALLMHHO20 HABYAHHS Y KIACUYHNI LMK/ 2e0/1020-2igPOGUHAMIYHO20
MOQe/OBAHHSA 2a30BKX MOKAAQIB 3 AKTUBHUM BOJOHAMIPHUM PEXMMOM, pedsli30BaHuii y npo2paMHomy cepegosuLLi Petrel y
MOEGHAHHI 3 cumynsTopamm ECLIPSE 1a INTERSECT. 3anponoHoBaHo 2ibprgHuii poboumii npoLec, y SKoMy YncesbHa 2igpogu-
HamiyHa mMogenb 36epi2ae posb Pi3nyHO20 «€TANOHA», a CYPORATHI (MPOKCI) MOgesi Ha OCHOBI HeMPOHHMX Mepex i aHcambe-
BUX an2opnTmiB 6epyTb Ha cebe 06YNCNIOBAILHO BUTPATHI 3agayi — aBTOMATM30BAHY aganTayilo Mogeni go icTopii po3pobku,
6a2aToBAPIaHTHY ONTUMI3ALIO CiTKM CBEPG/IOBMH i PeXXUMIB iX eKCrTyaTauii, a TaKOX PaHHE MPO2HO3YBAHHS MPOPUBY NAACTO-
BOi Bogu. OKpec/ieHo 0bMexeHHs Nigxogy Ta BUMO2u gO BXIGHUX GaHMX.

KnmoyoBi croBa: 2a3oBe pogosuiLe, BOGOHAMIPHWI PexuM, TPUBUMIPHE MOGeoBAaHHS, Petrel, WTY4YHWMiT iHTeNeKT, MaLmH-
He HaBYAHHS, MPOKCI-MOge/b, aganTavis Mogeni, pop1B Bogu, KOEPiLliEHT 2a30BMTy eHHS.

Summary. The paper considers the integration of machine learning methods into the conventional geological and reservoir sim-
ulation workflow for gas reservoirs produced under an active water drive, implemented within the Petrel software platform coupled
with the ECLIPSE and INTERSECT simulators. A hybrid workflow is proposed in which the numerical reservoir model retains the role
of a physics-based reference, while surrogate (proxy) models built on neural networks and ensemble algorithms take over the com-
putationally expensive tasks, namely assisted history matching, multi-variant optimisation of well placement and well operating
regimes, and early prediction of water breakthrough. Six areas of machine learning application are identified: prediction of petro-
physical properties in the interwell space, surrogate modelling, automated history matching with probabilistic P10/P50/P90 fore-
casting, water breakthrough forecasting from both synthetic and field time-series data, optimisation of the development system,
and physics-informed neural networks. An eight-stage workflow is presented in which every optimum found on the surrogate model
is verified by a full reservoir simulation run. The limitations of the approach and the requirements for input data quality are outlined.

Key words: gas reservoir, water drive, three-dimensional modelling, Petrel, artificial intelligence, machine learning, proxy
model, history matching, water breakthrough, gas recovery factor.

KTyaJIbHiCTh. 3HaUHA YacTHHA ra3oBux nokjiamgie  Came 11eil peskuM € OCHOBHOIO IIPUYNHOIO BTPAT BYT-
AHHinOBCbRo-HOHeubRoI sananuuu Ta Ilepenkap-  JIeBOOHIB: 3alieMJIeHHA ra3y BOOI0, IO IIPOCYBAETHCA
MIaTCHKOT0 IIPOTUHY ITepefyBae Ha 3aBepIIAIbHINA cTafii  I10 HAMOLIBII IPOHUKHUX IIPOIUIACTKAX, CYTTEBO BHILKYE
PO3POOKY I eKCIUIyaTyeThCA 32 BOAOHAIIIPHOIO PEKUMY.  KiHIIEBUH K0oe(iI[ieHT ra30BUJIyYeHH ITOPIBHAHO 3 ra-
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30BUM PEKUMOM BUCHAKEHHSA, 8 00BOIHEHHA OKPEMUX
CBepOJIOBUH HEPITKO HACTAE paHille, HixK Iie Iepe-
6auasu npoekTHI mokymenTu. KiouoBe iHiKeHEepHE
3aBOAHHA TOMY TIOJIATAE HE Y MAKCUMi3allili MUTTEBOTO
nebiTy, a B yIIPaBJIiHHI IIBUAKICTIO TA F€OMETPier0 Ipo-
CyBaHHA (PPOHTY BOOM.

Y morepeqHBOMY JOCIIIIZKEHHI aBTOpa 00T pyHTOBA-
HO POJIb TPUBUMIPHOTO MOMEJIIOBAHHA Y CEPETOBUIII
Petrel sk inctpymenTy [1, 2], 110 103BoIA€ IHTErPyBaTH
reoisvyHi, reoJIOTIUHI Ta IIPOMMCIIOBI IaHi, BiTBO-
PUTH IIPOCTOPOBY CTPYKTYPY IIOKJIAAY, JIOKATi3yBaTu
rasoBOAAHUY KOHTAKT 1 32 JJOIIOMOTOI0 CHMYJIATOPIB
ECLIPSE a6o INTERSECT sigTBopuTH 6aratodasHy
dimprparnir. IIpore nmpakTnyHe 3aCTOCYBaHHA IIHOTO
1IHCTPYMEHTAPIiI0 CTUKAETHbCA 3 00MeKeHHAM ob6umc-
JIIOBAJIBHOTO XapaKTepy, AKe 3 PO3BUTKOM JeTasrisarrii
MOJIeJIeH JIUIIIe 3ar0CTPIOEThCA.

IlocramoBka mpoGiemu. OquH TOBHUI HIPOTiH
BUCOKOPO3IIJIGHOT MOZEJTi BEJTUKOTO I'a30BOTO ITOKJIALY
TPUBAE Bif KIJIBKOX T'OIWH 10 KLJIBKOX i0. BogHouac Ko-
PeKTHA afgamnTalrisa ModeJi go icropii pospooku (history
matching) Ta momyk onTUMaJIbHOI CUCTEMHU PO3Mi-
IIeHHA CBEP/JIOBUH BUMAramTh COTEHb 1 TUCAY TAKUX
mporoHiB [3]. Uepes 1e HA MPAKTUIT 1HKEHED 3MyIIIe-
HUI 00MeKyBaTUCA JECATKOM-IBOMA NeTEePMiHOBAHUX
ciieHapiiB, 00paHUX €KCIIEPTHO, 10 He TapaHTye aHi
THOTPAILIAHHA B 00JIaCTh OIITUMYMY, aHi KOPEKTHOI OITiH-
KI HeBUBHAYEHOCTI TPorHoay. {omaTkoBuM IKepeoM
IIOXUOKH € IapamMeTpu akBipepa — itoro 00’eM, IIPOBIA-
HICTb 1 CTYIIIHB TIAPOAMHAMIUHOTO 3B’A3KY 3 IOKJIAI0M
BUBHAYAIOTHCA HAMEHIII IOCTOBIPHO, TOMI K cAMe BOHU
HaWCUJIbHIIIIE BIUTUBAIOTh HA IPOTHO3 BOIOTIPUILIINBY.

Posp’azanHA 1i€l cymepeyHocTi MiK MOTPiOHO Ae-
Taji3alfiern Ta HaABHUM OOUMCIIOBAJIILHUM PECYPCOM
1 CTAHOBUTHL OCHOBHY METY 3aCTOCYBAHHA METOMIB IITY Y-
Horo iareserry (IIII) B omucyBamomy kiaci sagau.

Hanpsavu zacTocyBaHHS METOLIB MAIIHHHOTO
HaBYaHHSAL.

1. YrouHeHHa poznonginy ciasrpaniino-
eMHicHuX BiiacTuBocTei. Kiacuuni reocrarveTiami
MeToqu (KPUTIHT, TIOC/IiIOBHE raycoBe MOJIeJTIOBaAHHA
SGS) 3am0BHIOIOTH MIKCBEPIIOBUHHUMA IIPOCTIP HA 0OC-
HOBIi BapiorpaMHOro aHaJsriay. AJIropuTMu MaIIuHHOTO
HaBYaHHA — BUIIAKOBUU JIiC, TPAOi€HTHUI OyCTHUHT
(XGBoost, Light GBM), meiiporHi Mepeski — 103BOJIA-
IOTh JOIIOBHUTHU IIeil MifXiJ, BCTAHOBUBIIIN HeJIIHIHHI
3aJIEJKHOCTI MK CEHiCMIYHUMU aTpudyTaMu, KpUBUMU
I'’IC Ta xepHOBUMU BU3HAYEHHAMU IIOPUCTOCTI i IIpo-
aukHoCcTi. OCob6I1Be 3HAYEHHS 11e Ma€ /IS BUSABJIEHHA
BUCOKOITPOHUKHUX IIPOIJIACTKIB Ta 30H TPII[MHYBATO-
CTi, AKUMU BOA POPUBAETHCA A0 BUOOIO CBEPIJIOBUH
y nepiry uepry [5].

2. Cyporarui (rmpokci) momgeri. Ile Haii6iabm pe-
gyneratuBHuii HanpAM. CyporarHa Mopmesib — 1e aji-
TOPUTM, HABUYEHUI Ha 00MeKeHili BUOipIli MOBHUX Tif-
POAVHAMIUHUX PO3paxyHKiB (Ak mpasuiao, 100-300
IIPOTOHIB, CIUIAHOBAHUX METOaMU MJIaHyBaHHSA €KC-
IMePUMEHTY — JIATUHCBKNH rinepky0, Box—Behnken),
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AKUU BiATBOPIOE BIATYK IJIACTA 3a CEKYHOIU 3aMiCTh
roauH [4]. ¥V jiTepaTypi MOKasaHoO, 110 MPOKCi-MOIeJTi
HA OCHOBI MITYYHUX HEMPOHHUX MEPEK MEePEBEPIIYIOThH
TPaAUIIiHI ITOJIIHOMiaJIBHI Ta KPUTIHTOBI METAMOMEJTI
3a TOUYHICTIO BIATBOPEHHA IiIb0BO1 (DYHKII1 IIpH icTO-
puuHiii aganrarii [5]. {yia mokIamiB 3 BogoHATIPHUM
PEKIMOM OKpPeMO TIepPeBipeHo Miaxis «(pisudHO MiaTPU-
MaHOT0» IIPOKCi-MO/IeJIIOBAHHSA, OPieHTOBAaHUII caMe
Ha IPOTHO3yBaHHA mepeMimeHus GporTy Bomu [7].

3. ABTOMAaTH30BaHA aJaNTAIlla MOJEJIi IO iCTOo-
Pii po3po6KH. 3aMicTh PyYIHOT0 MiA60PY TPOHUKHOCTI
Ta ImapaMeTpiB akBiepa cyporaTHa Mojiesib BOYI0ByeThb-
CA B KOHTYP ONTUMI3AIlii, Te MiHIMIZyeThCA HEB A3Ka MIK
(haxTrUHUMY I PO3PAXYHKOBUMU 3HAUEHHAMU TIJIACTO-
BOT'O THUCKY, 1e6iTiB rady Ta o6BomgHeHOCTI. 1A mboro
3aCTOCOBYIOTH T€HETUYHI AJITOPUTMU, METOL POI0 Uac-
tuHoK (PSO), nudepeHIiianabHy €BOJIIOII0, aHcaMOIeBl
metonu (ES-MDA, EnKF) ta 6aiiecoBy onTumisarriio [3,
6]. IIpuHITUIIOBO, III0 PE3YJILTATOM € He eqUHa «IIiirHa-
Ha» MOJEJIb, & aHCAMOJIbL PIBHOMMOBIPHUX peaJTidarliii,
SIKUH Jae 3MOT'Y HOAaTH IIPOrHO3 Y IMOBIpHIiCHI hopmi
P10/P50/P90 — 1110 7151 BOOOHATIIPHOI'O PEKUMY 3HAYHO
YJecHIIe 3a IeTePMiHOBAHUI ITPOTHOB.

4. PanHe mpoOrHo3yBaHHSA IPOPHUBY ILIACTOBOIL
Boau. TyT BUKOPHCTOBYIOTH IBA B3A€MOIOTIOBHIOBAJIBHI
kJ1acu mopedteir. Ilepiuit — perpeciiiai mozeti, HaB4e-
Hi Ha CUHTeTUYHINA BUOIPIl CUMYIAIIIMHIX PO3paxyH-
KiB, AKi IOB’ABYIOTH Yac MPOPUBY BOAM 3 ITapaMeTpa-
MU TLIacTa, BijmcrauHio mepdoparrii Bix 'BK i Temmom
Bin6opy [8]. dpyruit — momesi yacoux psanis (LSTM,
GRU, ri6pugui CNN-LSTM), HaBueHi 6e311ocepeiHb0
Ha IPOMUCJIOBUX JaHUX CBEPAJIOBUH: JUHAMIII BUOii-
HOTO Ta TUPJIOBOTO THUCKIB, 1e0iTi, BMiCTi BOoOu U XJI0-
puniB y mpoxaykrii [9]. Taki momesni sgaTHi BUABUTH
nepenaBiCHUKN 00BOMHEHHA 3a KiJIbKA MICAIIB [0 H0T0
(hakTHIHOTO TPOABY, 110 A€ Yac Ha oIepaTuBHE KOPU-
TYBaHHSA PEKUMY POOOTH CBEPAIOBHUHMU.

5. OnTuMizanisa cucreMu po3poOku. Marouu
MIBUKUI IIPOKCI-CUMYJIATOP, CTA€ MOYKJIMBUAM I1epebpa-
TH THUCAYl BAPiaHTIB: KOOPAWHATH ¥ TPAEKTOPil HOBUX
cBepJIOBUH (Y TOMY YHMCJIi TOPU30HTAJIBHUX Ta Oara-
TOCTOBOYPHUX), IHTEpPBAJIM i BUCOTY mepdoparliii Haj
I'BEK, posmogis BiqOopiB MiskK cBepAI0BUHAMU, ITOCJTIi-
IIOBHICTH BBeJIeHHA 1X y pobory [6]. I{inpoBa (yHKIiA
IPU IEOMY (POPMYJITIOETHCA KOMILJIEKCHO — MAaKCUMYyM
KIiHIIEBOTO TNa30BUJIyYeHHA ab0 YUCTOTO AUCKOHTO-
BaHOTO JOXOAY 3a 00MeKeHb Ha KPUTHUHY Helpeciio
Ta IOIycTUMY 00BOgHeHicTh. [lepcieKTUBHIM € 3acTo-
CyBaHHA HaBUaHHA 3 migkpimieHHaM (reinforcement
learning) aya nuHAMIYHOTO KepyBaHHA PEKUMAaMU
CBEpPIJIOBUH, KOJIM areHT HaBUYAEThCA IMATPUMYBATH
Bizmbip HU:KYE KPUTHUUHOTO 3HAUEHHA, 32 AKOTO MOYU-
HAEThCA KOHYCOYTBOPEHHS.

6. diznmuHoO-iH(popMOBaHI HEHPOHHI Mepe:Ki
(PINN). Hampsawu, 110 ycyBae roJIOBHY Baay CyTO CTa-
TUCTUUHUX MOMeJiell — 30aTHICTh JaBaTh (PisMUHO He-
KOPEeKTHUIT pe3yjbTaT 3a MeKaMU HaBUaJIbHOI BUOIp-
ku. ¥ PINN piBHAHHA HEpo3pUBHOCTI Ta 3akoH Jlapci
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BBOIATHCA 6e3IT0CepeIHbo ¥ (DYHKITII0 BTPAT, 3aBAAKU
YoMy MepeKa BaJIUIIAEThCA Y3TOMKEeHOI0 3 (PiBUKOI0
(inmpTpariii HaBiTH Ha €KCTPATIOJIALLIL.

Texuiuna peasizania B cepemoBuuai Petrel.
CyrreBoro mepesaror Petrel e Te, mo onmcani meTo-
IU He TIOTPeOyITh BUX0AY 3a Meski rutardgopmu. Mo-
nyab Python Tool Pro ta cepemoBuiiie po3pooku Ocean
SDK nosBosiAoTs BUKIUKaTH 6i6sriorexu scikit-learn,
XGBoost, TensorFlow a6o PyTorch 6esmocepenubo
3 TIPOEKTY, OTIEPYIOUH BJIACTHUBOCTAMU CITKH, TaHUMU
CBEPIJIOBUH 1 Pe3yJIbTaTaMu CUMYJIAII] AK 3BUYANHUMUI
o0’exramu. Oynxirionan Uncertainty and Optimization
3afe3neuye NJIaHYBAaHHA €KCIIEPUMEHTY Ta 3aIyCK
cepiii po3paxyHKiB, a xMapHe cepemosuiie DELFI —
napaJieJibHe BUKOHAHHA aHCaMOJIi0 IporoHiB. Takum
YWHOM, T€0JIOTIYHA MOOEe/b, TIIPOIUHAMIUHUN CUMY-
JIATOP 1 AJTOPUTM MAIIWHHOTO HABYAHHA HPAIIOI0TH
3 €NUHUM [KepesioM JaHuX, 0e3 eKCIIOpTy Ta MoB’sa3a-
HUX 13 HUM BTpAar iHdgopmariii.

3anponmoHOBAHUIM TiOPUAHUE POGOUHIA IIPO-
mec. Ha ocHOBI BHUKJIaIeHOr0 IIPOIIOHYETHCA TaKa II0-
ciipoBHicTh miii: (1) mob6ymoBa 6a30BOi TPUBUMIPHOL
reoJsioriusoi momeJi B Petrel 3 MmammuuHO-HaBUEeHUM
nporuozom DPEII y MizKCBEepAJIOBUHHOMY IIPOCTOPI;
(2) popmyBamua amcaMO0JII0 TeoJIOTIYHUX peaJrisa-
i, 110 BimoOpakaoTh HEBU3HAYEHICTh CTPYKTYPHU
1 mapamerpiB akBidepa; (3) mIaHyBaHHA €KCIIepHU-
MEHTY Ta BUKOHAHHS 00MesKeHOol cepii MTOBHUX PO3-
paxyukis B INTERSECT; (4) maBuauus cyporaTHOI
MOJIeJIi Ha OTPUMAaHIii BUGIpI W KOHTPOJIb 11 TOYHOCTI
Ha He3aJIekHii migBubipiri; (5) aBromaruzoBaHa ajar-
Talid 0 icTopil Po3poOKU 3 OTPUMAHHAM aHCAMOJIIO
OPURHATHUX MofeJsieii; (6) omTuMisalia po3MilleHHA
CBEPIJIOBUH 1 PEXKUMIB IX po6OTH Ha CyporaTHiil MOOeJTi;
(7) o6oB’s13K0Ba Bepudikallia HAWKpAIUX CclieHapiiB
MOBHHUM TiIPOAMHAMIYHAM PO3paxyHKoM; (8) mepiomud-
He TIepeHaBYaHHA MO/l B Mipy HaIXOM:KeHHA HOBUX
IIPOMMCJIOBUX JAHUX, TOOTO IIePEXif 0 KOHIIEIIil -
POBOTO MIBIMTHUKA POAOBUIIIA.

TIpuHIIMIIOBUM € ChOMUI eTall: CyporaTHa Mofesb
3BYJKY€ IIPOCTIp IIONIYKY, ajIe OCTATOUHE PIiIlleHHA 3aBIK-
IV TATBEPKYEThCA (PiBMUHO 00T PYHTOBAHUM PO3pa-
xyukoM. CamMe Take po3MesKyBaHHA PoJIeil BimpisHsAE
imxeHepHe 3acrocyBaHHA IIII Big HekpuUTHUHOTO TT0-
KJIaJaHHA HA «JOPHY CKPUHBKY»>.

Oo6Mesxennsa Ta pusuku. EdQeKTuBHICTD OITrcaHnx
METOIiB IIPAMO 3aJIEKUTH Bif AKOCTI I IOBHOTH BXITHUX
MaHUX: 3a BIICYTHOCTI CUCTEMaTUYHUX BUMIipIOBAHb
TJIACTOBOTO THCKY, PETYJIAPHUX TOCTIIEeHDb CBEP/IJIO-
BUH Ta JIOCTOBIPHOTO 00OJIIKY CYIyTHBO BUI00YTOI BOOU
HaBYAHHA MofeJIi Brpauae cerc. OOMeKeHo1o € i eKc-
TpamoJIAIiiiHA 3AATHICTh — CypOoTaTHA MOMEJIb T0CTO-
BipHa JIMIIIe B MeXKaX [ialia3oHy mapaMeTpiB, Ha AKOMY
BOHA HaBYEHA, TOMY KOKHE CyTTEBe PO3IINPEHHS YMOB
BHMAarae HoBUX po3paxyHKiB. CJIil TAKOK ypaxoByBaTH
PU3UK IIepeHaBUYaHHA 32 MaJIuX BUOIPOK 1 CKJIATHICTh
IHTepIpeTaIii pe3yJbTaTiB, [0 YaCTKOBO 3HIMAaeTh-
¢S MeTolaMU TOSCHIOBAHOTO0 MAITWHHOTO HABYAHHS
(SHAP, anajii3 Ba:xIuBOCTI 03HAK).

BucHoBkmu. [HTerpaitisi MeTO/TiB MITYYHOTO 1HTEJIEK-
Ty y IIPOLIEC TPUBUMIiPHOr'0 I'e0JI0T0-TiAPOANHAMIYHOTO
Mofie/TIoBaHHA B cepenoBullli Petrel He saminroe uncens-
HY CUMYJIAIIiI0, a 3HIMae Ti roJI0BHe IIPaKTHYHE o0Me-
JKeHHA — 00UMCITIOBAJIBHY BapTicTh 6araToBapiaHT-
HUX po3paxyHKiB. [IJig ra30BUX POmIOBUIN 3 AKTUBHUM
BOJIOHAITIPHUM PEKUMOM Ile BiIKpUBae MOXKJIUBICTH
TIepexojIy Bif] ITOOIMHOKUX IeTePMiHOBAHUX CI[€HAPIIB
JI0 CUCTEeMaTUYHOI HMOBIPHICHOI ONITUMI3aIlii, y AKIN
LUTBOBOIO (DYHKITIEIO € He MUTTEBUI 1e0iT, a KepyBaHHA
mmpocyBaHHAM PpoHTy Boau. OUiKyBaHUMU ITPAKTAYHI-
MU pe3yJIbTaTaMU € CKOPOUEHHSA TPUBAJIOCTI afanTallil
MopieJIi, 00TpPyHTOBaHe BiATEpMiHYBaHHA IPOPUBY BOIH
y BUIOOYBHUX CBEPJIOBMHAX 1, AK HACJIIIOK, ITiIBUIIEH-
HA KIHIIEBOT0 KoedillieHTa razopmiryueHss. [lomanbn
IOCJTII;KEeHHA JOILIBHO CIIPAMYBATH Ha arrpobarriro 3a-
TIPOTIOHOBAHOTO POGOUOTO IIPOIECy HA KOHKPETHOMY
TOKJIa/i 3 TPUBAJIOIO iICTOPiEI0 PO3POOKU Ta KUTBKICHY
OILIIHKY OTPUMAHOT0 IIPUPOCTY TOYHOCTI IIPOTHORY.

JJOJATKOBA IHDOOPMAI[IA
DOIHAHCYBAHHS: AsTopu He oTpuUMyBaIu (DiHAHCYBAHHA [JIS IIHOTO TOCIIKeHHA.
3AABA ITPO JOCTYIIHICTB JAHMX: He 3acT0COBYETHCA.
KOH®JIIKT IHTEPECIB: ABT0opu 3asBIAI0TH IIPO BiCYTHICTH KOH(JIIKTY iHTEepecis.
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BIJINB PO3MIPY HAMWIEHOI YACTKU
HA TEMNJIOBUIN CTAH CUCTEMU

«YACTKA-OCHOBA»

INFLUENCE OF THE SIZE OF A SPRAYED
PARTICLE ON THE THERMAL STATE OF
THE PARTICLE-BASE SYSTEM

AHoTauis. B poboTi HaBegeHo pe3ynbTaTu gocaigxeHb Tena0BUX MPOLECiB Nig 4ac peanisayii eHepao3bepiaatoyoi TexHoso0-

2ii 2a30TepMiyHO20 HAMWIEHHS.

Knto4oBi cnoBa: gBoLiapoBa cMcTeMa «4acTka-0CHOBA», TOBLUMHA PO3MUIEHOT YOCTKHM, TeMMepaTypHUi Pexmm.

Summary. This paper presents the results of a study of thermal processes during the implementation of energy-saving thermal

spraying technology.

Key words: two-layer “particle-base” system, sprayed particle thickness, temperature regime.
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OIIHieIO 3 HAMOIIBII aKTyaJbHUX MIpobJieM OJIsa
PO3BUTKY €HEPTETUKHU € mpobieMa MiIBUIIeHHA
e(peKTUBHOCTI Ta IOBrOBIYHOCTI €HEepPreTUIHOT0 06 1a/-
HaHHA. BaykyInBy posib y migABUIEHHI eKOHOMIYHOCTI Ta
pecypcy po6oTHu BiAIOBIaIbHUX BY3JIIB 00JIaHAHHA
BIJIrparoTh TEXHOJIOTII IX 3aXWCTYy Bif] 3HOIITYBAaHHA Ta
KOpo3ii, 30KpeMa, Taki AK ra3oTepMiuHe HATTUJIEHHA
[1-5]. Bigrak akTyaJbHUMU € DOCIIKEHHA, CIIPAMOBAHI
Ha yI0CKOHAJIEHHSA I[UX IIPOTPECUBHUX eHeprosbepira-
OUMX TEXHOJIOTIMN.

Ila pobora mpucBAYeHA aHasidy IUTAHb, OB A3a-
HUX 13 TEIIJIOBUM CTAHOM CUCTEM «JaCTKA-0CHOBAa» IPU
rasoTepMiqyHOMY HaHeCEeHHI HOKPUTTIB. JlociimreHHA
IIPOBEIEHO 3 METOK BUSHAUEHHA 3aJIEJKHOCTI TEILJIOBOTO
CTaHy CUCTE€MHU Bif] TOBIIIMHU HAIUICHOI YACTKH.

Maremaruusa MofIeIb JOCTTIKYBAHOT0 HETIHITHOTO
IIPOIIECY TEILJIONEePEHOCY B CUCTEMIi «dacTKa-0CHOBa»
MOsKe OyTH TIpeficTaBiieHa y BUTJIAIL
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.1 . . . . .
I — BEJIMUWHU 3 1HAEKCOM I BiTHOCATHCSA BiJITIOBITHO
JI0 YacTKU pu i = 1 Ta 70 OCHOBY HpHu I = 2.

Posp’sizanns mocrasienoi sagaui (1)—(4) mposoau-
JI0CA 3 BUKOPUCTAHHAM KOMOIHOBAHOTO iTePaIiifHOro
Merony [1]. Hmxue HaBeqeHO pesysibTaTv BUKOHAHUX
00U CIIOBAJIBHUX €KCIIEPUMEHTIB, [0 BiIIIOBIIAIOTH
HACTYITHUM 3HAYEHHAM BUXITHUX TaHUX:

0,,=6.=0,016; B, = 0,66-10°% §, =8 -6, = 1000;
Marepian mokpuTta — cmwias Fe83B17. XapakrepHi
pes3yJIbTaTh BUKOHAHUX YHCEJIBHUX JOCIIKeHDb HaBe-
IeHo Ha puc. 1.

Ilomani pesyabraTu BiMOBIAAIOTH TPHOM CUTYAIli-
AM, Koy BeJinurHa §, Mae pisHi 3HadenHs (§, = 40; 10
i 1) opu iHIIKUX He3MiHHUX Mapamerpax. IIposenennii
aHaJIi3 MOKas3aB, 10 3arajibHi 3aKOHOMIPHOCTI 3MiHHI
TEIIOBOTO CTAHY JOCTIIKYBAHOTO 00’ €KTa TIPU PIBHUX
TOBIIMHAX HANUJIIOBAHOI YACTKH §, BuABMIIMCA aHA-
JIOTIYHUMH.

Ilomani pesyabraTu BiAMNOBIAAIOTH TPHOM CUTYAIli-
AM, K01 BestmurHa 8, Mae pisHi sHauensa (§, = 40; 10
i 1) npu iHImMKX He3MiHHUX mapamerpax. IIpoBegennii
aHaJIi3 MOKAa3aB, 0 3araJibHi 3aKOHOMIPHOCTI 3MiHU
TEIUIOBOTO CTAHY JOCTIKYBAHOTO 00 €KTa IIPU PiZHUX

R e g
v, 10 5
& boalaladaasnnn Paesannmum
1
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or 4 \:‘A—K-..Eu
x [T~ e
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1] .
. T PO . 1k .
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Puc. 1. Posniogisn Temnieparypu (a) Ta HIBUAKOCTI 3MiHU TeMneparypu (6) 3a TOBIIMHOIO JBOIIAPOBOI CHCTEMU

«qacrka 3i crutaBy Fe B, — cranesa ocnosa» npu Fo = 8,69-107"%, 0, = 1,28 1u1a pisHEX 3HaYeHb §:
1—6,=40,0,2-10,0;3—1,0
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TOBIMHAX HAIUJIIOBAHOI YaCTKM §, BUABMIIMCA aHA-
JIOTIYHUMM.

OnpHak BCTAHOBJIEHO, IO B KiJIBKICHOMY BigHO-
MIeHHI XapaKTePUCTUKU TPOIleCy TErJIONePeHoCcy Mo-
XKyTh icTOTHO 3anexaTn Bif Benuuunu § . Tax, Tpu-
BaJIicTh mpoillecy B oMy Fo cranoButs 1,086-10%
7,126-10% Ta 7,99 Bignosigso oA §, = 40; 10 i 1. To6To
yucyio Pyp’e Fo njis MOpIBHAHUX BapiaHTiB TOBITUHUI
BizpisHAeTbeA mpubausHo B 1360 pasis.

Hactynaa 0co6auBicTh, 110 3acjiyroBye Ha yBa-
Iy, — CyTT€Ba BiIMiHHICTH TPUBAJIOCTI CTAIill ITpoIie-
cy. Hanpuxnan, 6inbimim sHaueHHAM §, BiIoBiIa0Th
MOMITHO MEHIII BiTHOCHI TPUBAJIOCTI TPETHOI CTa/mil
Ta GiIBII — APYToI cTasil.

Kpim Toro, orpumani gaui cBiguars mpo Te, 0 TOB-
IUHA YaCTKH, 10 PO3TEKJIacA, MOKe iCTOTHO TTO3HAa-
yarrcA Ha 3HAUEHHI TeMIeparypu 00 €KTa B I[LJIOMY.
A came, y TOUaTKOBHUI MePioS y MeKax Aye MaJioro
YacOBOTO 1HTEPBAJIY IIPOIIEC TeTLIONePEeHOCY MTPOTIKAe
IIPAKTUYIHO OJHAKOBO JIJIA PiBHUX TOBIIMH §, i JToKaTi-
38yeThCA y TIOPIBHAHO MaJIiii Mil06J1acTi, 110 PUJIATAE

1o TIoBepxHi KoHTaKTy. OMHAK 3 YacoM PisHUIISA TeMIIe-
paryp Ipu pisHUX TOBIIMHAX § cTae myske CyTTEBUM.
IIpu 11boMy UMM TOHIIIE PO3TEKJIACA YACTKA, TUM HIKUIE
TeMIleparypa fAK B YacTIi, Tak i B ocHoBi. Hampukian,
s Fo = 8,69, 6e3posMipHi TeMmepaTypu 30BHIIITHBOT
noBepxHi Mokputta 0 mopisHioTH 1,28 i 0,23 mpn
8,=401 1 BigmosigHo (AUB. puc. la).

AHauiz mpoIlecy TeImJionepeHocy, CBiAYUTDL Ta-
KOJK, 1110 OiJTBIIIMM TOBIIIMHAM YAaCTKH, 10 PO3TEKIIACH,
BIATIOBINAIOTH MEHIII PO3MipH He30ypeHol 30HU B OCHO-
Bi. Tak, npu Fo = Fo, rnmu0uHa NIPOHUKHEHHA TEIJIOBOT
mii B ocHOBY Ax craHoBUTH 58,6; 15,11 1,48 nyiat §, = 40;
101 1 BigmoBimHO.

BucuoBku. Pesysibratu BUKOHAHUX JOCIIMKEHD
MOKa3aJin, 1[0 TeOMEeTPUYHI XapaKTePUCTUKA HaIH-
JIIOBAHOI YaCTKU MOYKYTh iCTOTHO BILJIMBATH HA 0CO-
06JIMBOCTI TEIJIOOOMIHY B ITPOIIECi ra30TepPMIiUHOI0 Ha-
HeCeHHsA MOKPUTTA. 30KpeMa, Bifl TOBIIMHN YACTKH, 1110
po3TeKIacA, 3aIeKUTD AK TPUBAIIICTH OKPEMUX CTaTith
TIPOLIECy, TaK i TeMIlepaTypa po3IJIAHYTOro 00 €KTa B IIi-
JoMy.

JJOJATKOBA IHDOOPMAI[IA
BHECOK ABTOPIB: Yci aBTopu 3po0uiy BHECOK ITOPiBHY.
DOIHAHCYBAHHSA: AsTopu He oTpUMYyBaIu (DiHAHCYBAHHA OJIS IIHOT0 TOCIIKeHHA.
3AABA ITPO JOCTYIIHICTD JAHMUX: He 3acTocoByeThes.
KOH®JIIKT IHTEPECIB: ABT0opu 3asBIAI0TH IIPO BiICYTHICTb KOH(JIIKTY iHTEepecis.
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AHoTaUifA. 3aNPOMOHOBAHO HOBY TEMIOYTMAI3ALiNHY YCTAHOBKY G/1S Migi2pPIBAHHSA | 3BOIOXKEHHS gyTTbOBO20 MOBITPS 3
PO3LLUMPEHNM KOJIOM Ha2PIBAHMX TeMI0HOCIB Pi3HO20 MOTeHUiany gis NnapoBux KOTIiB. HaBOGATLCA pe3ynbTaTh goCaigxeHb
YCTAHOBKM G/l CUCTEMM «KOTe/ — TernioyTU3auiinHa YCTAHOBKA» 3 KOTIOM HOMIHA/IbHOIO TenaonpogykTnsHicTio 0,63 MBT B
PIi3HMX pexxMMax ekcryatauii. [10Ka3aHo, Lo 3acTOCYBAHHS MPOMOHOBAHOI YCTAHOBKM JO3BOJISE MIGBMLLNTY KOePiLlieHT BUKO-
PUCTAHHA TerioT1 NaanBa KOT/1d Ha 2,8...6,5%.

K/04oBi cnoBa: 2a30cnoxmBabHi KOTAM, gUMOBI 2a31, HA2PIBAHHS | 3BOIOYKEHHS §YTTbOBO20 MOBITPS, ePeKTUBHICT.

Summary. The new heat-recovery plant for heating and humidifying the combustion air with an extended range of heated
coolants of different potential for steam boilers is proposed. The results of research on the unit for the “boiler — heat-recovery
plant” system with a boiler at a nominal heat output of 0.63 MW in different operating modes are presented. It is shown that

the use of the proposed plant allows increasing the coefficient of the use heat of fuel of boiler by 2.8...6.5%.
Key words: gas-fired boiler, exhaust gases, heating and humidification of the combustion air, efficiency.

Bc'ryn. Ha crorogHi B YKpaiHi uepes HeyXUJIbHE
OiOBUIEHHA BAPTOCTI ITAJIMBa II0CTae HeoOXimg-
HiCTB H0T0 OIIIaTHOTO CIIOKUBAHHA. Pa3oM 3 TUM TaKoxK
TOCUJTIOIOTHCA BUMOTH Ta HOPMATHUBHU 010 KOHTPOJTIO
Ta SHWKEHHS 3a0pyIHeHHS HaBKOJIHUIITHBOTO CePeI0BU-
1I1a Bif] CIIAJTIOBAHHSA I[HOT0 ITAJINBa. ToMy PO3poOIEHHIO
eHeprosbepekyBaIbHUX Ta IPUPOTO0XOPOHHUX TEX-
HOJIOTIH [IJIs ITAaJIMBOCITOKUBAIBHUX 00 €KTIB IIPU/Ii-
JA€ThCA IMABUIIEHA yBara. 3oKpeMa, B KOMyHaJIbHIN
TeIJIOEHEePreTHUIll 3aCTOCOBYIOTHCA TEXHOJIOTIT TJIu-
060Ko01 yTHJTi3aIii TeIIoTH BiIXiTHUX TUMOBUX rasiB
KOTEJIbHUX YCTAHOBOK, III0 3aTHI CyTTEBO MOKPAIIUTH
TEIJIOBY Ta €KOJIOTIUHY e()eKTUBHICTD INX YCTAHOBOK.
A came, 36ibIIEHHA TETI0BOT €(DeKTUBHOCTI TOCATAETD-
ca sapasaku migsuienuo KK/ kotia, a mokpamenas
€KOJIOTIYHUX IT0KA3HUKIB pearidyeTbCA B OCHOBHOMY
yepes 3HKEeHHA BUTpaTu najusa [1, 2]. Pazom 3 Tum,
YUM TJIHAOIIE 0XOJIOMKYIOTHCA JUMOBI Ta3u, TUM BUIIE
TeIJIOBUI Ta €KOJIOTIUHUN e(eKT TerIoy TUIi3arrii.
3aszBryail y 3aCTOCOBYBAHMUX TEXHOJIOTIAX HaWJacTiIne
BUKOPHUCTOBYIOTHCSA TEIJIOYTHJIi3allifiHI crucTeMu, IpH-
3HAUYeH] /1A HATpiBaHHA 3BOPOTHOI TEIJIOMEpPesKHOT
BOJIY Ta IYTTHOBOTO IOBITPA Tepe[ IXHIM HaIXOMKeH-
HAM y KoTeJi. Uepes cTasly TEHAEHI[i10, CIPAMOBaHY
Ha MOCUJIeHHA BUMOT MO0 SHUKEHHA BUKUIIB OKCU-
B a30Ty y MPOAYKTaX 3rOpAHHA KOTEJIbHUX yCTa-
HOBOK OCTAaHHIM 4acoM PO3pPO0JIAI0Th MOIEePHI30BaH1
TEILIOY THJTIBAIlifHI TEXHOJIOTI1, B AKUX T0CATAETHCA
MiABUIEHUN €KOJIOTIUHUI e(DeKT 3aBIAKNA CYTTEBOMY
3MEHIIIeHHI0 3a3HAUEHNX BUKUIIB 3 BIAXiTHUMU rasamMu
IaHux ycTaHoBoK. Lleit epext o6ymoBieHuii BUKOpuUC-
TAHHAM YaCTUHU TETJIOTH TasiB KOTJIa HA 3BOJIOKEHHSA
IyTTHOBOTO TI0BiTpsA [3—5]. HagxomxeHHA 3BOJIOKEHO-
T'0 TIOBITPA B MPOIIECi CIIATIOBAHHA IIPUPOTHOTO Trasy
B KOTJIi IIPU3BOIATE 0 3HIKEHHA TeMIIepaTypu ropiH-
HfA TTaJWBa, 10 BIUIMBae Ha 3MEHIIIeHHA YTBOPEHHA
OKCH/IiB a30Ty B TOONKOBOMY mpocTopi. OcobInBicTO
Po60oTHU KOoTeJiIeHb 3 TAKUMHU TEIJIOY TUJTi3aiiHUMU
CHCTEeMAaMU € IiABUIIEHUI BMICT BOJIOTH § TUMOBUX
rasax. J{ocaimxeHHs CIIPAMOBaHI Ha IMOKpPAIeHHA Te-
TJIOBUX Ta €KOJIOTIUHUX XapaKTePUCTUK TAKUX CUCTEM
€ aKTyaJbHUM 3aBIaHHAM.

MeTa po6oTu moJsiArae y po3poOsIeHHi epeKTuB-
HUX TeIJIOYyTWJIIZAI[IMHUX CUCTEeM JIA IigirpiBaHH:A

1 3BOJIOYKEHHSA Iy TTHOBOTO TIOBITPA Ta BUSHAYEHHI TXHIX
TEIJIOBUX ITOKA3HUKIB.

MeTognka nmpoBegeHHA ToCimKeHb. MeToquka
IOCTIKeHb 6asyBajiacsa Ha BUKOPUCTAHHI HOPMATHUBHO-
T'0 MeTO/Iy TEIIOBOT0 PO3PaXyHKY KOTeJILHUX YCTAHOBOK
Ta MeTOnuKH [HcTUTyTYy TexHiuHol Terutodisukun HAH
Yxpaiuu [1; 6; 7].

OcCHOBHI 3aBIaHHA JOCTIHKEHHSA IIOJIATAJIN: ¥ PO3-
po6JieHi HOBOI cxemu TemyoyTuiisanii (puc. 1) 3 BU-
KOPUCTAHHAM KOHTAKTHOTO amnapary JiA HarpiBaHHA
1 3BOJIOZKEHHA TYyTTHOBOTO IIOBITPA TA BUKOHAHHI Te-
TIJIOBOTO PO3PAXYHKY KOTEJIBHOI YCTAHOBKY 3 IIPOTIOHO-
BAHOI0 CHCTEMOI0 TEILJIOYTIITIZAIlil B PISHUX PeKUMAax
eKCILTIyaTallii KoTjia.

JocitiizKeHHA BUKOHYBAJIUCh /1A CUCTEMU «KOTEJI —
TEIUIOY TUJTi3aIiifHA YCTAHOBKA» 3 KOTJIOM HOMiHAIBHOO
remnonponykrueHictio 0,63 MBr. ITpu nibomy mpuiima-
JI0CA, TI10 B AiaIla30Hi TETJIOBOT0 HaBaHTAKEHHA KOT/Ia
Bifg 40 mo 100% koeddiltieHT HAJTUIIKY TIOBITPA B TOIIITI
KOTJIa 3MiHIOEThCA Bif 1,65 mo 1,2 BigmoBigHO.

TemsoyTuiizariiina ycTaHOBKA MiCTATH ra3oxif 1,
AKAH 3'€IHYyE 1 HA BXOI 3 KOTJI0ArPeraToM Ta 3 JUMo-
BOIO Tpy0OI0 Ha Buxomi. B mpormoHOBaHIl yCTaHOBIIL
3aCTOCOBYIOTHCA MOBEPXHEBI BOJIAHI TEIJIOOOMIHHU-
KU Pi3HOro MpU3HAYEeHHA 1 KOHTAKTHUH amapar AJjd
migirpiBaHHA 1 3BOJIOYKEHHSA AyTTHOBOTO MOBITpA. Te-
TJT000MIHHOIO TTI0BEPXHEI0 BOAAHUX TETJIO00OMIHHUKIB
CIIyTYIOTH IIyYKH opedpeHux OGiMerasieBux Tpyo (cTa-
JIeBa OCHOBA 1 aJIlOMiHieBe IoIlepevHe opedpeHHA),
a KOHTaKTHOTO amapary — Hacajaka 3 roppoBaHUX I10-
niBinixmopuganx (IIBX) mracruw [1].

OcHOBHUMU TIepeBaraMu 3aITporIOHOBAHOT KOMII-
JIEKCHOI TeTUIOy THJTIBaIliifHOT CUCTeMU y TTOPiBHAHHI
3 TPAUIIIMTHUMH TEIUIOY THJIi3aTOpaMu JJIA HMigirpiBaH-
HA 1 3BOJIOYKEHHSA OyTTHOBOTO MOBITPA € MiBUIIEHHA
KoedillieHTa BUKOPUCTAHHA TEILUIOTH majiuBa 10 6,5%
3aBIOAKN POSIINPEHHIO K0JIa HarpiBaHUX TEIJIOHOCI-
iB Ta HAABHICTH MOOATKOBOTO 3aXUCTy I'a30BiIBITHOTO
TPaKTy KOTEJIBLHOI YCTAHOBKH Bif] KOHIEHCATOYTBOPEHHS
[8] 3a yMOB ITigBUIIIEHOTO BOJIOTOBMICTY IUMOBUX I'a3iB.

Pesynbpratu mociaim:kenb. Po3zpaxyHKOBI mo-
CJIIPKeHHA BUKOHYBAJIMCh B PI3HUX peKUMax Ha-
BaHTaKEHHA KOTJIA, OCKIJIBKY IMIABUINEHHA TeMIIe-
parypu AYTTHOBOTO HOBITPA Ta MOT0 3BOJIOKEHHA
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Puc. 1. IIpunnunoBa cxeMa TEILIOYyTHITI3AIiIHOI YCTAHOBKY AJIA HiAirpiBaHHA 1 3BOJIOXKEHHA Iy TTHOBOTO ITOBITPA

3 POBIINPEHUM KOJIOM HarpiBaHUX TEILIOHOCIIB Pi3HOTO ITOTEHIIAJY [IJIA TAPOBUX KOTJIIiB:
1 —ragoxin; 2 — noBepxHeBUil Boforpiiiuwmii Terutoytuitizarop (IIBT); 3, 4 — mipirpisaui cucremu XBO;

5 — ragomigirpisau (I'TI); 6 — mumococ; 7, 10 — moBiTpoBim; 8 — BeuTHIIATOP; 9 — MoBiTpOrpitiHuii Terutooominuuk (I1T);
11 — xouTakTHMI BomomoBiTpaHui Teruiomacooominuuk (KBT); 12 — mosiTpomorpisau (I171); 13, 15 — moBiTpAHMI KaHAT
CHCTE€MU 3aXUCTy JUMOBOTO TPAKTY 3 BiAMOBITHUM TeILJIOOOMiHHUKOM; 14 — peryJrioBajibHA 3aciIiHKa; 16 — Hacoc;

17 — cucreMa ximBogoouuieuus (XBO)

Tabnuus 1

Pe:xuMHI HIOKa3HUKH TEIUIOY THIi3AliHHOI yCTAHOBKHY 3 HaBaHTaKeHHAM Kotiia 100%

(G =70,17 m*/rom; & =1,2)

HaiimenyBasms mapamerpa Ilo3ua- PO{?Mip- EneMeHT TemIoyTHIi2aiiHOI YCTAHOBKH
YEeHHSA HICTBh IIBT ' IIT KBT 1101}
1 2 3 4 7 8 9 10
TemmonpogyKTUBHICTE Q kBT 17,7 54 8,2 61,2 5,7
Burpara Bonu Gs Kr/c 0,20 0,20 0,20 0,72 0,20
Temmeparypa Bogu Ha BXO[i tBBX °C 69,1 90,2 77,0 69,1 83,8
Temmeparypa Bogu Ha BUXOI tBBUX °C 90,2 83,8 67,2 48,8 77,0
Burpara rasis (rmoBiTps) Gr (GnB) Kr/c 0,36 0,36 0,29 0,29 0,29
Temmeparypa rasis (oBiTps) Ha Bxofi | trex (trBBx) °C 159,3 62,0 10,0 37,2 50,0
Temmneparypa rasis (oBiTps) Ha BU- treux °C 114,1 76,0 37,2 50,0 68,9
xomi (tBBUX)
AepoguHaMiuHMA OTIip DH ITa 41,8 33,8 9,1 149,9 15,1
TigpaBiiunwnii omip DP klla 0,2 0,1 0,1 17,0 0,1
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B ITOBEPXHEBO-KOHTAKTHII YaCTUHI TeILJI0yTHUIi3alliii-
HOI CHCTEMHU BILIMBAIOTH HA TEeMIIEPATypy TOPIHHSA,
TEMJIOBUI 0ajlaHC KOTJia, BUXITHI ITapaMeTpu rasis,
purpary nanusa, KK]I korysa tomo. Tomy koTe
Ta KOMILIEKCHA TeIJIOY TIJTi3alliiiHa YCTAHOBKA PO3TJIsA-
IAJTHCS SIK B3A€MOIIOB A3aHI €JIEMEHTH €IUHOT CUCTEMM.
Oco061uBiCTh TAHOTO PO3PAXYHKY MOJIATAE B TOMY, II[0
BUXIOHI MapaMeTpy IUMOBUX I'a3iB KOTJIA € BXiTHUMU
IJIS yTUJTI3aIlifiHO1 YCTAHOBKH, a BUXITHI ITapaMeTpu
IYyTTBOBOTO TOBITPSA 3 YCTAHOBKM CTANTH BXITHUMU
IUIA KOTJIA.

3a pesyJsibTaTaMy BUKOHAHUX PO3PAXyHKOBUX JI10-
CJITKeHb BUSHAYEHO TEILIOBI, Ti/IPABIIYHI Ta PEKUMHI
XapaKTEPUCTUKU CUCTEMU «KOTEJI — TeIJIOY THJTi3alIliii-
HAa YCTAHOBKA» [J1A 3aIIPOIIOHOBAHOI HOBOI KOMIIJIEKCHOL
TEIJIOY TUJII3aIliNHOI CCTEMH 3 ITiAITPiBaHHAM Ta 3BO-
JIOXKEHHAM IyTTHOBOTO TIOBITPA.

3a pesyabraTaMu MUX JA0CIiKeHb BCTAHOBJIEHO, 110
3aCTOCYBaHHSA MPOIIOHOBAHOI KOMILIEKCHOI YCTAHOBKHU
ITO3BOJIAE MIIBUIMIUTH KOe(iI[ieHT BUKOPUCTAHHA Te-
IJIOTH MajiuBa KoTjia Ha 2,8...6,5% B 3aJIe3KHOCTI BifI
peskuMy H0T0 eKCIUTyaTallii.

XapakTepHi pe3yIbTaTy Po3PaxyHKOBUX T0CITIPKEHD
CHCTEMHU «KOTEeJI — TEeIUIOY TUJIi3alliiiHa YCTaHOBKA» M0~
naHo B Tabs. 1. TyT HaBOAATLCA 3HAUEHHA OCHOBHUX
pobounx XapaKTePUCTUK TAKOT'0 CUCTEMH ITiJT Yac pobo-
TH KOTJIOATPEraTy B HOMiHAJIBHOMY PEKHMI.

BucaoBxu

1. 3ampormoHoBaHO HOBE TEXHIUHE PIIlIeHHSA KOMII-
JIEKCHOI TEeIUIOY TIJTI3AIifHOT YCTAHOBKY 3 PO3IIUPEHUM
KO0JIOM HarpiBaHUX TEILIOHOCIIB Pi3HOT0 TeMIlepaTyp-
HOT'0 IIOTEHITIaTy OJIA HiJirpiBaHHA Ta 3BOJIOKEHHS
Iy TTHOBOT'O MOBITPSA 3 JIOTATKOBUM 3aXVCTOM Ta30BiIBI/I-
HOT'0 TPAKTy KOTEJIbHOT YCTAHOBKH BiJl KOHIEHCATOYTBO-
PeHHA 3a YMOB MiBUIIEHOTO BOJIOTOBMICTY BiAXiTHUX
IVIMOBHUX T'a3iB.

2. BukoHaHo po3paxyHKOBI JOCITIPKEHHA OCHOBHUX
pobounx XapaKTEPUCTUK TEIJIOOOMIHHUX €JIEMEHTIB
(TemsI0yTIIIi3aTOPiB) IIPOIIOHOBAHOI TEILJIOY THJTi3aIliii-
HOI CCTeMU TPH Ii eKCILIyaTallii 3 ra3oCIoKUBATIBHUM
KOTJIOM HOMIHAJILHOIO TEILIOBOIO IoTy:xHicTio 0,63 MBT.

3. IlokasaHo, 110 3aCTOCYBAHHSA ITPOIIOHOBAHOT KOMII-
JIEKCHOI YCTAHOBKHU 03BOJIAE MiIBUIIUTHA Koe(iIieHT
BUKOPUCTAHHA TEIUIOTY NaJIMBa KoTiia Ha 2.8...6,5%.

JOIJATKOBA IHOOPMAIJIA
BHECOK ABTOPIB: Yci aBTopu 3po0uiy BHECOK IIOPiBHY.
DOIHAHCYBAHHS: Asropu He 0TpUMYBaIH (PiHAHCYBAHHA [JIA I[HOTO JOCITIKEeHHS.
3AABA IIPO JOCTYIIHICTB TAHMX: He 3acTocoByeThbes.
KOH®JIIKT IHTEPECIB: ABropu 3asB/IAI0OTE PO BiICyTHICTH KOHQJIIKTY 1HTEPECIB.
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