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Pedepar/anoTamis:

1. AKTyasnbpHICTh IOCIiI)KeHHS 3yMOBJleHa TpaHcpopmaliieto esekTpoeHepreTuyHux cuctem (EEC) y Hanpsmi

IekapO6oHisalii Ta meleHTpanisalii reHepari, o CynpoBOIKYETbCSI 3pOCTAHHSIM POJIi BiTHOBJIIOBAHUX JIKepel

eneprii (BJIE) i cuctem HakonuueHnHs eHeprii (CHE) Ta yckianHeHHsIM 33124 IPOTHO3YBAaHHS PO3BUTKY F€HEPYIOUMX

MOTY>KHOCTe!. JloCIiZpKeHO Mpolecy KOMITIOTEPHOTO MOJIEJIIOBaHHS 11 ONITUMI3aLlii CTPYKTYPH reHepyIoUunx

noty>kHocteil EEC. MeTolo € nifiBuiiieHHs 004U CII0BaIbHOI €(PEKTUBHOCTI MOJIEJIIOBAaHHS B 33ja4ax [IPOTHO3YBaHHS

PO3BUTKY F€HEPYIOUMX IIOTY>)KHOCTEN 3a IOTPUMAHHS BCTAHOBJIEHUX KPUTEPIiB SIKOCTI Ta IOBTOPIOBAHOCTI
Pe3yJIbTaTiB, @ TAKOXK OOI'PYHTYBAHHS apXiTEKTYPHUX pillleHb [1JIs1 PO3B’A3yBaHHS TaKUX 337124 32 YMOB

PO3IIoLiNIeHOCTi MoZesiel, IaHUX i 00UKCIIIOBaIbHUX pecypciB. [IporHo3yBaHHS PO3IJISIHYTO SIK BUBHAUYEHHS



ONTUMAJIbHOI CTPYKTYypHY F€HEPYIYOro 06J1aiHaHHSI, HEOOXiIHO] 1J1s1 JOCSITHEHHS 33[JaHUX LiJIbOBUX MTOKA3HUKIB
¢dyHkuionyBaHHs EEC 3a mpuiHATUX CLieHapHUX [IPUITYIIeHb. BUKOpHUCTaHO METOAU CUCTEMHOIO aHali3y,
MaTEMaTUYHOI'O MOJEJIIOBAHHS Ta ONTUMI3alil, META€BPUCTUYHOTO IOIIYKY, JEKOMITO3ULIi] 1 NMapayebHUX

0041 CJIEHD, TPOEKTYBAHHS iHPOPMALITHUX CUCTEM, 00U CIIIOBAIBHOTO €KCIIEPUMEHTY Ta OIIMCOBOI CTAaTUCTUKMU.
Po3po6sieHo napaneabHUil MeTO/, ONTUMI3allii CTPYKTYPU F€HEPYIOUMX MOTY>KHOCTEN, IKUH Y € IUHI
004MCIIOBaJIbHIN cxeMi I0eIHye METAaeBPUCTUYHUIN NIOIYK AUCKPETHUX iHBECTULiIIHUX pillleHb,
posIapa’sesiloBaHHs O0UMCIIeHb 3a BapiaHTaMU CTPYKTYPHU Ta CLIEHApPHUMMU OllepaLlifiHUMU Mif3afadaMu, a TaKoX
PO3B'SI3aHHS LUX Mifi3azay y IOCTaHOBLi 3MillIaHOTO LiJIOYMCEIIbHOTO JliHiliHOrO porpamysaHHs (MILP) 3
ypaxyBaHHSM OoOMeXXeHb 3a7adi BUOOpy ckiany reHepyrodoro obnanHanss (UC). Le nae 3Mory BUKOHYBAaTU
napasespHe 6araToclieHapHe MOJIEJIIOBaHHS PEXXUMIB pOOOTH IreHEePYIOU0ro 06J1alHaHHsI 11715 OLiHIOBaHHS
BapiaHTIB CTPYKTypu 6€3 nepexoy Ao peslakcoBaHoi noctanoBku UC Ta 6e3 cyporaTHoi anpoKkcuMallii onepauiiHoi
mogei. HabyB 1ogaipmoro po3BUTKY aJIrOPUTMIYHMI MifXif 10 opraHisalii Ta KepyBaHHS apaiebHUM
PO3B’I3yBaHHSIM 33724 ONTUMIi3allii, 110 oeHYe NonepenHio (inbTpalilo BapiaHTiB iHBECTULIHUX PillleHb,
KEIYBaHHSI pe3yJIbTaTiB iX OLiHIOBaHHS, (POPMYyBaHHS HE3aJI€XXHUX 3aBJJaHb [1J1s [1ap «BapiaHT CTPYKTYPU —
CLIEHapHa oInepaliliHa Iif3azgayday, IIaHyBaHHA Ta 6ajaHCYBaHHS iX BUKOHAHHS i MOBTOPHE BUKOPUCTAaHHS
€K3eMIIJISIPiB CLieHapHUX OllepaliiiHuX MoJieJiel, 0 3MEHIIy€e [IOBTOPHI O0YMCIIEHHS 1 HaK/IaHi BUTPAaTU 6e3
CIIpoleHHs onepauiiHoi MILP-Mozesi. 3anpornoHoBaHO Ta OOIPYHTOBAHO KOHLENTYaJlbHY apXiTEKTYpy
(denepaTUBHOrO cepenosuia MmogemoBaHHs EEC, sika 1oejHye 6araTopiBHEBY OpraHisaliilo KOMIIOHEHTIB, PEECTPU
pecypciB, CTaHIapTU30BaHi BebiHTepdeicu puKiIagHoro nporpamysanss (Web API), neHTpani3oBaHe y3rOKEHHS
IIpaBuUJI B3aeMOJIii Ta el eHTpasi3oBaHe KepyBaHHS JIOKaJIbHUMU MOJEJISIMY, TAaHUMU ¥ 00YMCIII0BAJIbHUMU
pecypcamu, CTBOPIOIOYU [IEPEAYMOBHU 711 CHHTaKCUYHOI iHTepoIiepabesIbHOCTI Ta KOOPMHOBAHOI B3a€MOJi
He3aJIeXXHUX MOoJeslel 6e3 LIeHTPali30BaHOrO HAaKONMWYEHHS KOHPiAeHIiHNX gaHuX. Po3po6eHo nporpamHui
KomIuiekc MoBolo Julia 3 BukopuctaHHsam JuMP i conBepa SCIP, mo peanisye 3anporoHOBaHUI NTapajiebHuN
MmeTog. Moro 004KCII0BabHY €(PEKTUBHICTD OLIiHEHO Ha TecToBuX Moeisix EEC nopiBHsiHO 3 6e3nocepeHiM
PO3B’13yBaHHSIM 3a7a4i B MOHOJIITHIM MILP-nocranoBuji consepom SCIP. Ins cucremu Ha 6aszi BIE ta CHE i3
3aCTOCYBaHHSM aJrOPUTMY eBoJoLiiiHUX LeHTpiB (ECA) Ha 64 MOTOKax cepefHiil 4ac OJHOTO 3alyCKy 3MEHIIEHO Y
13,38 pasa, a eTaJIOHHUN PO3B’I30K BiiTBOpPeHO y 99 % 3anyckis. Iy cuctemu 3 BJIE, CHE Ta TenioBumu
€JIEKTPOCTAaHLIisSIMU i3 3aCTOCYBAHHSM CTparTerii eBoJitolii 3 ananranieto matpuli kopapiauii (CMA-ES) Ha 128
[IOTOKaX CEpPeIHil yac yCIiHUX 3aIyCKiB 3MEeHIIeHO Y 3,77 pasa, eTaJIOHHUH PO3B'SI30K BinTBOpeHO y 98 %
3aIIyCKiB; y BOX IHIIMX OTPMMAaHO AOIyCTUMI PO3B'SI3KYU i3 cepeiHiM BiTHOCHUM BiIXWJIEHHSM 3HAYEeHHS L[iJIbOBOI
dyHKUii Big eTasonHoro 0,70 %. [17151 060X TeCTOBUX MoZeiei 3i 301/1blIeHHSIM KiJIbKOCTi IOTOKIB KoediljieHT
IIPUCKOPEHHSI 3pOCTaB CyOJIiHIITHO, BOJHOYAC 3POCTAJIO TIKOBE BUKOPUCTAHHS OIIEPATUBHOI IaM’qTi. BusHayeHo
YMOBH JOLJIBHOTO 3aCTOCYBaHHS NIapajieJIbHOTO METOly Ta OCHOBHI HAIIPSIMU MOrO BUKOPUCTAHHS y 33J1a4ax
IIPOTHO3YBAHHS PO3BUTKY '€HEPYIOUUX [IOTYXHOCTEH, a TAaKO>K OO PYHTOBAHO MOSKJIMBICTb 3aCTOCYBaHHS
PO3p06JIEHOr0 IPOrpPaMHOr0 KOMILJIEKCY SIK 00YMCIII0BAIbHOTO KOMIIOHEHTA (PpeJlepaTMBHOIO CEPEOBHUINA

mognentoBaHHs EEC.

2. The relevance of the study is determined by the transformation of electric power systems (EPSs) towards
decarbonization and the decentralization of generation, accompanied by the growing role of renewable energy
sources (RESs) and energy storage systems (ESSs) and the increasing complexity of generation expansion planning.
The study examines the processes of computer modelling and optimization of the generation capacity structure of
EPSs. Its aim is to improve the computational efficiency of computer simulation in generation expansion planning
while meeting the established criteria for result quality and repeatability, and to substantiate architectural
solutions for solving such problems in a distributed setting involving models, data, and computational resources.
Generation expansion planning is understood as determining the optimal structure of generating equipment
required to achieve specified target performance indicators of an EPS under the adopted scenario assumptions.
The methods employed include systems analysis, mathematical modelling and optimization, metaheuristic search,
decomposition and parallel computing, information systems design, computational experimentation, and
descriptive statistics. A parallel method for optimizing the generation capacity structure has been developed that



combines, within a single computational scheme, the metaheuristic search for discrete investment decisions, the
parallelization of computations across structure variants and scenario-based operational subproblems, and the
solution of these subproblems in a mixed-integer linear programming (MILP) formulation while taking account of
unit commitment (UC) constraints. This enables parallel multi-scenario simulation of the operating modes of
generating equipment for the evaluation of generation capacity structure variants without transition to a relaxed
UC formulation and without surrogate approximation of the operational model. The algorithmic approach to
organizing and managing the parallel solution of generation capacity structure optimization problems has been
further developed by combining preliminary filtering of investment decision variants, caching of their evaluation
results, the formation of independent tasks corresponding to “structure variant — scenario-based operational
subproblem” pairs, the scheduling and balancing of task execution, and the reuse of scenario-based operational
model instances. This reduces repeated computations and computational overhead without simplifying the
operational MILP model. A conceptual architecture for a federated EPS modelling environment has been proposed
and substantiated. It combines a multi-level organization of components, resource registries, standardized Web
application programming interfaces (Web APIs), centralized coordination of interaction rules, and decentralized
management of local models, data, and computational resources, thereby establishing the architectural
prerequisites for syntactic interoperability and coordinated interaction among independent models without
requiring the centralized storage of confidential data. A software package implementing the proposed parallel
method has been developed in Julia using the JuMP modelling toolkit and the SCIP solver. Its computational
efficiency was evaluated on test EPS models by comparison with the direct solution of the problem in a monolithic
MILP formulation using SCIP. For a system based on RESs and ESSs, the Evolution Centers Algorithm (ECA)
running on 64 threads reduced the mean execution time per run by a factor of 13.38, and the reference solution
was reproduced in 99% of the runs. For a system comprising RESs, ESSs, and thermal power plants (TPPs), the
Covariance Matrix Adaptation Evolution Strategy (CMA-ES) running on 128 threads reduced the mean execution
time of successful runs by a factor of 3.77, and the reference solution was reproduced in 98% of the runs; the other
two runs yielded feasible solutions with an average relative deviation of 0.70% in the objective-function value from
the reference value. For both test models, the speed-up factor increased sublinearly as the number of threads
increased, while peak memory usage also rose. The conditions under which the developed parallel method is
applicable and its principal application areas in generation expansion planning have been identified, and the
feasibility of using the software package as a computational component of a federated EPS modelling environment
has been substantiated.
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[lyxoBa HauionanbHOi akagemii Hayk YKpaiHu

Kopg 3a €IPIIOY: 05516949

Micue3HaxoaKeHHS: By ['enepana Haymosa, Kuis, 03164, Ykpaina
dopma BiracHoCTI:

Cdepa ynpaBiriHHS: HaujoHanbHa akaziemist Hayk YKpaiHu

InenTudikarop ROR: He zacrocosyerscs

VII. BizomocTi npo odinifiHuX ONOHEHTIB Ta PELeH3€HTIiB
O@inifiHi OIOHEHTH
BiacHe IIpizBuie Im'sa I1o-6aTbKOBI:

1. Caraui Bonogumup AHIPiioBUY

2. Volodymyr A. Sviatnyi



KBasigikamis: n.1.1., npodecop, 05.13.07
InenTudikarop ORCID ID: 0000-0003-4550-3616
JoparkoBa iHdpopmamnist:

IloBHe HaliMeHYBaHHSI IOPHUAHUYHOI 0COOM: [lepkaBHUii BUIIVII HABYAJIbHUI 3aKaj "JlOHELbKUIA

HalliOHAJIbLHUY TEXHIYHUH yHiBepcuTeT"

Kopg 3a €IPIIOY: 02070826

Micue3Haxoa>KeHHS: r. [[lu6ankosa, [I0KpOBChK, [IOKPOBCHKMIA p-H., 85300, Vkpaina
dopma ByacHOCTI: [lepxkasna

Cdepa ynpaBiriHHS: MiHicTepCTBO OCBITH | HayKK YKpaiHu

InenTudikarop ROR:

BaacHe IlpizBume Im's I10-6aThKOBI:
1. BaiineB €BreH OsieKCaHIPOBAY

2. Yevhen O. Zaitsev

KBasigikanis: 1. 1. u., cr.u.c., 05.13.05

Imentudikarop ORCID ID: 0000-0003-3303-471X

JoparkoBa iHdpopmamnist:

IToBHE HaﬁmeHyBaHHH Iopn,zmqﬂoi 0oCcooH: [HCTUTYT enexTpoauHaMiku HanioHanbpHOI akagemii Hayk
YKpainu

Kopg 3a €IPIIOY: 05417236

Micueanaxo,szeﬂﬂa: np. Bepecreiicekuii, Kuis, 03057, Vkpaina

dopma ByacHOCTI: [lepxasna

Cdepa ynpaBiiHHSA: HaujonasnbHa akajieMis HayK YKpaiHu

InenTudikarop ROR:

PeuenseHTu

Bsacue IlpizBuuie Im's Ilo-6aThKOBI:
1. Yemepuc Onexkcanap AHATOIINOBUY

2. Oleksandr A. Chemerys
KBasigikanis: n. 1. u., npodecop, 05.13.05
InenTudgikarop ORCID ID: 0000-0002-8134-5152

JoparkoBa iHpopmanist: https://www.scopus.com/authid /detail.uri?authorld=7003329429;
https:/ /www.webofscience.com /wos/author /record /G-8275-2017,
https://scholar.google.com /citations?user=-QgJ37YAAAAJ

IloBHe HaiMEeHYBaHHSI IOPHUAHUYHOI OCOOM: [HCTUTYT IPOGIIEM MOZEMIOBAHHS B eHepreTuyj im. I'. €.

ITyxosa HaijionanbHoi akageMii HayK YKpainu



Kopg 3a €IPIIOY: 05516949

Micueanaxo,zm(eﬂna: ByJ. 'enepana Haymosa, Kuis, 03164, Ykpaina
dopma BaacHOCTI:

Cdepa ynpaBiiHHS: HaujoHanbHa akazeMist Hayk YKpaiHu

Imentudikarop ROR: He zacrocoyerbcs

BaacHe IlpizBume Im'st [10-6aThKOBI:

1. KpaBuos I'puropiit OsnekcinoBny

2. Hryhorii O. Kravtsov

KBasigikamis: . 1. 1., 01.05.02

InenTudgikarop ORCID ID: 0000-0003-1915-4897

JoparkoBa iHdpopmamnist:

IloBHe HaliMeHYBaHHSI IOPHUAHUYHOI OCOOH: [HCTUTYT IPO6IIEM MOJIEMIOBAHHS B eHepreTu im. I'. €.

IlyxoBa HauionanbHoi akagemii Hayk YKpaiHu

Kopg 3a €IPIIOY: 05516949

Micueanaxo,r.pKeHHa: ByJ1. 'eHepana Haymosa, Kuis, 03164, Ykpaina
dopma BaacHOCTI:

Cdepa ynpaBiriHHS: HaujoHanbHa akaziemist HayK YKpaiHu

ImentTudikarop ROR: He zacrocoyerbcs

VIII. 3aKkJIr04Hi BiZoMOCTi
Biiacue IIpizBuie Im's Ilo-6aTbKOBi
TOJIOBH paju

BiiacHe IIpi3Buine Im'sa ITo-6aTbKOBI
rOJIOBYIOYOro0 Ha 3acigaHHi
BignoBigasibHuUI 3a MiATOTOBKY

00JIIKOBHX JOKYMEHTIB

PeecTpartop

KepiBHuk Bigginy YKpIHTEI, mpo €
BiZIOBiZaJIbHUM 32 peecTpallilo HayKOBOIi

OisiIBHOCTI

Apremyyk Bonogumup OsekcaHIpoBuy

Aptemuyk Bosogumup OJsiekcangpoBuy

[Tyyko Tapac BikropoBuy

FOpuenko Tetsna AHaToiiBHA

FOpuenko TersiHa AHaToJiiBHA



