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CTATUCTUYHA OBPOBKA AAHUX MIH/IMBOCTI FEHEPALLJI BITPOBUX TA COHAYHUX
EJIEKTPOCTAHLII 419 OLIIHKWU AOAATKOBOI THYSKOCTI EHEPTOCUCTEMMU

Crane maribyTHe 3pOCTaHHsI BCTAHOBJIEHOI MOTYXHOCTI MiH/INBUX BITDOBYX Ta COHSIYHUX
€J1eKTPOCTaHLUiVi B eHepreTuyHnx CUCcTemMax BCbOro CBIiTy BUMAarae T04HOro rnporHo3y-
BaHHS PEXMMIB reHepauii As1s KOXHOI 406y Ta KOXHOI roAnHn B Mexax A0bu, a Takox
OLiHKY PIBHIB MNOTEHUiViHNX HebasnaHCiB reHepyBaHHs1 MOTYXHOCTI, SIKi e Tun reHepadiii
MOXe cripudnHnUTK. Taki HebanaHcyu MatTb ByTy 3r1aaxeHi B €HeProcUCcTeMI iHLLNMU,
3a3Buyavi TPaanLiiHUMUN reHepPyYNMU NOTYXXHOCTSIMU LLIOHaMeHLLe A1 3a0e3ne4eH-
HS1 CTabisIbHOro Pexumy QyHKLIOHYBaHHSI MEPEXi Ta HOPMaTUBHOI IKOCTi eN1eKTpoeHep-
rii. OAHYUM 3 OCHOBHUX MUTAaHb, LLIO BUHUNKAIOTb B MPOLIECI eKcrisiyaTaLii eHeprocuctemu,
a TakoX rniaHyBaHHS ii pO3BUTKY — sIkuv 00CsIr 4OAATKOBOI rHy4Ykoi reHepadii Heobxia-
HWI 4N 3rnazaxyBaHHs 30ypeHb, L0 CPUYNHSETLCS BiAHOBIIOBAHUMY FrE€HEePYyYuMmN
MOTYXHOCTSIMU i3 MIHJINBUM XapakTepom BIAryCcKy MOTYXHOCTI y Mepexy? BHacnigok
CTOXaCTUYHOI NPpuUpoan reHepyBaHHs MOTYXHOCTI BITDOBUMU Ta COHSYHUMU €J1IeKTPO-
CTaHUiSIMY OYEeBUAHVUM METOLAOM OLiHIOBaHHSI 00Csry 4oAaTtkoBoi rHy4Ykoi reHepadii €
cTatucTn4yHa obpobka icTopuyHuX gaHux npoginis reHepauii BigHOBIIOBAHUX reHepy-
1049UX MOTYXHOCTEH, sikuvi 6yB 3acTtocoBaHuii ansa AaHnx 2019 ta yactkoso 2020 pokiB
(pesynbtatu ans 2020 p. 6ynv akTyaniaoBaHi'y cTaTTi As1s POKY BLIIOMY, KOJv AaHi cTani
AoctynHi Ha noyatky 2021 p.). Pe3ynbtaty cTatucTmyHoi 06pobku faHux nokasyroTb
LJO B 3aJ1€XXKHOCTI Biff BCTAHOBJIEHOI MOTYXHOCTI MIH/IMBOI BiAHOBJ/IIOBAHOI reHepadii, a
TakoX NMPUIHSITHOIrO PiBHS FIMOBIPHOCTI o4aTKOBa rHy4yka reHepadis B 00Csi3i eKinbkox
coteHb MBT Mae akTMBHO yHKLiOHYBaTy B eHEProcucTemi, o6 3rnanxyBatn CTpUoKu
MOTYXHOCTI, CIIPUYNHEHI BiIHOBJIIOBAHUMU AXepesiamMu.

KnwoyoBi cnoBa: MiHI1Ba BiAHOBAOBaHa reHepadisi, 06’eaHaHa eHepreTu4yHa cuc-
Tema, rHy4KkicTb, MpoQinb reHepadii, cTatncTnyHa o6pobka AaHuX.

P0o3BUTOK BiJJHOBIIIOBAaHOI €HEPreTUKHU, 30KpEMa,
MIHJIMBUX BITPOBOI Ta COHSAYHOI reHepallii, siKi 3a3BU-
Yaii MalOTh HA3By MIHJIMBI BiJHOBIIIOBaHI JpKepesa
eneprii (MBJE), ninTpumyeThcs B YKpaiHi HU3ZKOIO
3aKOHOAABYMX Ta HOPMATUBHUX akTiB [1-3]. CtaHOM
Ha KiHernp 2020 p. odikyBanocs, mo g0 O0’eqHaHOl
eneprocuctemu (OEC) VYkpaiam Oyme i’ emxHaHO
oimpire 1,1 I'Br BiTpoBoi Ta Ginbiie 5 Bt consu-
HOI TeHepalliif, TAKOX OYiKyBaJIOCh MOMAAJBIIE 3POC-
TaHHsI BCTAHOBJICHOI IOTY)KHOCTI Takoi reHepamii i
B MaiiOytHpoMy. [Iporsrom 2020 p. HEK «Ykpenep-
TO», OIIEPaToOp CHUCTEMH Iepemadi YKpaiHw, Jac Bil
gacy oOMeXyBaB BiITYCK €IEKTPUIHOI TMOTY>KHOCTI
MBJ/IE, miaTpumytodi 6axaHc MiX CHOKHBaHHSIM Ta
TeHEpAIIi€lo eICKTPOCHEPTil 3317151 3a0e31ICUeHHS CTa-
OinpHOCTI peskuMiB (DYHKLIOHYBaHHS MEPEXi Ta Ha-
SIBHOCTI JJOCTaTHHOTO OOCATY PE3epBiB MOTYKHOCTI.

© C.B. LUWYJILXXEHKO, 2021

i oOMekeHHS TMOSCHIOIOThCS HAsSBHUM Opakom
THYYKOCTI, SKi BAHMKAIOTh BHACIIOK HEaIeKBaTHUX
oOcsTiB TpajulidHOI TeHepallii, 10 3ailicHIoe 0a-
JAHCYBaHH, 1 3[aTHOI 3MIaJpKyBaTH 30ypeHHs, fKi
CIPUYMHSIIOTHCS MIHJIMBICTIO BIIYCKY €JIEKTPHUYHOT
MOTY>KHOCTI B MEPEXY BITPOBUMH Ta COHSYHHMU
€JICKTPOCTAHITISIMH.

'HY4KiCTh €HEPrOCUCTEMH € JOCTaTHHO HOBHUM
3arajJbHO BUKOPHUCTOBYBaHMM TepMiHOM. Binmo-
BiIHO 10 BU3Ha4YeHHs MIKHApOZHOTO areHTCTBA 3
BiTHOBIIFOBaHO1 €HEPTETHKU [4], sIKe, B CBOIO UEPTY,
nocunaeTbes Ha [ 5] Ak okepeno: «[HydkicTh eHep-
TOCHCTEMHU BU3HAYAETHCA SIK 3/1aTHICTh €HEProCHUcC-
TEMH HAJiHHO Ta €KOHOMIYHO-€()EKTUBHO KOHTp-
OJIIOBATH MIHJIMBICTh Ta HEBU3HAYEHICTh PIiBHIB
CHOXXUBAHHS Ta reHepauii y Oyap-sKki panioHaib-
HO-BHU3HAUeHi mpomixku dacy» («Power system
flexibility is defined as the ability of a power
system to reliably and cost-effectively manage the
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variability and uncertainty of demand and supply
across all relevant timescales»). HeoOxigHicTh mij-
BHINCHHS THYYKOCTI EHEPrOCHUCTEMH BUKIIHMKaHA
3HAYHUMHU OO0CATaM¥ BIPOBKCHHS YHCTOI, ale
MIHJIWBOI BiTHOBIIFOBaHOI TeHepallii B eIeKTpUd-
Hi MEpeXi, MO € 3araJlIbHOCBITOBOIO TEHICHINIEIO 1
ToMy [6]: «B Mipy TOTO SIK €HEPrOCUCTEMH y CBITI
TPaHC(HOPMYIOThCS, THYYKICTh CHEPTOCUCTEM € CBi-
TOBUM mpioputeTomM» («As power systems around
the world transform, power system flexibility has
become a global priority»). IcHye Gararo 3axoxis
JUTS T ABUIICHHS PiBHSA THYYKOCTI €HEPTOCHCTEMHU
[7], ame ocHOBHMM Ta Ha#OIAbII HATIMHUM € BH-
KOPUCTaHHS THYYKUX €JIeKTPOCTaHLiH, SIKi MOKYTh
rapaHTOBAaHO 3MIHIOBATU PEKUMH CKCILTyaTallii,
TOOTO THYYKO 3MIiHIOBaTH BiJIyCK €IEKTPHYHOI
MOTYXXKHOCTI B Mepexy. Hapasi, Ha eTami modaTky
Tpancdopmarlii eHeprocucTeMm, IHKEPEIOM THYY-
KOCTI €HEPrOCUCTEMH € €JICKTPOCTAHIIIT, IHIUBI Y-
aJbHA THYYKICTh SIKHUX XapaKTEPHU3YEThCS TPhOMa
CKJIAJIOBUMU: TOYHICTh PETyJIIOBaHHS MOTYXHOCTI,
Jliarma30oH peryIoBaHHS MOTYXHOCTI Ta MIBUIKICTh
3MiHH TIOTykHOCTi [8]. BmockoHanmeHHs ckiazo-
BUX THYYKOCTI ICHYIOUHX EJICKTPOCTAHIIIH BHUMa-
ra€ 3HaAUHMX IHBECTHUI[IH Ta 4Yacy Ha 3IIHCHEHHS
MOJICpHi3aIlii, i TOMy BRXJIHUBUM NMHUTAHHSM € BU-
3HaYeHHS HEOOXiJHOTO PiBHS THYYKOCTI B €HEPro-
cucrtemu, mo6 3rmaautu 30ypenHs MBJIE Biamo-
BiIHO JT0 TOTOYHOTO i MalOyTHHOTO PiBHIB ii BCTa-
HOBJICHOT TOTYXHOCTi. lle#t HeoOXimHWi piBEHB
THYYKOCTI €HEeProCUCTEMH, IO € BIAMOBIIHUM 0
BcTaHoByeHOI moTykHocTi MB/IE, € inquBinyans-
HUM JUIsl KO)KHOI €HEePrOCHUCTEMH 1 3alIeKUTh HE
TIUTBKY BiJl BCTaHOBIIEHOI oTykHOCTIi MBJ/IE, ane i
KJIIIMaTH9HUX Ta MIOTOJHUX YMOB KOXHOT Kpaiau. B
CTaTTi MPEACTABJICHI OIIHKH OAAaTKOBOTO 00CATY
THYYKOCTI, IKHH PO3paxoBaHWi 3 BUKOPHUCTAHHIM
METOMIB CTAaTUCTHYHOI OOPOOKH iCTOPUYHMX Ja-

HUX 11010 TeHepairii exekrpoeHeprii MBJIE 8 OEC
VYkpainu npotarom 2019 ta 2020 pp.

Hapasi 3aranpHOmpwuiiHaTa odimianpHa Hawio-
HaJbHA METOJOJIOTiS OI[iIHKH HeoOXiTHOTO 00csTY
THYYKOCTi, 10 BUHMKA€ BHACIIAOK BIPOBAIKCHHS
MBJIE B8 OEC Vkpainwm, BincyTHs. binbmr Toro, Ha-
pasi B YkpaiHi He iCHy€ 3arajJibHOrO pO3yMIiHHS Ha-
YKOBUX IMIiJXOJiB, SIKI MOXYTh OyTH BHUKOPHCTaHi
JUISL OI[IHKM HEOOXiAHOTO 00CATY BCTAHOBJICHOI I10O-
TY>KHOCTI THY4YKOI TeHepallii, sKa Ma€e HaliifHO KOM-
neHcyBaru 30ypeHHs reHepanii MB/IE. [aTyituBHO
3po3yMisio — ockinbku MBJIE TeHepyroTh MOTYX-
HICTh CTOXaCTHYHO, TO JOIIJIBHO 3aCTOCYBaTH Me-
TOJY CTATUCTHYHOTO aHaTi3y, IO 3allPONOHOBAHO Y
CTaTTI.

B VkpaiHi nmpoTarom ocTaHHIX IBOX POKIB CIO-
CTEepIraeTbcs MIBHIKE 3POCTAHHS BCTAHOBIIEHOI TMO-
TY)KHOCTI BITPOBOi Ta COHSYHOI, TaK BCTaHOBJICHA
MOTY)KHICTh COHSYHHMX EJICKTPOCTAHIIA Ha KiHElb
2020 p. csrue piBHs Ounbiioro, Hixk 5 ['BT, mopis-
HsHO 13 1,3 I'Bt Ha mowarky 2019 p., a BcTaHoBNeHa
MOTY>KHICTH BITPOBOI JJIs1 aHAIOTIYHKX TEPIOJIiB CTa-
HOBUTH OinbIne, HiXk 1,1 I'BT Ta 389 MBT. [lopiBH:-
HO 13 3arajJbHOI0 BCTAHOBJIEHOIO, HOTYXHICTh €JICK-
tpoctannii OEC VYkpainu (aTroMHi eneKTpocTaHIii
— 13,8 I'Br, rigpoenekrpocraniiii — oinbme 5,5 ['Br,
BYTUJIbHI TEIUIOBI esekTpocTanLii — Oinbuie 25 ['Br i
iHMIi), BcTaHoBieHa noTyxHicTh MBJIE mo 2019 p.
OyJa BiTHOCHO HE3HAYHOIO i TOMY CTaTUCTHYHI JaHi
oo renepartii MBJIE Oynu He ny»xe HamiiiHi. Uepes
e (akTHyHI JaHi 100 BCTAHOBJICHOI MOTYXHOCTI
MBJIE (tabm. 1) Ta npodini reHepauii HUMH OTYX-
Hocrti Oynu Bukopucrtani g 2019 ta 2020 pp.

SAx BxigHi maHi Oynu BHKOpUCTaHi mpodimi re-
Heparlii eJIeKTpOeHEepTii BITPOBUMH Ta COHIIYHHUMH
CIEKTPOCTAHIIISIMI 3 IHTEPBAJIOM OIHA TOJWHA 3a
2019 p. — 8760 BumiproBaHb, a Takox 3a 2020 p. —
8784 BuMipioBaHb. 3 BUKOPHCTAaHHSIM LUX JaHUX

Tabnuysa 1. BcraHoBneHa NOTYKHICTh BITPOBUX Ta coHsUHUX enekrpocTaniii B OEC Ykpainu [9], MBT

Micsis Bitposi ConsuHi
2019 2020 2019 2020
Ciuenn 389 1036,5 1310,4 3792,8
Jrormit 4413 1036,5 1629,6 3966,8
Bepesenp 510,6 1036,5 1692,1 4231,3
Ksitenn 579,5 1050 1777,8 4368,3
TpaBeHb 611,9 1064,7 19254 4515,4
YepBeHb 611,9 1064,7 2161,6 4593,3
JIunenn 628,6 1070,7 23124 4683,8
CeprieHb 636,6 1070,7 2371,2 4911
Bepecenb 697,9 1070,7 2514,8 4938,3
JKosrenn 831,7 1070,7 3038,2 5005,7
Jlucromar, 1013,5 1070,7 31454 5061,6
I'pynens 1025 1111,2 35554 5362,6
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OyiH po3paxoBaHi IMOTOAWHHI PiBHI 3MIHH T'eHEPO-
BaHOI MMOTYXHOCTI, ajie JAJIsl COHSYHUX €IIeKTPOCTaH-
1iii BpaxoBaHi JIMIIe AaHi, KOJU reHepanis pakTHIHO
Bi0yBaJiach, TOOTO JIaHi 32 HiYHI TOAWHHA HE BpPaXo-
BYBAJINCh, TOMY UISl COHSYHUX €IEKTPOCTAHIIN IS
00p0oOKM BUKOPHUCTOBYBAITHCH 4829 BUMipIOBaHb IS
2019 p., Ta 4944 — nyis 2020 p.

Craructuyni nani npo¢iniB renepauii MBJIE
MICTSATh aOCONIOTHI IIOTOAMHHI JaHi reHeparii mo-
TY>KHOCTI, sIKa 3aJIS)KUTH BiJl (JaKTUIHOTO PiBHS BCTa-
HOBJIEHOI TIOTY’KHOCTI BiTPOBOi Ta COHSYHOI TeHepa-
il I KOXKHOTO TEpiomy, TOMY, OO 3a0e3meunuTH
MOPIBHSHHICTH (CYMICHICTB) JJAHUX JUIS PI3HUX Tepi-
oxiB 2019 ta 2020 pp. abCOMOTHI PiBHI TeHEPYBaHHS
MOTY)KHOCTi OyJM pO3HiJ€Hi Ha PiBHI BCTAHOBJIEHOI
MOTYXKHOCTI BiAMOBigHOTO Tiepiogy. Takum duHOM,
(axTu4Hi psinu Oynu mpuBeneHi 1o o0cATiB reHepa-
1ii, mo 3aificHioeThess 1| MBT BCcTaHOBIIEHOT MTOTYX-
HOCTI JIJISl KOYKHOT TOJIMHY, IO po3risaanack. Lle mae
MOXKJIMBICTh 3aCTOCYBaHHSIM 0OepHEHO1 omepaii
OLIIHIOBaTH HEOOXiTHHUI PiBEHb THYYKOCTI, BiIMOBI-
HO JI0 MOJKJIMBOTO TIEBHOTO PiBHSI BCTAHOBJICHOI I10-
TY>KHOCTI BITPOBOI Ta COHSIYHOI TeHeparlii.

OO0poOKka CTAaTHCTHYHUX NaHUX (TMPUBEIACHUX IO
1 MBT BCTaHOBIEHOT MOTYXXHOCTI BITPOBHX Ta CO-
HSYHUX EJIEKTPOCTAaHIiH) 3AiliCHIOBAIaCh 32 TaKUM
ANTOPUTMOM:

1) po3paxyHOK pi3HHIII MiX CYCIAHIMH ITPOMIXK-
KaMH 4acy:

AR, ,,=F —F,_;VteT, ne T —3aranbHa Kijlb-
KIiCTb IaHUX, 1110 00OPOOIISETHCS; A})(t;z—l) — pi3HHUIIA Te-
Hepalii MOTY>KHOCTI MiX CYCIITHIMH 9aCOBHUMH TIEePio-
namu, MBT; B, F, |, — piBeHb IreHepalii eIeKTPHYHOT
MOTYKHOCTI JIJIsl TOTOYHOTO TIepiofy yacy ¢ Ta Iorie-
penHboro nepioxy vacy (¢ —1), MBrT;

2) BU3HAYCHHS a0COJIOTHOTO MaKCHMAaJIbHOTO Ta
MiHIMaJBHOTO 3HAUEHHS JUIA PSAIB JaHWX, OTpUMa-
HUX Ha Kkporti 1);

3) po3mieHHs, OTPUMAHOTO Ha KpOIli 2) miama3o-
Hy Ha 20 piBHUX iHTEpBaJIiB;

4) po3paxyHOK YaCTOTH MMOTPATUIIHHS 3HAYESHD PSY,
OTPHMAaHOTO Ha Kpoti 1) y BiANoBinHKH iHTEpBaI.

Takox 1meir anmroput™m OyB 3aCTOCOBaHHWH 1 JJst
pany, skuii OyB MoOymoBaHMi 00’ €THAHHAM PSAIIB 32
2019 ta 2020 pp. B omuH («2019 ta 2020 pazom» B
Tab. 2)

Pesynsrat 00pOOKHM JaHUX IMOTOAMHHUX 3MiH
MOTY>KHOCTI BITPOBUX Ta COHSYHUX €JICKTPOCTAHIIIN
(Tabm. 2 Ta puc. 1 BiAMOBITHO) TO3BOJISIOTE CHOPMY-
JIFOBATH TIMOTE3Y MO0 HOPMAIEHOTO PO3MONLTY IS
KOYKHOTO 3 IIUX PAJIIB JaHHX.

Jinist po3paxyHKy 3Ha4eHb Jucriepcii (1mojo mare-
MaTHYHOTO CIIO/iBaHHS MPUIHSATA TiNOTe3a, 0 BOHO
JOPIBHIOE CEPEAHBOMY 3HAYEHHIO) BUKOPUCTAHUI

Tabnuys 2. YactoT MOTPAIUISIHHS 3HAYEHb OTOJIMHHOT 3MiHU TeHEepallii TOTY>KHOCTI BITPOBUMHU
Ta COHSIYHUMH eNleKTpocTaHissMu, MBT

Bitposi Consuani
Inrepsan Ne 3HavyeHHs, 2019 Ta 3HavyeHHs, 2019 ta
MBr 2019 2020 2020 pazom MBr 2019 2020 2020 pazom
1 (abc. MiHIMYM) —-0,387 1 0 1 —-0,229 1 0 1
2 —0,343 0 1 1 —0,204 1 0 1
3 —-0,299 1 4 5 -0,179 6 9 15
4 —0,255 8 8 16 0,153 58 59 117
5 -0,211 31 27 58 —0,128 182 149 331
6 0,167 55 47 102 —0,103 320 262 582
7 —0,123 172 126 298 -0,078 331 348 679
8 —0,079 436 377 813 0,052 437 401 838
9 —0,035 1137 1095 2232 —-0,027 463 515 978
10 0,009 3418 3745 7163 0,002 397 554 951
11 0,053 2265 2258 4523 0,024 865 956 1845
12 0,097 771 718 1489 0,049 468 473 941
13 0,141 281 229 510 0,074 353 345 698
14 0,185 113 79 192 0,100 295 258 553
15 0,229 47 36 83 0,125 288 288 576
16 0,273 12 21 33 0,150 227 158 385
17 0,317 9 8 17 0,175 96 124 220
18 0,361 1 2 3 0,201 34 40 74
19 0,404 2 0 2 0,226 4 5 9
20 0,448 0 0 0 0,251 2 0 2
21 (abc. MmakcuMyMm) 0,492 0 3 3 0,277 1 0 1

16 ISSN 1562-8965. The Problems of General Energy, 2021, issue 1(64)



CratucTvyHa 06pobka fiaHux MiHAMBOCTI reHepallii BITPOBMX Ta COHYHMX €NEeKTPOCTaHLM Ans OLiHKM AOAATKOBOI MHYYKOCTi eHeprocucTemMm

=——f— Birposa-2019

== Bitposa-2020

Birpoa-19&20 = = = Teop.-19&20

8000
YacroTa
6000
4000
2000
0 T T
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
3miHa moTyxHocTi, MBT
=——pr=—— CoHs4Ha-2019 =3} Consyna-2020 Consyna-19&20
= = = Teop.1-19&20 m— == Teop.2-19&20
2000
YacroTa
1500 \\
1000 / ¥\ ~\.
\\
500
0 A
-0.3 -0.2 -0.1 0 0.1 0.2 0.3

3MiHa noTyxHocti, MBT

Puc. 1. I'icrorpaMu IOTOJJMHHOT 3MiHH IMOTY>KHOCTI BITPOBUX (@) Ta COHSYHUX (0) €IeKTPOCTAHIIIN

METO/I HAalfMEHIITNX KBaJpaTiB, KW 3a0e31euye Haii-
Kpally BiAMOBIIHICTE MK CTaTUCTHYHUMH TaHUMHU
TicTorpaM Ta TEOPETUYHHM HOPMAaJHHUM PO3MOi-
noM. Iyt JaHuX 3MiHH MOTYXHOCTI BITPOBOT CTaHIIi1
OTpHMaHi 3HaueHHs MapaMmeTpiB HOPMAaJIbHOTO PO3-
MoJIiTy, SIKi MaiKe i/lealbHO CHIBMAAAIOTH 31 (hak-
TAUYHAM CTATUCTHYHUMH IaHUMHU rictorpamu. s
JAHUX, [0 XapaKTepPU3YIOTh IIOTOAMHHY 3MiHY IIO-
TY>KHOCTI COHSIYHOI €JICKTPOCTAaHIII{ BHACIIIOK 1X Ba-
piabenpHOCTI, TPUHAWMHI JIBi TEOPETUYHI KPHUBI, 1110
3a0e3MeuyoTh MaKCUMaJIbHE CITiBIaAiHHSI HOpMallb-
HOTO PO3MOAiTYy 3 GaKTHYHUM JAaHUMH, MOKYTh Oy TH
noOymoBaHi. TakuM YMHOM, TapaMeTPU TEOPETHIHO-
TO HOPMAaJILHOTO PO3IOJLTY, SIKi 3a0€3MeUyroTh Haii-
MEHIITy TTOXHOKY 332 METOIOM HalMEHIITUX KBaJIpaTiB
Uit BiTpoBoi reneparii 3a 2019 Ta 2020 pp. pazom
(puc. 1, a), xpuBa «Teop.-19&20») cTaHOBIATH: Ma-
temarnyHe criofiBanHs — 0,02, mucmepcis — 0,042.
AHajoriuHi 3HaUueHHS JUIsl COHSIYHOI reHeparlii cTa-
HOBJIAITH: BIATOBITHO IO TEOPETHYHOTO PO3MOILITY
Nel (puc. 1, 6), xpuBa «Teop.1-19&20») maremaTwd-

He crioxiBanus — 0,024, nucnepcis — 0,082, a Bixmo-
BIIHO IO TeOpeTHYHOTO posmoairy Ne 2 (puc. 1, 0),
kpuBa «Teop.2-19&20») maremarudHe CIIOAIBaHHS —
0,024, nucnepcis — 0,062.

Pesynwraru, HaBeeHI BUIIIE, OTPUMAaHI 3 BAKOPHC-
TaHHSM JaHUX 32 BeCh PiK ((PaKTHYHO 3a JBa POKH)
0e3 ypaxyBaHHS CE30HHHX 3MiH y TeHepaii elek-
TPUIHOI €HEPrii BITPOBUMH Ta COHTIYHUMH €JICKTPO-
CTaHIIISIMU, X042 OYEBUJIHO, IO JIJISI COHSYHHX eIIeK-
TPOCTAHIIINA CE30HHI 3MIHU MarOTh OyTH 3HAYHHUMHU 1
NeBHAa HEPIBHOMIPHICTh MpUTaMaHHa TaKoX 1 BiTpo-
BUM eJIeKTpocTaHLisaM (tadmn. 3, puc. 2). ns ypaxy-
BaHHS HEPIBHOMIPHOCTI reHepallii JaHHi ISl KOKHO-
TO POKY B IJTOMY OyJM pO3IiJeHi Ha [[Ba Jlialla30HU
(6 MicsIIiB KOXKEH), SIKi BiAOBIAIOTH OMATIOBAIEHO-
My Ta HEONAIOBAILHOMY ce30HaM B Ykpaini — 1-if
CE€30H 3UMOBHH (OXOIUTIOE Yac 3 >KOBTHS 0 Oepe3Hs
BKIIFOYHO), 2-H CE30H JIITHIN (TOYMHAFOYU 3 KBITHS 1
IO BEpECHS BKJIFOYHO).

Jist 06poOKM MaHWX 3MiHH MOTYXKHOCTI TeHepa-
1ii BITPOBHMH Ta COHSYHHUMH €JEKTPOCTAHIISIMU
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Tabnuysa 3. Tenepallist eJIeKTPOCHEPTil BITPOBHUMH Ta COHSIYHUMH €JIEKTPOCTAHIIISIMA YMOBHOIO
BCTaHOBJICHOIO MOTYXHicTh | MBT npoTsirom poky 3a BiamosinHi Micsmi, MBt-rog

Bitposi Constuni
Micsp 2019 2020 2019 & 2020 2019 2020 2019 & 2020
(cepenne) (cepenne)
CiueHb 347 259 303 25 35 30
Jlrotnit 275 328 302 44 53 48
bepesenn 281 348 315 104 94 99
KsiteHp 248 250 249 131 133 132
TpaBeHs 215 201 208 128 109 118
YepBeHb 239 158 199 144 126 135
JluneHs 153 171 162 145 150 147
CeprieHb 229 164 196 151 159 155
Bepecenb 258 193 226 106 116 111
KosTenn 135 251 193 78 71 75
Jlucronan 324 203 263 41 31 36
pynens 265 374 320 24 15 20
Bceboro 3a pik 2970 2901 2936 1121 1092 1107

JUISL BIATIOBIIHMX CE30HIB OyB 3aCTOCOBAHMI TaKHii
K€ BUIIEC HABEACHWI aJITOPUTM, SK 1 JUJIS JaHUX 3a
pik (abo 3a 1Ba poku) BiisioMmy. PesynsraTi 00poOku
JaHWUX JJI BiAMOBiAHMX ce30HiB (puc. 3 Ta 4) mo-
Ka3yIoTh, 110 TS COHAYHUX €JICKTPOCTAHIIIH MTPUTa-
MaHHE OUIBIN BUCOKE 3HAYCHHS CTAaHIAPTHOTO Bill-

MBT roz.

=== == BirpoBa-2019 = = = Birposa-2020

XWJIeHHs (qucrepcii) 1 nepioay 3 OibIl BUCOKUM
piBHEM reHeparii — IpOTSAroM JIITHBOTO CE30HY AMC-
nepcis OipIua, HIX yABiIYI MOPIBHSIHO i3 3MMOBHUM
niepiogom (puc. 4).

3a pe3yabraTaMu 3aCTOCYBaHHS METOAY HallMeH-
IIMX KBaApaTiB OTPUMaHI TaKi mapamMeTpu T€OpEeTHd-

BirpoBa-19&20 (cepenue)

400

300 A

200

100

0 T T T T T

Micsub

MBT rog.
180

= == Counstyna-2019

= = = Counsuna-2020

12

160

140
120

100
80

60

40

0+

1 2

Micsub

10 11 12

0)

Puc. 2. Teneparis enekrpoeHeprii BITpoBUMH (@) Ta COHSYHUMH (0) €EKTPOCTAHIISIMA YMOBHOIO
BCTaHOBJICHOIO NOTYXHICTh | MBT mpoTtsrom poky 3a BianosinHi micsui, MBT rox
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Birposa 3umoro 19&20 = = = Teop. 3uma 19&20
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Puc. 3. I'ictorpaMu IOTOJMHHOT 3MiHH MOTY>KHOCTI BITPOBUX €IEKTPOCTAHIIN
JUIS 3MMOBOTO (@) Ta JIITHROTO (0) Ce30HIB
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Puc. 4. I'icrorpamMu OTOIUHHOT 3MiHU MOTYKHOCTI COHSYHUX €IIEKTPOCTAHITIH
JUTSI 3MMOBOTO (@) Ta JITHLOTO (0) Ce30HIB
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C.B. LUYJIbXXEHKO

HOT'O HOPMAalIbHOTO PO3MOALTY JJS BITPOBOI TeHe-
pawii s manux 3a 2019 Ta 2020 pp.: AN 3MMOBOTO
ce3oHy (puc. 3, a) — maremarnyne criogiBanus 0,022,
muctiepcis — 0,044, a auist JiTHROTO ce30HYy (pHc. 3, 0) —
MarematmuHe crioniBanus 0,022, nucniepeis — 0,046.

OOpoOka maHWX 3MIiHA TIOTY)KHOCTI TEHeparlii
EJIEKTPOCHEPTIi COHSYHIUMHU CIEKTPOCTAHIIISIMUA JUIS
3MMOBOTO Ta JIiTHROro ce3oHiB 2019 ta 2020 pp. Ta
3aCTOCYBaHHS METOAYy HAWMEHIIMX KBaApaTiB Jae€
Taki pe3ynpTaTh: I 3UMOBOTO ce30Hy (puc. 4, a)
BIJIIOBIAHO 10 rinoTe3u | —MaTeMaTHYHe CIOAIBaHHS
0,022, mucriepcis — 0,0445, a BiAMOBIIHO 1O TiMOTe-
3u 2 — MarematuuHe crofiBanus 0,022, nucnepcis —
0,032; nnsa miTHROTO ce30HY (puc. 4, 6) BiAMOBIAHO
1o rinmore3u 1 — MmateMarnude crogisanug 0,18, auc-
niepcis — 0,0926, a BiANOBiTHO J0 TIMOTE3U 2 — MaTe-
MatuaHe crioniBanns 0,18, mucmepcis — 0,0794.

Po3paxoBani mapameTpu TEOPETHYHOTO HOP-
MaJIbHOTO PO3IOILIY JIJIs IIIOTOAMHHOT 3MIHU MTOTYXK-
HOCTI BITPOBUMH Ta COHIYHUMH €JIEKTPOCTAHIIISIMH
MOXYTh OyTH BHKOPHCTaHI JJIS OLIHKU JOIIJIBHUX
PeXUMIB eKcIUTyaraiii THy4YKoi reHeparii eHepro-
CHUCTEMH BIiJIMOBITHO /IO BCTAHOBIEHOI MOTYKHOCTI
MBJIE. OueBugHO, 10 B HIYHI TOAUHU 00CST HEOO-
X1HOT THYYKOT TreHepartii Jyis 3r1a)KyBaHHs HepiB-
HomipHocti MBJIE mae BiamoBinatu nuiie odcsram
BITPOBOI TreHepalii OCKUIBKH COHSYHAa TeHepamis
BiJICYyTHS, 1 1Iei HeOOXiJHHI piBEHb THYYKOCTI €Hep-
rocucteMu OyJe HWKYAM 3a IeHHI TOIWHU, OCKiTb-
KU COHSYHA TEHEpaIlis M0Iae HEPIBHOMIPHICTH IO
BiTpoBOi. TakuM YMHOM, OKpeMe BU3HAYCHHS Bapi-
abenpHOCTI BITPOBOI Ta COHAYHOI TeHepamii € Jo-
LIBHUM, OCKUJIBKH J03BOJIA€E O1IbII aJeKBAaTHO OLi-
HUTH BUMOTH JIO0 HASIBHOTO B €HEPTOCUCTEMI 00CATY
THYYKOCTI TIPOTATOM BCi€l 100H.

BUKOpHCTOBYIOYM aiTrOpUTM BU3HAYCHHS Mapa-
METPIB HOPMAIILHOTO PO3MOALTY 3MiHH MOTYXKHOCTI
BITPOBUX Ta COHSYHHUX EJEKTPOCTAHIIH, MOXKJIHUBO
3pOOUTH TOTIEPEIHI OIIHKK HEOOXiHMUX Jiara3oHiB
raydkoi reHepanii B8 OEC VYkpainu, BiImoBigHO 10
MIPOTHO30BaHOI BcTaHOBIEHOI moTyxHOCTI MBJIE,
SIKUH, HAIPUKIIAI, HABENCHUNU y «3BIiTi 3 BIAMOBiI-
HOCTi (IOCTaTHOCTI) TEHEPYIOUHX IOTY>KHOCTEH
(ITpoekt)» [10]. Bimmosiguo mo [10], BcTaHOBIICHA
MOTY)KHICTh BITPOBHX €JIEKTPOCTAHLINA MPOTHO3Y-
eThest Ha piBHI 4300 MBT y 2025 p. Ta 6300 MBT y
2030 p., BCTaHOBIIEHA MOTYXKHICTh COHAYHUX €IIeK-
TPOCTAHIII TPOTHO3YEThC Ha piBHI 7888 MBT y
2025 p. Ta 10013 MBt y 2030 p. BukopucroBytoun
pO3paxoBaHi MapaMeTpy HOPMAIBHOTO PO3MOMLTY
MOXIIMBO PO3paxyBaTH [iala3oHH BapiadeIbHOCTI
MOTYKHOCTI, 110 TeHEPYETHCS BITPOBUMHU Ta COHSY-
HAMH €JICKTPOCTAHIIIAMH i3 Halepen 3aIaHor WMo-
BIPHICTIO LIISIXOM MHO)KEHHSI 3Ha4E€HHS! BCTaHOBIIE-
HOI MOTYXKHOCTI Ha PO3paxoBaHi 3HAUCHHS MaTeMa-
TUYHOTO CIIOJIiBaHHS Ta/abo0 qucnepcii.

3 Teopii WMOBIPHOCTEH BiIOMO, III0 BHIIAJKOBA
BeJIMYMHA PO3MOJT SKOI € HOpMaJIbHUM Oyje 3Ha-
XOIIUTUCh Y MekaxX [—o; + o] i3 iimoBipHicTiO 0,68,
OTXe s BITpOBOi TeHepamii HEOOXiMHWH piBeHb
THYYKOCTi i3 ¥MoBipHicTIO 0,68 Oyne 3HaAXOOUTHCH
B iHTepBam [-94,6; 266,6] MBT 3 mMaremarnaHuM
cnoaianasM 86 MBT mns 2025 p. ta B iHTepBaji
[-138,6; 390,6] MBT 3 MaTeMaTHYHUM CIOiBaHHSIM
126 MBrT anst 2030 p., a U1t COHsIYHOT reHeparii Bij-
MOBi/IHI iHTEpBalX OyAyTh TaKUMH: BIAIOBITHO 0
napaMeTpiB HOPMaJIbHOTO PO3TOALTY BiIIOBIIHO 10
rimore3u 1 —[-299,7; 678,4] MBT, MareMaTH4HE CII0-
niBanaa 189,3 MBT mns 2025 p. ta [-380,5; 861,1]
MBT i3 maremarnunuM crogiBanasm 240,3 MBT qis
2030 p.; BignoBinHO 0 rinote3u 2 — [—478,4; 857,04]
MBT1, maremarnuHe cnooxiBaHds 189,3 MBt pis
2025 p. ta [-607,3; 1087,9] MBT 3 mareMaTu4HUM
criomiBanusam 240,3 MBT mis 2030 p.

BinmosigHi giarma3oHy IS 3MMOBOTO Ta JIITHHOTO
CE30HY:

- 3UMOBHI CE30H:

- BiTpoOBa reHeparis: mianazoH — [-94,6; 283,8]
MBT1, maremarnuHe crogiBanHg 94,6 MBT s
2025 p. ta [-138,6; 415,8] MBT 3 mMaremarnaHuM
cnoxaiBanuasm 138,6 MBt mis 2030 p.;

- COHsIYHA TeHepallis BiMOBIAHO A0 TinoTe3u 1:
MareMaTh4He crogiBaHug — 173,5 MBTt, mianason —
[-177,48; 524,55] MBT nns 2025 p. Ta mareMaTuy-
He criomiBaHHsa — 220,3 MBrT, miamazon — [-225,29;
665,86] MBT mist 2030 p.;

- COHsYHA TeHepallis BiMOBIAHO 1O TiNoTe3u 2:
MareMartudHe cromiBaHas — 173,5 MBT, mianaszon —
[-78,88; 425,95] MBT nns 2025 p. Ta mareMaTuy-
He crniomiBaHHsa — 220,3 MBrT, miamazon — [—100,13;
540,72] MBT a1 2030 p.;

- JIITHIM CE30H:

- BITpOBa reHepailis: miamazon — [—124,7; 262,2]
MBT1, maremarnude croogiBanHg 94,6 MBT s
2025 p. ta [-182,7; 384,3] MBT 3 maremaruyHuM
cnoxaiBarasaM 138,6 MBt mis 2030 p.;

- COHSYHA TeHeparlis BiAMOBITHO A0 TirmoTe3n 1:
MareMaTh4yHe crnomiBaHHsa — 142 MBTt, mianma3on —
[-588,61; 872,58] MBT mns 2025 p. Ta MmareMaTu4-
He crnomiBanusa — 180,2 MBrT, miamason — [-747,18;
1107,65] MBT mns 2030 p.;

- COHSYHA TeHepallisl BiJIMOBIMHO IO TimoTe3u 2:
MareMaTh4He criogiBaHug — 173,5 MBT, miamazon —
[-484,35; 768,31] MBT mns 2025 p. Ta MareMaTH4-
e crnomiBauus — 220,3 MBrT, miamason — [-614,83;
975,3] MBT ana 2030 p.

BUCHOBKH

1. Crane ouikyBaHe MaliOyTHE 3pOCTaHHS BCTa-
HOBJICHOI ITOTY>KHOCTI MIHJIUBHX BITPOBOI Ta CO-
HSYHOT reHepaliil y cBiTi moTpedye OUIbII TOYHOTO
MPOTHO3YBaHHA 00CATIB TeHEPYBaHHS HUMU MOTYXK-
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HOCTI JJI1 KOJKHOTO JIHS Ta y MEXax OJHIi€l 100U 3
YaCOBUM IHTEPBAJIOM OJlHA TFOJMHA, a TAKOXK OI[IHKU
piBHIB 30ypeHb, SKHH NpPUTAMaHHUNH LBOMY THUITY
TeHepylounx moTyxHocTei. Lli 30ypeHHsS MaroTh
3TMIaJKYBATACh HA PiBHI €HEProCHUCTEMH iHIIMMM,
3a3BUYAN TpamWIiHUMA, TUNIAMH TeHeparlii mpu-
HaliMHI 11100 3a0€3IeUnTy MOKA3HUKU HAIIHHOCTI
EJIEKTPUYHOT MEpeXki Ta HaJeXHY SIKICTh €JIEKTPO-
e”eprii. BaxxnuBuM nuTaHHSAM € BU3HaYCHHS HEOO-
XiTHOTO PiBHSA THYYKOCTI B €HEPrOCUCTEMH, 100
3rmanuty 30ypenas MBJIE, BinmoBigHo 10 moTod-
HOTO 1 MailOyTHBOTO piBHIB i BCTAHOBJIEHOI IIO-
Tyx)HOcTi. HemocrarHili oOcsir THy4YKoi reHeparii
MPU3BOAUTH JI0 HEOOXiTHOCTI OOMEXKECHHS OOCATIB
reHepyBaHHs enekrpoeHeprii MB/IE, mo Herarus-
HO BIUTMBa€ Ha €KOHOMIYHY €(DEeKTHBHICTh 00 €KTIB
reHepaiii 9ucToi enxexTpoeHeprii. 3 iHmoro OOKYy,
BIIOCKOHAJICHHS CKJIQJAOBUX THYYKOCTI ICHYIOUHX
€JICKTPOCTAHIIIM BUMarae 3HaYHUX IHBECTHUIIH Ta
3HA4YHOTO Yacy Ha 3[iHCHEHHS MOJAEpHi3alii, i ToMy
BOXJIMBUM NHTAaHHSAM € BU3HAYCHHS HEOOXiJHOTO
PiBHSI THYYKOCTI B €HEPTrOCHUCTEMH, MO0 3IITaJUTH
30yperrs MBJ/IE, BiAMOBiAHO 10 TOTOYHOTO 1 Maii-
OyTHBOTO PiBHIB 11 BCTAHOBJICHOI MMOTY>KHOCTI.

2. Hapasi 3aranpHomnpuiiHsaTa ogiliajibHa Halli-
OHaJIbHA METOJMOJIOTISl OI[IHKA HEOOXIAHOro 00CsTY
THYYKOCTi, II0 BHHUKa€ BHACHIIIOK BIPOBaKCH-
Hs1 MBJIE B OEC VYkpainu Bincytns. bineim Toro,
Hapa3i B YKpaiHi He iCHy€ 3araJlbHOTO PO3YMiHHS
HayKOBHIX ITAXOMIB, SKi MOXYTh OYTH BHUKOPHCTA-
HI JUIS OI[IHKM HEOOXITHOro 00CATy BCTaHOBJICHOT
MOTYKHOCTI THY4YKOI Tr'eHepalii, sika Mae HaXiliHO
koMreHcyBatu 30ypennst reHepauii MBJE. Iuryi-
THUBHO 3p03yMiJio — ockinbkn MBJIE renepyrots mo-
TYXHICTh CTOXaCTUYHO, TO AOLIUIBHO 3aCTOCYBAaTH
METOJIM CTATHCTHYHOTO aHai3y. B crarti mpemcras-
JICHI OI[IHKM JOAaTKOBOTO OOCATY THYYKOCTI, SIKAU
pO3paxoBaHMil 3 BUKOPHCTAHHSM METOHIB CTaTHC-
TUYHOI 0OPOOKY ICTOPUYHUX JJAHUX IIOJI0 TeHepallii
enexkrpoeneprii MBJIE B OEC VYkpainu npotsirom
2019 Ta 2020 pp.

3. Pesynbsrari 00OpoOKM MaHWUX MIOTOAMHHUX 3MiH
MOTY)KHOCTI BITPOBUX Ta COHSYHHUX CEJEKTPOCTaH-
iii [03BONSIOTH CGHOPMYJIOBATH TiMOTE3y MIONO
HOPMaJIBHOTO PO3MOIUTY AJIsi KOXKHOTO 3 LUX PSAiB
JaHUX. Y CTaTTi HaBeIEHI pe3ylbTaTH PO3PaXyHKY
napaMeTpiB HOPMaJIbHOTO PO3MOAUTY It (aKTH4-
HUX JJaHUX TeHepallii BITpOBOI Ta COHSIHOI EJIEKTPO-
eneprii 3a 2019 ta 2020 pp. BUHiJIOMY, a TaKOX JUIS
OMAJIOBAJILHOTO (3MMa) Ta HEOMATIOBAJILHOTO (JIITO)
ce30HiB B Ykpaini. Po3paxoBaHi mapameTpu 103B0JIs-
I0Th 3pOOUTH OINIBIN TOYHY OILIHKY CE30HHUX PIiBHIB
BapiabempHOCTI MBJIE, 1110 0COONIMBO Ba)KIHBO IS
COHSYHOI TeHepaIii.

4. 3anpornoHOBaHA B CTATTi METOIOJIOTISI JI03BOJISIE
MONepenHbO OLHUTH PEKUMH EKCIUTyaTalii THy4YKoi
reHeparlii, BIIIOBIIHO IO BCTAHOBICHOI MOTYXHOC-
1i MBJIE. Y HiuHI romuHHA 00CAT HEOOXiHOI THYYKOI
reHepauii 11 301aDKyBaHHS HepiBHOMIpHOCTI MBJIE
Ma€ BiJITIOBITaTH JIHIIIE 00CsTaM BiTPOBOI TeHeparlii Je-
pe3 Te, 1110 COHsIYHA FeHepallis BiICYTHS, 1 1Iei HeoOXi-
HHH piBEHb THYYKOCTi €HEPrOCUCTEMH Oy/ie HUXKIUM 32
JICHHI TOJIMHH, OCKLUJIBKY COHSYHA TeHEpallis J0/la€ He-
PIBHOMIpHICTB 110 BiTpoBoi. Takum 4rHOM, OKpeMe BU-
3HAUeHHS BapiadeIbHOCTI BITPOBOI Ta COHSIHOI TeHepa-
il € JOLIJIBHUM, OCKUILKH J03BOJISIE OUIBII a/1eKBAaTHO
OIIIHUTH BUMOTH JI0 HAIBHOTO B €HEPrOCUCTEMI 00CSTY
THYYKOCTI TPOTSITOM BCi€i OO A7 CE30HIB 3UMa/JIITO.

5. OuiHkHW, OTpUMaHi B CTarTi, MOXYTb OyTH BH-
KOPHUCTaHI K MEePIIUN KPOK JUIst OLIbI €(heKTUBHOTO
YIpaBIiHHS PUHKOM EJIEKTPUYHOI eHeprii, Harpwu-
KJIaJ, 32 paxyHOK OUIBIT TOYHOTO IPOTHO3YBAHHS
HeoOXiHOTo 00csTy THYYKOl reHeparnii abo momo-
MDKHUX TIOCIYT B €HEProCcHUCTEeMH IJisil i1 BHYTpill-
HBOZO00O0BOI 30aJ1aHCOBAHOCTI.
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STATISTICAL PROCESSING OF WIND AND SOLAR PV GENERATION VARIABILITY
FOR ASSESMENT OF ADDITIONAL POWER SYSTEM FLEXIBILITY

Stable future growth of variable wind and solar PV installed capacity in power systems
worldwide critically requires accurate forecasting of its day-by-day and hour-to-
hour generation mode and assessing the levels of potential disturbances this type
of generation could cause. These disturbances should be smoothened in the Power
System by others, usually conventional generators at least to ensure grid stability
and electricity quality. One of the key questions for any Power System operation and
development planning what additional flexible generation needed to smooth variable
renewable energies (VRE) disturbances? Because of the stochastic nature of VRE
generation, the obvious method to assess the volume of additional flexible capacity
is statistical processing of historical VRE generation data, which was applied to the
2019 and initially partially 2020 data (the results for 2020 have been updated and
presented in the article for a whole year as statistical data became available). The
results of statistical processing show that depending on VRE installed capacity and
accepted level of probability of VRE generation variability the additional several
hundred MW of flexible generation should operate in the Power System to abate
disturbances caused by VRE.

Keywords: variable renewable energy, power system, flexibility, generation

profile, statistical data processing.

The development of renewable energy, includ-
ing variable wind and solar PV electricity genera-
tion, which is commonly named variable renewable
energy (VRE) is supported in Ukraine by several
legislative acts [1-3]. There are more than 1.1 GW
of wind and more than 5 GW of solar PV expected
to be connected to the Ukrainian Integrated Power
System (IPS) by the end of 2020, also expected fur-
ther growth of installed VRE capacity. During 2020
NPC “Ukrenergo”, Ukrainian Transmission System
Operator sometimes has curtailed VRE generation,
maintaining the balance between electric power con-
sumption and generation ensuring grid stability and
enough volume of operating reserves. These curtail-
ments are explained by the actual lack of flexibility,
which occurs due to the inadequate volume of con-
ventional balancing generators capable of smoothing
disturbances caused by the variability of wind and
solar PV electric power output.

The flexibility of the Power System is a new com-
monly used term. According to the IRENA [4] which
refers to [5] as a source: “Power system flexibility is
defined as the ability of a power system to reliably
and cost-effectively manage the variability and un-

© S.V. SHULZHENKO, 2021

certainty of demand and supply across all relevant
timescales”. The need to increase power system flex-
ibility is induced by the high penetration of clean but
variable renewable generation into the power grids,
which is a global trend and hence [6]: “As power
systems around the world transform, power system
flexibility has become a global priority”. There are a
number of approaches to improve power system flex-
ibility [7], but basic and one of the most reliable ones
is to operate flexible power plants with controlled op-
eration modes. Currently, at the stage of the power
systems starts transformation, the sources of power
system flexibility basically are the power plants
whose individual flexibility is characterized by three
dimensions: adjustability, ramping and lead time [8].
The improvement of existing power plants flexibility
requires an essential investments and time to retro-
fit them, and because of that the important question
- what is the required level of power system flexibil-
ity is needed to smooth current and future VRE gen-
eration. This, required power system flexibility level
caused by VRE penetration is individual for each
national power system and depends not only on the
installed capacity of VRE but also on each country’s
climatic and weather conditions. The article presents
assessments of the additional flexible capacity vol-
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ume which was calculated using statistical processing
of historical VRE generation data for 2019 and 2020
of the Ukrainian Power System.

There is no official or commonly accepted national
methodology to assess the required amount of flexi-
ble capacity due to the high penetration of variable re-
newables in the Ukrainian Power System. Moreover,
there is no common understanding in Ukraine about
scientific approach(es) that could be used to assess
the amount of reserve capacity to reliably compen-
sate fluctuations of renewables. Intuitively clear that
because of stochastic nature of renewable (wind and
solar) generation then some sort of stochastic analysis
will be reasonable to apply.

The rapid growth of wind and solar installed ca-
pacity is observed in Ukraine during the last two
years, the installed capacity of photovoltaic solar sta-
tions (PV) has reached 5.4 GW by the end of 2020
compared to 1.3 GW at the beginning of 2019, the in-
stalled capacity of Wind reached 1.1 GW by the end of
2020 compared to 389 MW at the beginning of 2019.
Compare to the overall installed capacity of genera-
tors of Ukrainian Power System (nuclear — 13.8 GW,
hydro — more than 5.5 GW, coal thermal power plants
— more than 25 GW and some other generations) the
level of renewables before 2019 was comparatively
small, hence the statistics about renewable’s genera-
tion before 2019 was not very reliable. That is why
the actual data about wind and PV installed capaci-
ties (table 1) and generation profiles were used for the
2019 and 2020 years.

There are 8760 hourly measurements available for
2019, and 8784 — for 2020. The data for wind and
solar PV generation were processed to calculate the
hour-by-hour change power output. The zero-power
generation by PV during the night time was not ac-
counted for processing, thus for PV there are 4829
values were processed for 2019 and 4944 — for 2020.

The available hourly power generation statistics
for wind and solar PV consist of absolute levels of
power outputs, which obviously depend on the actual
wind and solar PV installed capacity for each period,
to provide comparability of processed data for differ-
ent periods the absolute values of power output from
wind and solar PV were divided by appropriate (wind
or solar PV) installed capacity. Thus, we get power
output per | MW of installed capacity during each
hour for any time periods considered. And vice versa,
multiplying figures of power output from 1 MW on
(projected) installed capacity We will get the absolute
generation levels, which could be used to assess ab-
solute levels of required amounts of flexible capacity.

The data processing procedure for wind and solar
PV power generation data set (related to the 1 MW of
installed capacity) includes such steps:

1) calculations of the difference between levels of
power generation for neighboring time periods:
AR, ,=F —-F,_;VteT, where T - total
number of statistical observations for processing;
AR, ,, — difference between neighboring time peri-
ods, MW; P, F,,, —power output during time slice
t and (¢ —1), MW;

2) calculation of absolute minimum and maximum
values for data sets calculated at step 1);

3) dividing the obtained at step 2) range into 20
equal intervals;

4) calculation the frequencies of appearing each
value within an appropriate interval.

Also, the additional data processing was made for
the data set which was constructed unifying two data
sets into one (“2019 & 2020 together” in table 2).

The results of hour-by-hour power output
change for wind and solar PV (table 2 and appro-
priate histograms — fig. 1) are allowed to make a
hypothesis about the normal distribution for each
of these data sets.

Table 1. Installed capacity of Wind and PV generation embedded to the Ukrainian Power System [9], MW

Wind PV Solar PV
Month

2019 2020 2019 2020
January 389 1036,5 1310,4 3792,8
February 4413 1036,5 1629,6 3966,8
March 510,6 1036,5 1692,1 4231,3
April 579,5 1050 1777,8 4368,3
May 611,9 1064,7 1925,4 4515,4
June 611,9 1064,7 2161,6 4593,3
July 628.,6 1070,7 2312,4 4683,8

August 636,6 1070,7 2371,2 4911
September 697,9 1070,7 2514.,8 4938,3
October 831,7 1070,7 30382 5005,7
November 1013,5 1070,7 31454 5061,6
December 1025 1111,2 3555,4 5362,6
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Table 2. The frequencies of wind and solar PV hour-by-hour power output changes, MW

Wind PV Solar PV
Interval 2019 & Interval 2019 &
Interval # of power | 519 | 2020 2020 ofpower | 5519 | 2020 2020
output output
change together change together
1 (Abs. Min value) —-0,387 1 0 1 -0,229 1 0 1
2 -0,343 0 1 1 -0,204 1 0 1
3 -0,299 1 4 5 -0,179 6 9 15
4 —0,255 8 8 16 -0,153 58 59 117
5 -0,211 31 27 58 -0,128 182 149 331
6 -0,167 55 47 102 -0,103 320 262 582
7 0,123 172 126 298 -0,078 331 348 679
8 -0,079 436 377 813 —0,052 437 401 838
9 -0,035 1137 1095 2232 -0,027 463 515 978
10 0,009 3418 3745 7163 —-0,002 397 554 951
11 0,053 2265 2258 4523 0,024 865 956 1845
12 0,097 771 718 1489 0,049 468 473 941
13 0,141 281 229 510 0,074 353 345 698
14 0,185 113 79 192 0,100 295 258 553
15 0,229 47 36 83 0,125 288 288 576
16 0,273 12 21 33 0,150 227 158 385
17 0,317 9 8 17 0,175 96 124 220
18 0,361 1 2 3 0,201 34 40 74
19 0,404 2 0 2 0,226 4 5 9
20 0,448 0 0 0 0,251 2 0 2
21 (Abs. Max value) 0,492 0 3 3 0,277 1 0 1
Total number of 8760 | 8784 | 17544 4829 | 4944 9797
observations (hours)

The method of least squares was used to find the
value of dispersion (the hypothesis that statistical av-
erage is equal to theoretical mean was accepted) pro-
viding the best fit between a statistical histogram and
normal distribution. For wind data, the near-ideal fit
is obtained, but for solar PV data due to its variabil-
ity, at least two theoretical normal distribution curves
could be constructed with the near-equal difference
between statistical data and theoretical normal distri-
bution. Hence, the parameters for normal distribution
that provide the best fit of statistical wind curve (fig.
1 a) for 2019 and 2020 with theoretical one is mean -
0.02, dispersion — 0.042. The parameters for normal
distribution that provide the best fit of statistical PV
curve (fig. 1 b) for 2019 and 2020 with theoretical
one are: option 1 - mean - 0.024, dispersion — 0.084;
option 2 — mean - 0.024, dispersion — 0.062.

The above-mentioned results have been obtained
for a whole year and do not take into consideration the
seasonal variation of electricity production or power
output of wind and solar PV generation, though it is
absolutely obvious for solar PV generation, and some-
how for wind generation too (table 3, fig. 2). Based on
this the data for wind and solar PV generation were
split into 2 ranges (6 months each), which are corre-

sponding to a duration of a heating/no-heating seasons
in Ukraine - 1-st for winter (October - March), 2-nd
one for Summer (April - September).

The same, above-mentioned data processing pro-
cedure for wind and solar PV average generation
during winter and summer seasons was used. The re-
sults (fig. 3 and fig.4) of data processing shows that
for solar PV data set a higher standard deviation (dis-
persion) value is corresponding to the seasons with
higher generation levels — during a summer season
the dispersion value more than 2 times larger com-
pared to a winter one (fig. 4).

The parameters for normal distribution that provide
the best fit of statistical wind curve for winter season
(fig. 3 a) using data for 2019 and 2020 with theoretical
one is mean - 0.022, dispersion — 0.044, and for sum-
mertime (fig. 3 b) — mean 0.022, dispersion — 0.046.

The parameters for normal distribution that pro-
vide the best fit of statistical solar PV curve for win-
ter season (fig. 4 a) using data for 2019 and 2020
with theoretical one are: option 1 - mean - 0.022, dis-
persion —0.0445; option 2 — mean - 0.022, dispersion
—0.032, and for summer season (fig. 4 b): option 1
—mean — 0.18, dispersion — 0.0926; option 2 — mean
—0.18, dispersion — 0.0794.
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Fig. 1. The histograms of wind (a) and solar PV (b) hour-by-hour power output changes

Table 3. Monthly electricity generation by wind and solar PV reduced to IMW
of installed capacity, MWh

Wind PV Solar PV
Month
2019 2020 20(:135223)20 2019 2020 20(}135‘&23)20
January 347 259 303 25 35 30
February 275 328 302 44 53 48
March 281 348 315 104 94 99
April 248 250 249 131 133 132
May 215 201 208 128 109 118
June 239 158 199 144 126 135
July 153 171 162 145 150 147
August 229 164 196 151 159 155
September 258 193 226 106 116 111
October 135 251 193 78 71 75
November 324 203 263 41 31 36
December 265 374 320 24 15 20
Sum 2970 2901 2936 1121 1092 1107
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Fig. 2. Monthly electricity generation by wind (a) and solar PV (b) reduced
to IMW of installed capacity, MWh
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Fig. 3. The histograms of wind (during a winter season —
a), and for summertime -b) hour-by-hour power output changes
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Fig. 4. The histograms of solar PV (during a winter season —
a), and for summertime -b) hour-by-hour power output changes

The parameters of theoretical normal distribu-
tions (mean and dispersion) which were calculated
for hour-by-hour wind and solar PV generation
changes could be used to assess operation modes of
flexible generators in the power system depending
on levels of wind and solar PV installed capacities.
Also is clear that during nighttime the flexible gen-
eration is needed to smooth only wind generation be-
cause of the absence of power output from solar PV,
and this level of flexibility will be lower compared to
the daytime as solar PV generation fluctuations are
added to the wind. Therefore, the separate assess-
ments of wind and solar PV variation are important
as this allows more adequately assess required levels
of power system flexibility during a whole day.

Taking into account above stated approach and re-
sults the preliminary ranges of flexible generation’s
operation modes according to the installed capacities
of VRE generation projected in «Adequacy Report
2020 (Project)» [10] could be assessed. The installed
capacity of renewable energy sources according to
the «Adequacy Report 2020 (Project)» are forecasted
at levels: 4300 MW in 2025 and 6300 MW in 2030
for wind, and for PV - 7888 in 2025 and 10013 MW
in 2030. Using the parameters of the theoretical nor-
mal distributions, we obtained as a result of process-
ing statistics, we can estimate the range of variation
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of the output power with an acceptable probability
multiplying the value of installed capacity by calcu-
lated mean and/or dispersion.

It is known that for events distributed according to
the normal distribution law the random value will be
within the range of [-o;+ o] with probability 0.68, hence
for wind the required level of flexibility with probability
0.68 will be within the range [-94.6;266.6] with mean 86
MW for 2025 and [-138.6;390.6] with mean 126 MW
for 2030, and for solar PV appropriate ranges will be:
using parameters of theoretical distribution according
to the option 1) —[-299.7;678.4] with mean 189.3 MW
for 2025 and [-380.5;861.1] with mean 240.3 MW for
2030, and according to the option 2) — [-478.4;857.04]
with mwan 189.3 MW for 2025 and [-607.3;1087.9]
with mean 240.3 MW for 2030.

The appropriate ranges for:

- winter season are:

- wind generation: [-94.6;283.8] with mean
94.6 MW for 2025, and [-138.6;415.8] with mean
138.6 MW for 2030;

- solar PV generation, mean and dispersion ac-
cording to the Option 1: mean — 173.5 MW, range
- [-177.48;524.55] for 2025, and mean - 220.3 MW,
range - [-225.29;665.86] for 2030;

- solar PV generation, mean and dispersion ac-
cording to the Option 2: mean — 173.5 MW, range
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- [-78.88;425.95] for 2025, and mean — 220.3 MW,
range - [-100.13;540.72] for 2030;

- summer season are:

- wind generation: [-124.7;262.2] with mean 94.6
MW for 2025, and [-182.7;384.3] with mean 138.6
MW for 2030;

- solar PV generation, mean and dispersion ac-
cording to the Option 1: mean — 142 MW, range —
[-588.61;872.58] for 2025, and mean — 180.2 MW,
range — [-747.18;1107.65] for 2030;

- solar PV generation, mean and dispersion ac-
cording to the Option 2: mean — 142 MW, range —
[-484.35,768.31] for 2025, and mean — 180.2 MW,
range — [-614.83;975.3] for 2030.

CONCLUSIONS

1. Stable future growth of variable wind and so-
lar PV installed capacity in power systems worldwide
critically requires accurate forecasting of its day-by-
day and hour-to-hour generation mode and assessing
the levels of potential disturbances this type of gen-
eration could cause. These disturbances should be
smoothened in the Power System by others, usually
conventional generators at least to ensure grid stabil-
ity and electricity quality. One of the key questions
for any Power System operation and development
planning what additional flexible generation needed
to smooth variable renewable energies (VRE) distur-
bances? Lack of flexible generation causes VRE cur-
tailments that negatively affect economic efficiency of
such clean generation. From the other hand, the im-
provement of existing power plants flexibility requires
an essential investments and time to retrofit them, and
because of that the important question - what is the
required level of power system flexibility is needed to
smooth current and future VRE generation.

2. There is no official or commonly accepted na-
tional methodology to assess the required amount
of reserve capacity due to the high penetration of
variable renewables in the Ukrainian Power Sys-
tem. Moreover, there is no common understanding
in Ukraine about scientific approach(es) that could
be used to assess the amount of flexible capacity to
reliably compensate fluctuations of renewables. In-
tuitively clear that because of stochastic nature of re-
newable (wind and solar) generation then some sort
of stochastic analysis will be reasonable to apply. The
article presents assessments of the additional flexible
capacity volume which was calculated using statisti-
cal processing of historical VRE generation data for
2019 and 2020 of the Ukrainian Power System.

3. The results of statistical data processing for
wind and solar PV hour-by-hour power output chang-
es allow accepting the hypothesis about the normal
distribution of these data sets. The key parameters
of theoretical normal distributions are calculated for

wind and solar PV data sets for 2019 and 2020 as
a whole, and also for winter and summer seasons,
which allow obtaining a more precise assessment of
variability levels for renewables, especially for solar
PV hour-by-hour generation changes.

4. The methodology proposed in the article allows
the preliminary ranges of flexible generation’s opera-
tion modes according to the installed capacities of VRE
in the power system could be assessed. Because during
nighttime the flexible generation is needed to smooth
only wind generation due to the absence of power out-
put from solar PV, separate assessments for wind and
solar PV variability are needed. Therefore, the separate
assessments of wind and solar PV variation were calcu-
lated and this allows more adequately assess required
levels of power system flexibility during a whole day
and according to the winter/summer season.

5. The assessments obtained in the article also could
be used as the first step for more efficient management
of'the electricity market, for instance, forecasting the re-
quired level of flexibile generation or ancillary services
market for intraday power system balancing.
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