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ONTUMI3ALIS AUCNETYEPUSALL FEHEPYIO4UX NOTY)XHOCTEW EHEPFTOCUCTEMU
3A YMOBUW OBMEXEHHS MEHEPALLJI BITPOBUX TA COHAYHUX EJIEKTPOCTAHLLIA

Y crarTi po3rnsHyTO TP MeToAn 0OMexeHHs reHepadii notyxHocti BEC ta CEC: 1) 06-
MeXeHHSI abCoJIIOTHOro0 MakCUMaJslbHOro PIBHSI MOTYXHOCTI, 2) 3aCTOCYBaHHSI €4MHOIM0
06MEXYHOro koedilieHTa HaBaHTaXEeHHS MPOoTArom Aobu 1a 3) 3acTocyBaHHSI 3MIHHOIO
0OMEXYI40ro KoeilieHTa HaBaHTaXeHHS 4151 KOXHOIro 4acoBOro iHTepBaJsy rnpoTsiroMm
A06u. KoxeH 3 MeTosiB OKpeMo peaslisoBaHO y MOAES MaTeMaTuyHOro rnporpamyBaHHs
3 Lif104ncensHUMU 3MIHHUMU, sika 3abe3reyye rnoLuyk onTuMasabHOro Ckaay 1a 3aBaHTa-
XXeHHs1 eHeprobiokis TerioBux ( TEC) Ta atomHux (AEC) enektpocTaHuiii, rigpoarperaris
rigpoakymysnoounx (FAEC) Ta rigpasniynmx (FTEC) enekTpocTaHLUil, a Takox 0OMeXEeHHS
reHepauii noTyxHocTi BiTpoBux (BEC) Ta coHsiuHux (CEC) enekTpoCTaHLivi npy nOKPUTTI
roanHHOro 4o60Boro rpagika enekTpuyHNx HaBaHTaxeHs (FEH). Pe3ynbtaty po3paxyH-
KIiB 4O3BOJISOTL OLIHIOBATY €(PEKTUBHICTL 3aCTOCYBAHHSI KOXHOIO i3 3arporioHoOBaHux
MeToAiB 0OMEXEHHS 3 ypaxyBaHHSIM Takux OCHOBHUX ¢akTopiB: o6csir He4oBupob1eHOI
eHeprii BITDOBUMU Ta COHSIYHUMY €/1IEKTPOCTaHLSIMY MPOTSroM 400U, MOXIUBICTb ypa-
XyBaHHS1 piBHS1 po3BaHTaxxeHHs1 BEC ta CEC sik 404aTKOBUX PE3EPBIB Ha PO3BAHTAaXEHHS],
a T1akox y Burnaaky oomexeHoi reHepadii BEC ta CEC sik 1oaaTkoBux pe3epBiB Ha HaBaH-
TaxeHHsi. MaremartunyHa mogesns Moxe 6yTn 3aCTocoBaHa B 3afa4ax sik KOPOTKOCTPOKO-
BOro popMyBaHHSI MPOrHO3HWX 6asiaHCiB NnokpuTTs 4060BUX rpadikiB eneKTPNYHNX Ha-
BaHTaXeHb, TakK i B AOC/AXEHHSIX JOBrOCTPOKOBOIr0 PO3BUTKY Fr€HEPYIOYMNX MOTYXHOCTEN
HavuioHanbHOI eHeprocucTemMu, 30Kpema, B I0C/IIIKEHHSIX 6anaHCOoBOI HaaiiHOCTi eHep-
rocucTeMu B yMoBax 3Ha4yHux obcsiriB BctaHoBeHoi noTyxHocTi BEC ta CEC.

Kt 4oBicsoBa: eHepretmyHa cuctema, 4060Buii rpagik HaBaHTaXXeHHs1 eHeprocuc-
TEMU, METOAM MOLLYKY POBACTHUX PiLLeHb, MOAEsb JIiHIVIHOro nporpamMmyBaHHsl, pe3epB
BIIHOBJIEHHSI 4aCTOTW.

JepxaBHa miOTpUMKa BHUKOPHCTaHHS BigHOB- | myHKTI 1 Crarti 5 «Jlep:kaBHa MOJITHKA B €IEKTPO-

JOBaHMX JDKEped eHeprii BW3HaueHa B YKpaiHi Ha
HaWBUIIOMY 3aKOHOIaB4YOMYy piBHI [1, 2], 30Kkpema,
peasizariis i ctanoro po3Butky Ne 7, nependadae
3a0e3mevyeHHs] AOCTYNmy 10 (iHaHCOBO-AOCTYIHHX,
Cy4YaCHHMX EKOJIOTIYHO-YMCTUX BHJIB €Heprii, cepen
SKUX BaXXJIMBY POJIb Ma€ BifirpaBaTH BiJHOBIIIOBaHA
eHepretuka. lIpiopuTeT pPO3BUTKY BiIHOBIIOBAHOT
EHEPreTUKH TaKK SBHO MIATPUMYETHCS 3aKOHOM
VYkpainu «[Ipo puHOK enekTpu4HOi eHeprii» [3],
30Kkpema, y myHkTi 2 Crarti 3 «[Ipunnunu ¢yHKIi-
OHYBaHHSl PUHKY eJIeKTpu4HOi eHeprii» Pozmimy I
«3aranpHi TOJOXKEHHS» BH3HA4YEHO, Mo «DyHKITi0-
HyBaHHS PUHKY €JICKTPUIHOI CHEPTril 3MIHCHIOETHCS
Ha TPUHIUNAX: ... 8) CIPHUSHHS PO3BUTKY aJbTEp-
HATMBHOI Ta BIJHOBJIIOBAHOI €HEPICTUKH; ...», & Y
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enepretuiti» Po3minmy II «/lepxaBHa momiTHKa, pe-
TYIIIOBaHHA y c(epi eTeKTpOeHepreTHKy Ta Oe3reka
MOCTa4aHHA» MpPsAMO BHU3HAueHO, 1o «/lepkaBHa
MOJITHKA B €NEKTPOCHEPIeTUIll CIPSAMOBaHa Ha: ...
4) crpusHHS BUPOOHHULTBY €NEKTPUYHOI eHeprii 3
JIBTEPHATUBHUX JKEpesl eHepril Ta PO3BUTKY pO3-
TToiJIeHOI TeHepamii 1 oOmagHaHHSA T aKyMYyIo-
BaHHS eHepril; ...». CTpIMKHN PO3BUTOK BITPOBOI Ta
COHSIYHOI €JICKTpOeHepreTuku B ckiani 00’ eqHaHol
eneprocuctemu (OEC) Ykpainu yckinagHuB peKUMH
if poboTH, 110 3MYLTYBaJIO OTIEpaTopa CUCTEMH Iepe-
nadi YKkpainu 33015 MiATPUMKH Oe3MeKH MOCTaYaHHs
E€HEProCUCTEMH BITIJIOMY OOMEXYBATH ITOCTA49aHHS
EIeKTPOCHEPTii BiJ 00’ €KTIB BiIHOBIIOBAHOI €HEpre-
TUkH [4, 5], mo y 2020 p. Oyio JieranizoBaHo Ha piBHI
3axony Ykpainu «IIpo pHHOK eNeKTpUYHOI eHepriiy,
kUi OyB IOMOBHEHHII HOPMOIO IIONO MOXKIHBOCTI
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OOMEKeHHsI TeHepalil eJleKTpoeHeprii BUpOOIeHOT
00’eKTaMH BiZJHOBIIIOBAHOI €HEPIeTUKH [6], 30KpeMa,
nyHKT 3 Crarti 2 «IIpaBoBi ocHOBH (YHKIIOHYBaH-
HS PUHKY eJIeKTpU4HOi eHeprii» Pozainy . «3aranbhi
TIOJIOXKEHHS» BUKIIAJICHUH y Takil pemakii: «[IpaBu-
Jla pUHKY BU3HA4Yal0Th, 30KPEMA, ... IOPAIOK HaJaH-
HSl TTOCITYT i3 3MEHIICHHS HABaHTa)XCHHS BUPOOHU-
KOM, SIKUH 31MCHIOE IPOJIaXK €ICKTPUYHOI eHeprii 3a
«3eneHuM» Tapu(oM ado 3a ayKIIOHHOIO IIHOIO ...)».
OTxe oOMexeHHs rerepatii enexkrpoeneprii BEC ta
CEC Hapasi € JleralbHIM 3aXO0J0M, aJi¢ BU3HAYUTH
MPUHHATHUHN BCiMa Cy0’€KTaMU PUHKY €JIeKTPOCHEp-
rii YKkpaiHu adroput™M oOMeXeHHS IIbOTO THUITY TeHe-
pallii He € TPHUBIAJILHOIO 3a7a4€l0. Y CTaTTi 3 BHKO-
PHUCTaHHSIM MOZAEJ MaTeMaTUYHOTO HPOrpaMyBaHHS
[7-9], sixa Oyna momMOBHEHa BiATOBIIHWMHU PiBHSH-
HSIMU HaBeJeHI Pe3yNIbTaTh PO3PaxyHKIB AHCIIETYE-
pu3arii reaepyrounx noryxxkaocreit OEC Ykpainu 3a
YMOBH 3aCTOCYBaHHS TPbOX IMIJIXOIB 10 OOMEKEHHS
rerepaiiii BEC ta CEC, a Takox 31iliCHeHO X mopiB-
HSUTBHUN aHai3.

Hes3Bakatoun Ha Te, II0 MOAEIIOBAHHIO PO0O-
TH 00’€KTiB BIAHOBIIOBAHOI €ICKTPOCHEPTIETHKH 3a
YMOB 00ME)KEeHb TeHepallii PUCBIICHO JOCUTD Oara-
TO HAYKOBHX JIOCII/DKEHB Ta cTarel, Hanpukiaf [ 10—
13], B HUX SIK IPaBWJIO PO3IIAIAAETHCSA OAWH 3 METO-
JIiB 0OMEXEHHS TeHepallii, i OCKUIBKH JIOCIIKSHHS
301MCHIOIOTECS 32 PI3HUX MAaTeMaTHYHUX MOAETCH Ta
MIPUITYIIEHB MO0 BXiMHOI iHpopMaIlii, TO TOpiBHATH
PE3YIbTaTH Iy’Ke Ba)KKO, AKIIO B3araiai MOXJIHMBO. Y
CTaTTi PO3MIISIHYTO TPH METO/Ia OOMEKEHHS TeHeparlii
notyxHocti BEC ta CEC: 1) oOMexeHHs1 aGCOIIOT-
HOT'0 MaKCHMAJIBHOTO PiBHsI MOTYKHOCTI (#aji — 00-
MeXEHHs a0COIOTHOTO MaKCUMYyMY ); 2) 3aCTOCYBaH-
HS €IUHOTO OOMEXyrodoro koedillieHTa HaBaHTa-
YKEHHS TPOTIToM 106u (mairi — oOMeXeHHsT T0O0BOTO
koe(illieHTa HaBaHTa)XEHHS); 3) 3aCTOCYBaHHS 3MiH-
HOTO 00MEXKYH0U0ro Koe(illieHTa HABAHTAKCHHS 15
KO)KHOTO 4acOBOTO 1HTEpBay MpOTAroM aobu (mami
— oOMexxeHHs JUIs KOKHOTO iHTepBaiy). Po3paxyH-
KM BUKOHYBAIUCH 13 3aCTOCYBaHHSAM €JIMHOI 0a30BO1
MOZIeTIl MareMaTUYHOIO IIPOTPaMyBaHHS, ONUC SKOi
HaBeleHO Y [8] i3 BUKOPUCTaHHSM OIHOTO HAOOPy
BXIOHUX JAaHHX.

VY 0a3oBiii Momeni MareMaTHYHOIO MPOrpamy-
BaHHS [8] BHKOPHCTOBYBaBCS OIWH MPO(DiIb TeHe-
parii BEC Ta onna npodins reneparnii CEC [7], o
Oyn €K30TeHHO 3aIaHUMH 3T1IHO (GaKTHYHUX TaHUX
CTPYKTYpH TOKpuTTA croxuBanast OEC VYkpainu
st 13 sxothsa 2018 p. [ns peanizaiii MOXIUBOC-
Ti X Moaudikalli BiIOBITHO 10 OOPaHOTO METOAY
obomesxenns redepauii BEC Ta CEC y mozens Oynu
BBEIICHI TIOMAaTKOBI PiBHSHHS — OOMEKEHHS OTITHMi3a-
miHO1 Mozemi. Takoxk Oyno MoaudiKoBaHO OCHOBHE
PIBHSIHHSI MOJIeJi, TOTPUMaHHs OalaHCy MK o0cs-
TOM CIIOKMBaHHsI Ta BUPOOHUIITBA €NIEKTPOCHEPTil, B

SKOMY PiBHI IMOCTa4aHHsI 0OMEXEHHX O0CATIB eleK-
tpoeneprii BEC ta CEC y OEC VYkpainu Oynu Bu-
3HAYCHI i3 BUKOPUCTaHHsIM 3MiHHUX (1) — BiAmIOBiAa€e
piBHsHHIO (2) Mozeni, HaBeneHoi y [8]. Yei inHmi piB-
HSIHHST MOJEITI JTUIITUINCH He3MIHHUMU.

K\KPSUKTEC KR
BEC CEC
AR A DY

k=1

KTEC U TEC

G TEC
B+ 2 B+
k=1 u=l1
KPS ykes

+Z Z(ykitpkft —y/:”Pk[:t)-l-Ztl _ZtE :Dt;VtET’ (1)
k=1 u=l

ne 7 — MHOXXMHA YaCOBUX 1HTEPBATIB IO MOJEINIO-
FOTBCSI, OCKUIBKA MOJEIIOETLCS JOOOBUI TOMMHHMI
rpadik eneKTPUYHNX HABaHTaKEHb, KUTBKICTh 1HTEp-
BajiB cknanae 24; K — MHOXHUHA BCiX €HEprooio-
kiB teroBux (TEC), aromuux (AEC), Temmoenek-
tporieHTpaneii (TEILL), renepaTopiB OIIOK-CTaHITIN
(bnCr), rimpoarperaris rigpoenekrpoctaniiii (['EC)
Tta '”AEC, a TakoXX eeKTpOoreHepyodoro ooaJHaHHs
BEC ta CEC; K™ — MHOXMHa IiipoaKyMyTIOI0YUX
cranuii OEC VYkpainu (KuiBcbka, JHicTpoBChKa Ta
Tamnuneka), Ui KOXKHOI 3 SIKOi BUKOPHCTOBYETHCS
MHOXHHA rigpoarperatis — U*™; K™ — wmHo-
JKWHA BYTUTPHUX TEIUIOBHX enekTpoctanmin OEC
VYKpaiHu, JU1sl KOXKHOT 3 SIKOT BUKOPUCTOBY€THCS MHO-
K1MHa eHepro6aokis — U™ ; K* — muosxuna BEC

ta CEC; EBEC — 3MiHHa, 110 BIAIIOBiZa€ OOMeXe-
Hill moTykHOCTI mocTtadanHs enekTpoeneprii BEC,
MBTt; P — 3Minna, mo Bianosigae o6MexeHiit

MTOTYXHOCTI TTocTadanus enekrpoeneprii CEC, MBT;
P,° — eneKkTpuYHA TIOTYXHICTb MOCTAYAHHS €JIeK-
tpoeHeprii eHeproomokamu TELl, AEC Tta Omnox-
cranuismu, MBT; P, — enekrpuuna noryxkHicts
nocTayaHHs ejnexkrpoeHeprii eHeprotmokom TEC,
MBT; y,,° — GinapHa 3MinHa, nopisHIoE 1, SKIIO
rizpoarperar mnpamioe B I'€HEpaTOpHOMY PEXHMi, B
immomy Bunanky mopisaioe 0; P, ° — He3miHHa
eNIeKTPUYHA IMOTY)KHICTh MOCTa4aHHs €IeKTPOCHEep-
rii rizpoarperarom [AEC B reHepaTopHOMY pexuMi,
MBT; y,,” — 6inapua 3minHa, nopiBHIOE 1, SKIIO
rizpoarperar mpamtoe B HACOCHOMY pPEXHMi, B iH-
uroMy BuMNajKy jopisHioe 0; P, ° — He3minHa enex-
TPUYHA TMOTYXXHICTh CIIOXKHBAHHS EJIEKTPOCHEPTil

rigpoarperatrom TAEC B HacocHOMY pexumi, MBT;
1

z,/ — IITy4yHa 3MiHHA 3 MHOKUHU AIHCHUX YHUCEIl —

00cAT «YMOBHO IMIIOPTOBAHOI» EJIEKTPOCHEPTii,
E . “o

MBT; z,° — mTy4YHa 3MIHHA 3 MHOXXWHHU [JIMCHUX

qrcen — 00CAT «YMOBHO €KCIIOPTOBAHOD» EIEeKTPO-
eneprii, MBT.

Jnst MozientoBaHHsI 0OMEXKEHHS TeHepallii moTyx-
Hocti BEC Ta CEC BiamoBigHo 1o metomy 1) oome-
JKEHHsST a0CONFOTHOTO MAaKCHMAIIbHOTO PIBHS MOTYXK-
HOCTi, a00 oOMekeHHSI aOCOFOTHOTO MaKCHUMyMY B
MOJIETi 3aCTOCOBYIOTHCS PIBHSHHS, SIKI OOMEXYIOTh
MaKCUMaJIbHE 3HAYCHHS HOTY)KHOCTi, SIKE€ MOXKE I10-
crauatu B OEC Vkpainu BEC (2.1) a6o CEC (2.2):
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e EBEC :F;BEC < Max®E€ ‘ o
B = Max®E€ :F;BEC >MaxBEc’VtET’ 2.1

FCEC :FCEC SM CEC
e T vieT, (22)

PCEC _
t - )
Max™ : F¢ > Max“**

e EBEC , ECEC — (haKkTU4HI €K30TE€HHO 33/1aHi 3Ha-
geHHs reHepatlii motyxHocti BEC (a6o CEC) mns
KOXKHOI TOAMHM MpoTsaroMm xodu, MBT; Max®€
Max“"® — napamerp 3 MHOXMHH JIHCHUX 3HAYEHb,
o o0MeXye MakCUMaJbHO-MOXIIMBE 3HAYCHHS I10-
tyx)HocTi, 5Ky BEC (a60o CEC) Moxe nocradaTtu po-
TsiroM yciei moou y OEC VYkpainu, MBT. [{ns inro-
crpartii 1poro miaxomny (i3 BUKOPHCTAHHIM (aKTHY-
HuX npoduriB rereparii noryxaocti BEC ta CEC
3a 13 »xoBTHA 2018 p.) 0OMEXNMO MaKCHUMaIbHY I10-
tyxHicTs BEC, sixy Mmoxna nocrauaru B OEC Vkpa-
iHm 3HaueHHsM 0,75, a MakcHUMalbHY HOTY)XKHICTb
CEC — 3nauennsm 0,52 (puc. 1).

1

YACTK) s BEC - QakT @ e» e CEC - Qakt
= « = BEC-0.75 = = = CEC-0.52
0.8 ~
/TN
/ \

0.2 / \

' [ \

0 — ' wl,\ T T T T \\‘ ' T?HHH‘a

0 2 4 6 8 10 12 14 16 18 20 22 24

Puc. 1. ®aktuyni Ta oOMexeHi mpodisi
HaBaHTaxkeHHs BEC ta CEC B OEC Vkpainu
npotsarom ao06u 13 kot 2018 p. (0OMexeHHs
a0COIIOTHOTO MaKCUMAaJILHOTO PiBHS
MOTY>KHOCTI MTPOTSITOM YCi€i 100u
st BEC — 0,75, mis CEC — 0,52)

MopentoBaHHsT OOMEXEHHsI TeHepalii MOTyX-
Hocti BEC ta CEC BianmoBimHo 10 MeTOIy 2) 3aCTO-
CYBaHHSl €JMHOTO OOMEXyIouoro koedgilieHTa Ha-
BaHTaXEHHS MPOTIATOM A00H, a00 00MEeKeHHs 1000-
BOTO KoedillieHTa HaBaHTAKCHHS 3MIHCHIOETHCS 3a
JTIOTIOMOTOIO JI0OJIaTKOBUX PIBHSAHB, 3 BUKOPUCTAHHAM
SIKMX BU3HAYAECTHLCSA 3HAYEHHS 3MIHHOI, 1[0 BIIIMOBI-
nae xoe(ilieHTy BUKOpPHCTaHHS MoTykHocTi BEC
(2.3) Ta CEC (2.4) npoTsirom 100U, a TAKOXK PiBHIHb
JUTSL BU3HAYCHHS 3HAYCHHS 3MIHHOT, SIKa BIACHE BiJl-
MOBiTa€ aOCOMFOTHOMY 3HAaYeHHIO 0OMEKEHOI TeHe-
pauii BEC (2.5) ta CEC (2.6):

1> 17> 120 (2.3), 12 L > L0, (2.4)
BBEC — LBECF;BEC;VZ c T, (25)
PtCEC :LCECECEC;vt c T, (26)

ne JPEC, [CEC — 3MiHHA 3 MHOKMHM JIMCHUX 3HAa-
YeHb, IO U BCi€i AoOM mpuiiMae 3HAYEHHS, IO
BiJINOBiae KOe(DilliEHTY BUKOPUCTAHHS MOTYXKHOCTI,
ska nmoctayaeTbess BEC (a6o CEC) B KoyKHMI MOMEHT
yacy B Mepexy; Lore, L5 — mapamerp 3 MHOKHHH
MIMCHHAX 3HAYEHb, 110 BIAMOBiZA€ MiHIMaIbHO-MOXK-
JTUBOMY KOe(Ili€HTY BUKOPHCTAHHS MOTYXHOCTI
BEC (a6o CEC) mpotsirom yciei mo0wn.

3acTocyBaHHS IIUX PIBHAHb y MOAEJNI IpHU3BE-
JIe 70 MPOTMOPIIHHOTO 3HMKCHHS MOTYXKHOCTI II0-
crayanns enekrpoeneprii Bix BEC ta CEC B OEC
Vkpainu mnpotarom Bciei noOu. Sk mpuknaz, Ha
puc. 2 HaBeneHO (DaKTHYHI €K30T€HHO 3aJlaHi Ipo-
¢bim mas 13 xostHS 2018 p., a Takox mpodimi, ki
po3paxoBaHi i3 3acTocyBaHHAM Koedimienta 0,8 1o
¢dakTu4HUX npodisis.

1

0.9 flacTka e BEC - ®akT e a» a» CEC - Qakt
: - - C-0.8 = = =CEC-0.8
0.8 -
0.7
- im =N .

0.6 = - T AR [.__.,".
05 27 NN\_/

: 7~
0.4 s SN
0.3 Y4 AR

. /3 )
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Puc. 2. Gaxtnyni Ta oOMexeHi npodimi
HaBaHTaxkeHHs BEC ta CEC B OEC Vkpainu
npoTsiroM go6wu 13 sxoBTHA 2018 p. (€quHMIA
Koe(iIiEHT BUKOPHUCTAHHS MOTYKHOCTI i1t BEC
ta CEC — 0,8 Biz )akTHYHOTO 3HAYCHHS reHepailii)

OOmexeHHsT TeHepallii 3a MeTomoM 3) 3acTo-
CYyBaHHS 3MIHHOTO OOMEXylodoro koegilieHTa
HaBaHTAXEHHS ISl KOXXHOTO YacOBOTO iHTepBa-
JIy TIPOTATOM A00W, a00 0OMEX)EHHS IS KOXKHOTO
IHTepBaJly y MaTreMaTH4Hi MOJeJi 3I1HCHIOETHCS
AHAJIOT1YHO 70 METOAY 2) — 0OMEXEHHS J000BOTO
koe(ilieHTa HaBaHTaXCeHHs, ane Koe]illieHT BHU-
KOPHUCTAHHS IMOTYKHOCT] HE3aJIE)KHO BU3HAYAETHCS
s BEC (2.7) ta CEC (2.8) mns KoXHOTO eTrarry
MOJIeNTIOBaHHs. BinmoBigHo i abCOMOTHE 3HAYEHHS
renepanii BEC (2.9) ta CEC (2.10) 0yne Bu3Ha-
YaTHCh IS KOXKHOTO eTally, M0 JI03BOJIsiE OLIbII
THYYKO «KEPyBaTH» MOCTAYaHHSM CJICKTPOCHEPTIil
BEC ta CEC y mepexy OEC VYkpainu.

1> > 120 vt eT, (2.7)
1> L5 > [0 VteT, (2.8)
])[BEC :L:BECF;BEC;\v/t eT; (2.9)
P = [P°FC;VteT, (2.10),

e LfEC, LtCEC — 3MIHHA 3 MHOKHHH IIHCHHUX 3Ha-
YEHb, 1110 HE3AJICHKHO JIJIsI KOXKHOTO TIEPioly MOJIEITIO-
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BaHHS (KOXKHOI TOJAMHU OJIHI€T T0OM) MpHiiMae 3Ha-
YeHHS, IO BiANOBina€e Koe(ilieHTY BHKOPHCTAHHS
noTyxHocti, sika nocradaerbes BEC (abo CEC) y
KOXXHHI MOMEHT 4acy B MEPEXKY.

Jlns BUKOHAHHS PO3paxyHKiB BHKOPHCTAHO BXiJI-
Hy ¢GakTHyHy iHPOpMAIlit0 MOKPUTTS Tpadika eiek-
Tpuunux HaBaHTaxeHb (I'EH) OEC VYkpainm ans
no6wu 13 sxoBtHs 2018 p., ane dpaxTryHi npodini rene-
pauii BEC ta CEC Oynu macmraboBasi (3011b1I€H1)
3a IPUIYLICHHS, 110 BCTAaHOBJCHA NOTYXHIcTh BEC
cranoBuTh 3000 MBT, a CEC — 7000 MBT Biamosija-
HO 0 0a30BOTO CIIeHapit0 «3BiTY 3 aIeKBaTHOCTI»
st 2022 p. [14] (tabm. 1).

Tabnuysa 1. Bxigna indopmManis 1y BUKOHAHHS
po3paxyHkKiB, MBT (TTpoTsiroM TroiuHm)

Yac Croxu- bnoxk- Maui

roz[’ Bauus | TEIL] CTaH- BEC | CEC TEC
OEC mii

01 14709 | 696 126 | 2437 0 24
02 14091 | 705 128 | 2437 0 17
03 13955 | 702 126 | 2352 0 23
04 13825 | 709 130 | 2437 0 23
05 14029 | 704 128 | 2429 0 23
06 14479 | 710 121 | 2429 0 23

07 14764 | 726 152 | 2468 | 104 | 24

08 15178 | 730 181 | 2499 | 534 | 22

09 16147 | 735 | 201 | 2150 | 1842 | 23
10 16394 | 721 234 | 2251 | 2898 | 24
11 16607 | 725 | 250 | 2429 | 3746 | 24
12 16540 | 729 | 264 | 2336 | 4089 | 22
13 16244 | 727 | 259 | 2290 | 4120 | 22
14 16204 | 722 | 205 | 2313 | 3856 | 22
15 16209 | 719 | 206 | 1940 | 3377 | 22
16 16071 | 726 197 | 1607 | 2524 | 22
17 16139 | 722 | 212 | 1382 | 1363 | 22
18 16496 | 739 | 248 | 1459 | 461 22
19 17660 | 736 | 266 | 2072 0 24
20 18010 | 735 | 290 | 2103 0 24
21 17674 | 729 | 305 | 2135 0 24
22 16936 | 735 | 349 | 2290 0 24
23 16080 | 728 | 351 | 2383 0 14
24 15215 | 729 | 349 | 2189 0 13

Cyma,

MBT- | 379656 |17339| 5278 |52820|28915| 527
roj

3HaueHHs (aKTHYHOTO BUPOOHUIITBA €IIEKTpOE-
Heprii [EC «Ykprinpoenepro» 3a 13 :xoBTH 2018 p.
cranoBwio 13309 MBT rox, nis po3paxyHKiB I0-
TOAMHHOTO BHUPOOHHMUTBA enekTpoeneprii Ha ['EC
OyB MpUITHATHN Miama3oH J0O0BOTO0 BUPOOHHIITBA
Bix 13000 mo 13500 MBT rox, mpudoMy MiHIMaTh-
HUH 00CSAT BHUPOOHMIITBA 3a TOAMHY OyB 3aJaHUit
6inpmumM 3a 200 MBT, Mmakcumanbuuii — 1329 MBT,
MaKCcHMaJibHe 301IbIIeHHS a00 3MEHUICHHS MOTYX-
HocTi reHepaii enekrpoeneprii 'EC BizHOCHO m0-
NepenHbOi roNNHU He Mae nepeBuinysatu 500 MBT.
Pexxumu excrmmyararii rigpoarperarisB [AEC Bu-
3HAaYaIHCh B PE3yNbTaTi ONTHUMI3allii, 1 XapaKTepu-
3yBasuch TakuMu napamerpamu: KuiBceka 'AEC
3 rizpoarperaTu KOXXEH MOTYXKHICTIO Y TeHeparop-
HOMY/HacocHOMY pexumi — 37/43 MBT, [IHicTpoB-
ceka TAEC — 3 rigpoarperaru 324/421 MBT, Tami-
nunbka TAEC — 2 rigpoarperaru 151/216,5 MBT.
BesnepepBHa TpuBanicTh poOOTH Tifpoarperaris y
HAaCOCHOMY Ta T€HEpPaTOpPHOMY peXuMmax — 3 rogu-
HU IICJISI CTapTy.

Kinpkicte Ta cknan eneprobmokie AEC Ta
TEC, a takox HaBaHTakeHHS eHeprobmokis TEC
BU3HAYAJIOCH B PE3yJbTaTi ONTHMI3aIlii, IpUIoMy
eneprobnokn AEC 3abe3neuyBanu He3MiHHY Te-
Hepallilo MpoTsaroM Bciel qodu Ha piBHI 960 MBT
(eneproonoku AEC BBEP-440 He po3rnsganucs).
Hnst eneprodnokiB TEC Oynu 3amani Taki nmapame-
TpU: MiHIMaJbHUW/HOMIHATBPHUN PiBEHb BiIITYCKY
eJIeKTpoeHeprii B Mepexy: sl OJIOKY HOMiHAIb-
Hoto moTyxHicTio 800 MBT — 540/750, nys GiiokiB
300 MBt - 175/280, gns 6mokie 200 MBT —
110/190 MBrT. VYci eneproonoku TEC, saxi 3a pe-
3yJIbTaTaMM ONTUMi3alii 0epyTh y4acTh Y HOKPUTTI
HaBaHTaxeHHs crnoxkuBauiB OEC, MaroTh maTpu-
MyBaTH PE3€pBU HAa 3aBaHTAKEHHS Ta PO3BaHTa-
xeHHs B 00ca3i 300 MBT.

PosrisimaBcs pexum poOOTH €HEProCUCTEMU i3
MOJKJIMBICTIO IMIIOPTY Ta €KCIIOPTY €NEeKTPOCHEPrii
B o0carax, mo He nepeBuiryots 3000 MBT Tox 3a
o0y, a abCOMIOTHUI MaKCHMabHUN 00CAT iMIIOp-
Ty/€KCIIOPTY TOTY)KHOCTI HE Ma€ TEPEBUIIyBaTH
piBast 200 MBT (mpoTsirom roauHu). Y pesynbTa-
Ti onTuMizaiii Mae OyTu 3a0e3neueHo 1000Be Hy-
JBOBE CallbJ0 MEPETOKIB eNeKTpOeHeprii 3a Mexi
E€HEePrOCHCTEMHU, TOOTO M00O0BHII 0O0CAT iMIOpPTY
Mae JOPIBHIOBATH EKCIIOPTY.

MogpentoBanns nokputts 'EH eneprocucremu
13 oOmesxxeHHs reHepanii noryxxHocti BEC ta CEC
BIAMOBiIHO 10 MeTony 1) — oOMekeHHs aOCOIOT-
HOTO MaKCHUMYMY 3IiHCHIOBAJOCH i3 BUKOPHCTaH-
HSM YOTHPHOX BAapiaHTIB IMOCTAaYaHHSA EJIEKTPO-
eneprii BEC ta CEC B OEC Ykpainu:

Pexum Ne 1 — Max® ta Max“* nopisaroBas
a0COIOTHOMY MaKCUMYMY TeHepallii MOTyKHOCTI
BEC ta CEC npotsrom go6u, To6To mis BEC ue
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3Ha4YeHHS CTaHOBUTH 2499 (reHepaiiss MpOTITOM
8-0i roqunu, tabn. 1), a aust CEC — 4120 MBrT (re-
Hepauis npotsarom 13-oi rogunu, tadm. 1);

Pexxum Ne 2 — Max® ta Max“¢ JTIOPIBHIOBAB
90% Big aOCOTIOTHOTO MAKCUMYMY I'€HepaLil MOTYX-
Hocti BEC ta CEC nmpotsrom mo6wu, To6to mist BEC
I1e 3HaueHHs cTaHoBUTH 2249 MBT (90% 3HaueHHs
abcomoTHOro MakcuMymy 2499 MBT npotsirom 8-oi
roauny, Tabm. 1), a st CEC — 3708 MBT (90% 3Ha-
yeHHs abcomoTHOrO Makcumymy 4120 MBT mpots-
roM 13-o0i roquam, Tabm. 1);

Pexxnm Ne 3 — Max™™ ta Max* nopisHioBan
80% Big aOCOMIOTHOTO MAKCUMYMY T€HEpaIil MOTYX-
Hocti BEC ta CEC npotsrom no6u, To6to mist BEC
ue 3HaueHHs1 cTaHoBUTh 1999 MBT (80% 3HauenHs
abcomoTHOro MakcuMymy 2499 MBT npotsarom 8-oi
roguaH, Tabm. 1), a w1 CEC — 3296 MBT (80% 3Ha-
JeHHs a0cooTHOTO Makcumymy 4120 MBT mpots-
roMm 13-oi rogunu, Tadm. 1);

Pesxum Ne 4 — Max®* ta Max* JIOPIBHIOBAB
70% Big aOCOMIOTHOTO MAKCUMYMY T'€HEepaLil MOTYX-
Hocti BEC ta CEC npotsrom no6u, Todto mist BEC
e 3HadeHHs ctaHoBuTh 1750 MBT (70% 3HaueHHs
abcomoTHOTO MakcuMyMmy 2499 MBT mpotsirom 8-o1
roaunwn, Tadin. 1), a ms CEC — 2884 MBT (70% 3Ha-
yeHHs1 abcomotHoro Makcumymy 4120 MBT npors-
rom 13-o0i rogunu, Tabm. 1).

3a pesynabraramMu po3paxyHkiB mokputts ['EH
3miiicHeHO 13 BukopuctanHsaM 8 0mokiB AEC BBEP-
1000, OyB BuKopucTaHWN pekuM Ne 4 OOMEKCHHS
BEC Ta CEC (To6T0 mocrauanus Oinbie 70% Bix
abCONIOTHOTO MaKCHMMyMY TeHepalii He 37iiiCHIOBa-
nock B OEC VYkpainm), 3a sSKOro cepeaHbog000BUi

Koe(illieHT BUKOPHCTAaHHS BCTAHOBJICHOI MTOTYXHOC-
1i ctaHoBuB 78% miis BEC Ta 83% nns CEC (puc. 3,
Tabn. 2). Jnst 3abe3nedeHHs O6ajgaHcy MiXK BUPOOHU-
IITBOM Ta CHOXXHBAaHHSAM 00cCsAT 0OOBOTO iMmIOpTY/
excropty cranoButh 1119,3 MBt roa.

MopnemtoBannst nokputts 'EH eneprocucremu
13 oOMmexkeHHst reHepaii motyxxHocti BEC ta CEC
BIJNOBIAHO 10 METOAy 2) — OOMEXEHHS J000BOro
KoedillieHTa HABaHTAXCHHs, Mepe0ayac BU3HAYCH-
HS €IWHOTO J00OBOro Koe(imi€eHTa HaBaHTAKEHHS
okpemo misi BEC Ta CEC, mo 3abe3mneuye 30aman-
COBAHICTh CHEPTOCUCTEMH MPOTATOM A00H. J{000BwMit
koediieHT BUKopucTaHHs moTyxxHocTi it BEC ta
CEC 0yB 3amanuii y nianazosi Big 70 go 100%.

3a pesynbraTamu po3paxyHkiB nokputts ['EH
3niicHeHo i3 Bukopuctanasm 8 6mokiB AEC BBEP-
1000, emquanii 70OOBHI KOE(]IIieHT BUKOPUCTAHHS
BCTAHOBJIEHOI MOTY>KHOCTI cTaHoBUB 93% mis BEC
ta 70% nna CEC (puc. 4, tabn. 3). Jlns 3abesrie-
4yeHHsa OajaHCcy MiX BUPOOHMLTBOM Ta CIIOKHWBaH-
HSAM 00CsT 1000BOTO IMIOPTY/EKCIOPTY CTAHOBUTD
547,4 MBt-ToI.

MogentoBanns nokputtsi 'EH eHeprocucremu
13 oomexxeHHs reneparii moryxHocti BEC Ta CEC
BIATIOBITHO 0 METOAY 3) — OOMEXKEHHS JIJI KOX-
HOTO iHTepBaly (TOAMHM ), Iepedadyae BU3HAYCHHS
koe(ilieHTa HaBaHTaXXEHHS ISl KOXKHOI TOJUHU
okpemo s BEC ta CEC, mio Binmosimae BrpoBa-
JOKEHHIO 3aC00iB aBTOMAaTUYHOTO PETyIIOBaHHS T10-
TYXXKHOCTI Ha ITUX BUJax TreHeparii. Jliama3zon 3Minu
KoedilieHTa BUKOpUCTaHHS MOTY)HOCTI st BEC
ta CEC st koxHOT TonuHu OyB 3aJaHU Y MEKax
Bix 70 mo 100%.

MB
20000 MBT) 100
18000 _ - - 200.0
_ o I
16000 . 160.0
s N
14000 } 120.0
12000 80.0
10000 40.0
I g ':'
goopo L—o———— L O HOHOWmu. - . J..01
1 23 45 6 7 8 910111213 14151617 18192021 222324
C—1 AEC+TEI+BaCr =3 TEC E==BEC roamHa
CEC E=TEC HINNTAEC ren
- = JIMn C—Excn e (110K

Puc. 3. Pesynvraru ontumizanii nokputtst 'EH OEC VYkpaiaum i3 ooMexeHHaM renepanii moryxxHocti BEC
ta CEC BignosimHo 10 MeToay 1) — 0OMexkeHHs abCOIOTHOrO MakcuMymy, MBT
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Taonuys 2. Pesynvraru ontumizanii nokputtst [EH OEC Ykpainu i3 00MexeHHsIM TeHepailii HOTy>KHOCTI

BEC ta CEC BignosimHo 10 MeToay 1) — oOMexxeHHs abCOMOTHOrO MakcuMmymy, MBT

AEC+ BEC (T'en. CEC (T'en. TEC- TI'AEC Pesepsu
Yac, rox TEI+ oomexxena/Koed. | odomexena/Koed. T'EC (Hac/ | Imn/Exenn | wa TEC
BbaokCr BUKOPUCTaHHS) BUKOPUCTaHHS) By Ien) (Has/Po3B)
01 8526 1750/ 72 0/0 3729 | 704 | 0/0 0/0 1711 /472
02 8530 1750/ 72 0/0 3607 | 204 0/0 0/0 1833 /350
03 8531 1750 / 74 0/0 3557 | 200 | 43/0 | 0/39,5 | 1883/300
04 8542 1750/ 72 0/0 3557 | 200 43/0 | 0/180,5 | 1883/300
05 8535 1750/ 72 0/0 3587 | 200 | 43/0 0/0 | 1853/330
06 8534 1750/ 72 0/0 3637 | 558 0/0 0/0 1803 / 380
07 8582 1750/ 71 104 /100 3687 | 641 0/0 0/0 | 1753/430
08 8613 1750/ 70 534 /100 3696 | 585 0/0 0/0 1744 /439
09 8639 1750 / 81 1842/ 100 3627 | 678 | 421/0 | 32,3/0 | 1813/370
10 8659 1750/ 78 2884 /100 3557 | 200 | 464/0 | 0/191,7 | 1883/300
11 8679 1750 / 72 2884 /77 3587 | 592 | 885/0 0/0 | 1853/330
12 8695 1750/ 75 2884 /71 3557 | 200 | 464/0 | 0/81,7 | 1883/300
13 8688 1750 / 76 2884 /70 3557 | 200 |637,5/0| 0/197,2 | 1883 /300
14 8629 1750/ 76 2884 /75 3557 | 200 |680,5/0| 0/135.2 | 1883/300
15 8627 1750 / 90 2884 /85 3753 | 200 | 897/0 | 0/108,1 | 1687 /496
16 8625 1607 / 100 2524 /100 3981 | 200 |680,5/0| 0/185,4 | 1459 /724
17 8636 1382 /100 1363 / 100 4221 | 553 [216,5/0| 200/0 | 1219/964
18 8689 1459/ 100 461/ 100 4461 | 914 | 0/512 0/0 979 /1204
19 8706 1750/ 84 0/0 4701 | 1329 | 0/987 187/0 | 739/1444
20 8729 1750/ 83 0/0 4941 | 1329 | 0/1061 | 200/0 | 499/1684
21 8738 1750/ 82 0/0 4788 | 1329 | 0/873 | 196,9/0 | 652/1531
22 8788 1750/ 76 0/0 4618 | 1183 | 0/398 200/0 | 822/1361
23 8773 1750/ 73 0/0 4448 | 683 | 0/324 103/0 | 992/1191
24 8771 1750/ 80 0/0 4278 | 417 0/0 0/0 1162 /1021
3a > Y. / Koed. cepenniii | X / Koed. cepen- > > Y (Hac/ | X (Imn/ .
00y 3a 100y, % Hiii 3a 100y, % I'en) Excm)
MBr-ron| 207464 41188 /78 24133/83 | 94691 | 13500 | S50 | LS —
20000 BT MBY10.0
18000 200.0
/.T.‘_-."-.‘E..{&;\
16000 o w 160.0
| ,Q{M
14000 120.0
12000 80.0
10000 =~ 40.0
0 | RORERR gy
8000 C 0.0
1234567 8 9101112131415161718192021222324
— AECHTEL+BaCr C=——/TEC E==3BEC roaysa
CEC C===3TEC 1IN TAEC ren
L a IMn C— Excn Crox

Puc. 4. Pezynsratu ontumizanii nokputts 'EH OEC Ykpainu i3 oomexenHs M renepanii notyxuaocti BEC
ta CEC BignoBinHO 10 MeTOmy 2) — oOMexkeHHs 1000Boro KoedimieHTa HaBaHTaxeHHs, MBT
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Taénuys 3. Pesynsraru ontumizanii nokpurtst [EH OEC Ykpainu i3 00MexeHHsIM reHepailii HOoTyKHOCTI
BEC ta CEC BignoBigHO 10 METOy 2) — 0OMEKEHHs T000BOTO KoedilieHTa HaBaHTaxeHHs, MBT

AEC+ BEC (Ien. CEC Pesepsu
?g; TEIL+ Egidqfﬁiii/ gg:quxz;e;:/ TECeyr | TEC FAEFCe S{aC/ IMn/Excn | wa TEC
brokCr ) ) (Has/Po3B)
pHUCTaHHS) TaHHA)

01 8526 2274 /93 0/0 3441 468 0/0 0/0 1815 /300
02 8530 2274 /93 0/0 3441 200 216,5/0 0/137,6 1815/300
03 8531 2194 /93 0/0 3441 426 637,5/0 0/0 1815 /300
04 8542 2274 /93 0/0 3446 200 637,5/0 0/0 1810/305
05 8535 2267 /93 0/0 3441 207 421/0 0/0 1815 /300
06 8534 2267/93 0/0 3441 237 0/0 0/0 1815/300
07 8582 2303 /93 73 /70 3474 331 0/0 0/0 1782 /333
08 8613 2332/93 374 /70 3524 335 0/0 0/0 1732 /383
09 8639 2006 / 93 1289 /70 3478 708 0/0 262/0 1778 / 337
10 8659 2100/93 2029 /70 3441 208 43/0 0/0 1815/300
11 8679 2267 /93 2622 /70 3441 200 464 /0 0/137,8 1815/300
12 8695 2180/93 2863 /70 3441 200 766,5/0 0/72,1 1815/300
13 8688 2136/93 2884 /70 3471 209 1144,5/0 0/0 1785 /330
14 8629 2158/93 2699 /70 3441 200 723,5/0 0/200 1815/300
15 8627 1811/93 2364 /70 3628 200 421/0 0/0 1628 / 487
16 8625 1499 /93 1767 /70 3848 332 0/0 0/0 1408 / 707
17 8636 1289 /93 954 /70 4068 832 0/324 354/0 1188 /927
18 8689 1362 /93 322/70 4288 1323 0/512 0/0 968 / 1147
19 8706 1934 /93 0/0 4518 1329 0/1061 112/0 738 /1377
20 8729 1963 /93 0/0 4728 1329 0/1061 200/0 528 /1587
21 8738 1992 /93 0/0 4569 1329 0/873 173,8/0 687 /1428
22 8788 2136/93 0/0 4359 1329 0/324 0/0 897 /1218
23 8773 2223 /93 0/0 4159 925 0/0 0/0 1097 /1018
24 8771 2042 /93 0/0 3959 443 0/0 0/0 1297 /818
3a X/ Koeflz. X/ Koeflz. >

106y X 3;e}§)§161;1(1;) 3;2):;;1‘1;0 py Y (Hac/T'en) (Imn/Excen)

MBT | 507464 | 49284 /93 20240/70 | 90488 | 13500 | 5475/4155 | 374/ —
roj 547.4

3a pesymsraramu po3paxyHkiB mokputts ['EH
3aiiicHeHo i3 BukopuctanasMm 9 O0nokiB AEC BBEP-
1000, cepemupomoOOBUii KOS(DII[iEHT BUKOPHUCTaHHS
BCTAaHOBJIEHOT HOTY>HOCTI cTaHOBUB 84% ai1st BEC Ta
72% nns CEC (puc. 5, Tabm. 4). s 3abe3neqeHns 6a-
JIAHCY MK BUPOOHUIITBOM Ta CIIOKHBAHHSM 00CST J10-
0oBoro immopty/excriopry craHoButs 197,1 MBT-To1.

[opiBHSIHHS pe3yabTaTiB PO3paxyHKiB (Tadm. 5),
0 3/iMCHEHI 13 BUKOPHUCTAHHIM (PaKTHYHUX JaHHUX
nokputtss I'EH OEC Vkpainu 13 xostHsa 2018 p.,
HE 103BOJIsI€ 3pOOUTH OTHO3HAUYHUM BUCHOBOK LIOO
HAMKpaIIoro MeToy OOMEXEHHS ITOCTaYaHHs eJeK-
tpoeneprii BEC ta CEC y mepexy.

3 TOUKHM 30py CaMOIOCTAaTHOCTI €HEProCHUCTEMH,
TOOTO MiHIMI3aIlii MEPETOKIB MOTYXHOCTI 3a MEXi
OEC VYkpainu, HailOinbIl NMPUHHATHAM € 3aCTOCY-
BaHHS MeToAy 3) — oOMexkeHHs notykHOocTi BEC Ta
CEC nu1s1 kokHOTO iHTEpBaITy (TOAWHK) TOOH, aje JUIst
BIIPOBAKCHHS 1[OTO METOJY MOTPIOHO MPHOIH3HO

Ha 30% renepytounx notyxkHocteit BEC ta CEC
3alpOBaJUTH 3aCO0M aBTOMATUYHOTO PETYIIIOBAHHS
MOTYKHOCTI, 10 € CKJIQJAHOIO 337a4elo. 3acToCyBaH-
HS MeTony 2) — oOMexxkeHHS N000Boro koedimieHTa
HaBaHTAKEHHS JI03BOJISIE OTPUMATH HAMMEHIIUNA 00-
ciar oOMekeHHs1 mocradaHHs enekrpoeHeprii BEC
ta CEC, x0oua OuIbII 00CSITM MOCTaYaHHS EICKTPO-
eneprii BEC nmocsrarorbest 3a paxyHOK HalOibIIO-
TO cepell BCiX BapiaHTIB piBHS OOMEKEHHsI TeHepallii
CEC. IlepeBarotro iporo BapiaHTy € T€, [0 OCKIITBKH
00MEXEHHSI TMOCTadaHHs 3IACHIOETHCS 13 3aCTOCY-
BaHHSAM €IUHOTO KOCQII[iEHTa HABAaHTAXKCHHS IS
Bci€l T0OM, TO HEBIANMYNIEHUH piBEHb MOTYKHOCTI,
abo 11 meBHa YacTKa, MOXKE BpPaxOBYBaTHCh SIK pe-
3epB Ha 3aBaHTa)KeHHs. HaliMeHI 1OCKOHAINM € 3a-
CTOCYBaHHA MeTOny 1) — oOMexeHHs aOCOIOTHOTO
MakcuMyMy Toctadanus morykaocti BEC ta CEC
B €HeprocucreMy. Y I[bOMY BHMAJKy TEPETOKH IIO-
Tyx)HOCTi 32 Mexxi OEC Vkpainu Oinblie, Hix yaBidi,
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Puc. 5. Pesynbraru ontumizanii nokputts EH OEC Ykpainu i3 oOMexeHHsIM reHepanii notyxuocti BEC
ta CEC BignoBinHO /10 MeTOay 3) — 0OMEKEHHS HABaHTAXCHHS JJIs1 KOOKHOTO iHTepBaiy (Toqunu), MBT

Taonuys 4. Pesynsraru ontumizauii nokputts [EH OEC Ykpainu i3 00MexeHHsIM reHepaiii HoTy>KHOCTI
BEC ta CEC BignosinHo 10 MeTony 3) — 0OMEKEHHSI HABaHTaXCHHS JJ1s1 KOKHOTO iHTepBay (Tomqunu), MBT

AEC+ BEC (Ten. CEC (I'en.06- PesepBu Ha
Hac, TEI+ 06Me>1<eﬂ(a/Koe(1). Memelga/Koe(b. TEC- I'EC TAEC (Hac/ Imn/Excn TECp(HaB/
T4 | BrokCr | Buko HCTaHH) BUKOPHUCTaHHS) Byr Tem) Po3B)
P P

01 9486 1722 /71 0/0 2801 700 0/0 0/0 1325 /300
02 9490 1706 /70 0/0 2801 200 0/0 0/106,1 1325 /300
03 9491 1884 /80 0/0 2801 200 421/0 0/0 1325 /300
04 9502 1743 /72 0/0 2801 200 421/0 0/0 1325 /300
05 9495 1954/ 80 0/0 2801 200 421/0 0/0 1325 /300
06 9494 1984/ 82 0/0 2801 200 0/0 0/0 1325 /300
07 9542 2148 /87 73/70 2801 200 0/0 0/0 1325 /300
08 9573 2230/ 89 374 /70 2801 200 0/0 0/0 1325 /300
09 9599 2150/ 100 1397 /76 2801 200 0/0 0/0 1325 /300
10 9619 1591/71 2029 /70 2801 700 3455/0 0/0 1325/300
11 9639 1701 /70 2622 /70 2801 200 3455/0 0/10,1 1325 /300
12 9655 1788 /77 2863 /70 2801 200 766.5/0 0/0 1325/300
13 9648 1603 /70 2884 /70 2801 200 842/0 0/50 1325 /300
14 9589 1619 /70 2699 /70 2801 585 1058.5/0 0/30,9 1325/300
15 9587 1799 /93 2364 /70 2896 200 637.5/0 0/0 1230/ 395
16 9585 1607 / 100 1836 /73 3046 214 216.5/0 0/0 1080 / 545
17 9596 967 /70 1342 /98 3196 714 0/324 0/0 930/ 695
18 9649 1342 /92 461 /100 3356 1214 0/475 0/0 770 / 855
19 9666 2072 /100 0/0 3516 1329 0/1061 15,6/0 610/1015
20 9689 2103 /100 0/0 3646 1329 0/1061 181,5/0 480/ 1145
21 9698 2135/100 0/0 3602 1329 0/910 0/0 524 /1101
22 9748 2093 /91 0/0 3442 1329 0/324 0/0 684 /941
23 9733 2236/ 94 0/0 3282 829 0/0 0/0 844 /781
24 9731 2023/92 0/0 3132 329 0/0 0/0 994 /631
3a Y / Koed. cepen- | X/ Koed. cepen- x

00y x Hili 32 (}[)oﬁy,p ‘V}: Hili 32 (}[)oﬁy,p "/f x x L (Hac/T'en) (Imn/Excm) o

N;OBHT. 230504 44199 / 84 20944 /72 72330 | 13000 | 5475/4155 |197.1/197.1 —
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C.B. LUYJIbXXEHKO

Tabnuys 5. Peaynsraru oNTHMI3allii TOKPHTTSI
I'EH OEC VYkpainu i3 0OMe:KeHHsIM reHepartii
notyxHocTi BEC Ta CEC 3a TppOMa MeTOmaMu

MeTton 0OMeKEeHHS ITOCTaYaHHs

IToka3HuUK enekrpoeneprii BEC ta CEC
1 2 3
O06csr immop-
Ty/eKcropTy 3a 1119 547 197

100y, MBT Toz1

Bupo6Huurso ejexkrpoeneprii, MBT-roa 3a 100y

AEC 184320 184320 207360
TEC 94691 90488 72330
TEC 13500 13500 13000
BEC 41188 49284 44199
CEC 24133 20240 20944
Pazom,
BEC + CEC 65321 69524 65142

Cepeanbo1000BuUii KoepillieHT BUKOPUCTAHHS
BCTAHOBJIEHOI OTY:KHOCTI, %o

BEC 78,0 93,3 83,7

CEC 83,5 70,0 72,4
Pazom,

BEC + CEC 79,9 85,1 79,7

OO0cHr esekTpoeHeprii, 1110 He 0yJi1a MOCTaBJIeHA
B Mepe:Ky BHacJaiiok o0MexeHHsi, MBT roa 3a 100y

BEC 11632 3536 8622
CEC 4782 8674 7971
Pazom,
BEC + CEC 16414 12211 16593

MIOPIBHSIHO 13 BapiaHTOM 2), 10 TOTO 3K 3aCTOCYBaHHS
Metony 1) He 103BOJIsIE BU3HAYUTU MOXKIIMBHNA 00CsT
pe3epBy MOTYKHOCTI Ha 3aBaHTa)KeHHS, SKUH 31aT-
HUH 3a0€31MeYnTH 00’ EKTH BiTHOBITIOBAHOI TeHEpaIlii.
Cepen meroniB odOmexxeHHs notyxHocti BEC Ta
CEC y KOpOTKOTEpMIiHOBIii MEPCHEKTHUBI HAWOLIbII
npuBabIMBUM € METOJ 2), OCKIIBKH HOro 3ampoBa-
JOKeHHST TIOTpeOye IHIle aaMiHICTPaTUBHUX 3aX0-
IIiB, SIKi MOXYTb OyTH BBEJIEHI B Jif0 BiAIIOBIAHUMU
HOPMAaTHBHUMH akTaMH 1 He moTpeOyroTh aHi 3Ha-
yHUX (PIHAHCOBHX BUTpAT, aHi peajizalii CKIaIHuX
TexHIYHuX pitteHs y Mexxax OEC Ykpainu. Jlogarko-
BOIO IIEPEBArol0 BIPOBAHKEHHSI METOLY 2) € Te, 110
foro peamizariisi cTBoproe nepeaymosu ydacti BEC
ta CEC y BHYTpiIIHR01000BOMY OaNaHCyBaHHI Ta Yy
PUHKY JTOTIOMDKHUX IOCIYT. Y CEepeIHbOCTPOKOBIN
MEPCIEKTUBI OUIBHO TOCTYNOBO BIPOBAJKyBaTH
MeToq 3), OCKIIBKU HOTOo peaizalis J03Bosie 3a0e3-
neynty Oinplry 30ajaHcoBaHICTh (MiHIManbHI 00Cs-
TH IMITOPTY/€KCIIOPTY) ab0 caMOIOCTAaTHICTh €HEePro-
CHCTEMH, a TaKOX JIO3BOJIAIOThH 3aJIyYUTH JONATKOBI
MOTYXHOCTI eHeproomokiB AEC Ta miHiMi3yBaTH BU-
KOpHCTaHHs eHeproonokiB ByrinbHux TEC, mo mo-
3BOJISIE 3MEHIINTH HETaTUBHUH BIUIMB Ha JOBKIJUISL.
HaBenena B cTaTTi MaTeMaTHYHa MOJIEIb Peaizo-
BaHa Ha MOBi MathProg [15] 3 BUKOpHCTaHHSM TaKe-

Ty ontumizanii GLPK [16], 1m0 po3moBCIOmKYIOThCS
Ha ymoBax jineH3ii GPL, To6To € BiIbHO-pO3MOBCIO-
TOKyBaHUMH nporpaMamu. OJUH pO3paxyHOK Ha 3BU-
YaifHOMY CTUTHHUKOBOMY KOMIT IOTEPi 3iHCHIOETHCS
npu6am3HO 3a 30 c.

BUCHOBKH

1. 3anpornioHoBaHO MoaMdiKalilo MOJE Marema-
TUYHOTO MPOTrPaMyBaHHS 3 LJIOYUCEIbHUMHU 3MiHHU-
MU [8], sika 3a0e31edye MOoNTyK ONTHMAaIBHOTO CKIATY
Ta 3aBaHTaKEHHS €HEProOIOKiB TEIUIOBHUX Ta aTOMHUX
€IEKTPOCTAHIIIN, a TAaKOXK TigpoarperariB TiIpoaky-
MYITIOIOUMX €JICKTPOCTaHIi YKpaiHH TP MOKPHUTTI
N000BOTO Tpadika eICKTPUUHUX HABAHTAKEHD BIJIIO-
BiJTHO JI0 OJIHOTO i3 TPhOX METOJIB OOMEXEHHS PiBHIB
MOCTauaHHS ENEKTPOCHEPril BITPOBUX Ta COHSYHHUX
EIIEKTPOCTAaHIIiil B eHeprocucreMy. Po3misiHyTo TpHm
MeTofa oOMekeHHs1 reHeparrii moryxHocti BEC Ta
CEC: 1) obmexenns abCOMOTHOTO MaKCHMAaJIBHOTO
PIBHSI IOTY>KHOCTI, 2) 3aCTOCYBaHHS €JMHOTO OOMEX-
yIO4Oro koe(ilieHTa HaBaHTaKCHHS MPOTITOM J00H
Ta 3) 3aCTOCYBaHHS 3MiHHOTO OOMEXYIOUOTO KoediIli-
€HTa HABAaHTAKEHHSI JIJIs1 KOYKHOTO YaCOBOTO IHTEPBAITY
MIPOTSTOM A00W. Y MaTeMaTHIHIH MOJIETI peari3oBaHa
MOXKJIMBICTB 3a0€3MeYeHHsI 33]JaHOTO 00CATY pe3epBiB
BIZTHOBJIGHHSI YaCTOTH (BTOPHMHHOTO PETYJIIOBAaHHS),
o posmingyrorbest Ha TEC.

2. Pesynmbrat po3paxyHKiB, IO 3MiHCHEHI i3 BH-
KopucTaHHIM (pakTrmaamnx ganuX mokputtss 'EH OEC
Ykpainu 13 sxoBtHs 2018 p., HE JO3BOJIAIOTH 3pOOUTH
O/IHO3HAYHMI BHCHOBOK IIO/I0 HAHKpAIIOro METOIY
obMexeHHs nmocradantsi enexkrpoeneprii BEC ta CEC
y MEpEXKY, OCKUIBKH MepeBaru Ta HEAOIIKH KOKHOTO 3
PO3IISHYTHX METOIB HE MOXKYTh OyTH OIIHEHHMH 32
OITHUM TIeBHUM KpuTepiem. [1{oraliMeHIIe sk KpuTepii
JOIILTFHO BPaxOBYBATH TaKi MIOKA3HUKH: 0OCAT IMITOp-
Ty/ekcnopty enektpoeneprii 3a mexxu OEC VYkpainu;
oOcsr enekTpoeneprii, sxa He Biamymena BEC ta CEC
JI0 GHEPrOCUCTEMHU; MOXJIMBICTh po3micTuTi Ha BEC
ta CEC neBHi 00csiru pe3epBiB BiTHOBJICHHS YaCTOTH
(BTOPHHHOTO pETYIIOBaHHS) Ha 3aBAaHTAXXKCHHS; Mak-
cuMmizartist oocariB reHepartii enekrpoeHeprii Ha AEC
Ta MiHiMi3ais i BupoOHuITBa Ha ByrinbHuX TEC.

3. HaBenenwuii B cTarTi aHaji3 pe3ylbTaTiB po3pa-
XYHKIB JI03BOJISIE 3pOOUTH BUCHOBOK, IO CEPell METO/IIB
obmesxenHs notyxHocti BEC ta CEC y kopotkorep-
MIHOBIH TIEPCIIEKTHBI HAHOLTBIT TPUBAOITMBUM € METOT
2), OCKUTBKH HOTO 3aIlpOBaHKCHHSI ITOTPeOye JIUIIIe a-
MIHICTPaTUBHUX 3aXO[iB, SIKI MOXKYTh OyTH BBEICHI B
JUFO BiZIMOBIJTHUMY HOPMAaTUBHUMHM aKTaMH 1 HE TIOTpe-
OyI0Th aHi 3HaYHMX (HIHAHCOBHMX BUTPAT, aHi peaizarii
CKJIaJHUX TeXHIYHHX pimeHb B Mexax OEC Ykpainu.
JlomaTKoBOIO TTepeBaror0 BIIPOBAKEHHS METOMy 2) €
Te, 0 HOro peaizallisi CTBOPIOE MEePEeAyMOBH ydacTi
BEC ta CEC y BHyTpIllIHE0000BOMY OanaHCyBaHHI
Ta y PHHKY JOMOMDKHHX TMOCTYL. Y CEepeaHbOCTPOKO-
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OnTumisallis aucneTyepusalii reHepyiouMx NOTYXHOCTEN eHeprocUCTEMM 3a YMOBW 0OMEXEHHS reHepaLyii BITPOBMX Ta COHSIYHMX eN1eKTPOCTaHLLi

Bili MEPCIEKTHBI JOIIJIBHO MOCTYTIOBO BIIPOBAKYBATH
MeTon 3), OCKUIBKM HOro peaizariis J03BOIsiE 3a0e3-
NEeYNTH OLTBIITY 30aJ1aHCOBAHICTh (MiHIMaJIbHI 00CSTH
iMIopTy/ekcriopry) abo caMOIOCTaTHICTh €HEpProCHhc-
TEMH, a TaKOX JO3BOJIIOTH 3aJyYHTH JIOATKOBI IIO-
TYXHOCTI eHeproonokis AEC Ta MiHIMI3yBaTH BHKO-
puctanHs eHeproonokiB ByritbHEX TEC, mo no3Bossie
3MEHILIUTH HETraTUBHUI BIUIUB Ha JTOBKLILIS.

4. HaBenena B cTarTi MareMaTiyHa MOJIETIb peatizo-
BaHa Ha MOBiI MathProg 3 BUKOpHCTaHHSIM IaKeTy ONTH-
Mmizamii GLPK, mo po3moBCIOMKYIOTECS Ha yMOBax
minensii GPL, To0TO € BiIBHO-PO3MOBCIOMKYBAHIMHU
nporpamamu. OfMH PO3PaxyHOK Ha 3BHYAHOMY CTiIb-
HUKOBOMY KOMIT'FOTEpi 3IIMCHIOETBCS TPHONIN3HO 32
30 c. Taka WBHAKICT PO3PaXyHKIB HAIAE MOMKIIUBICTD
3IIMCHIOBATH PO3PaXyHKH JII cepii mpoiiB reHepartii
enexkrpoereprii BEC ta CEC, sxuMm npuTaMaHHi CTO-
XaCTUYHI BJIACTHBOCTI TeHEpyBaHHs MOTYXHOCTI. Lle
CTBOPIOE TIEPETyMOBU PO3BUTKY MaTreMaTHYHOI MOJIET
13 3aCTOCYBaHHSIM METOMIB CTOXaCTHYHOTO MpPOrpamy-
BaHHsI 111 OTPUMaHHS POOACTHUX PillICHb.

5. MaremarnuHa Mozenb MOke OyTH 3aCTOCOBaHa
B 33/1a4aX SK KOPOTKOCTPOKOBOTO (hopMyBaHHS Ipo-
THO3HHX OaJIaHCIB MOKPHUTTS TOOOBUX TpadiKiB elleK-
TPUYHUX HABAHTAKECHb, TaK 1 B JOCHIPKCHHIX JIOB-
TOCTPOKOBOTO PO3BUTKY TECHEPYIOUMX IOTYXHOCTEH
HalliOHAJILHOT CHEPrOCHCTEMH, L0 € aKTyalbHHM B
YMOBaXx CTPIMKOTO 3pOCTaHHS ITOTY>KHOCTEH BITPOBUX
Ta COHSYHHX €JICKTPOCTAHITiH. 3arpormoHoBaHa Marte-
MaTH4Ha MOJIENb TAKOXK MOXKE BUKOPHCTOBYBATHCH Y
nociimkenns ydacti BEC ta CEC Ha puHKY TOTIOMiX-
HHX [TOCIYT HAI[iOHAJIbHOTO PUHKY €JIEKTPOSHEP .
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OPTIMAL GENERATION DISPATCH WITH WIND AND SOLAR CURTAILMENT

There are three modes of wind and solar generation curtailment revised in the arti-
cle: 1) absolute maximum generation curtailment, 2) single for whole day decreased
load factor use, and 3) one per one hour decreased load factor use. Each curtail-
ment method is realized in the MIP model to find the optimal solution of generation
mix for the power system’s hourly daily load dispatch consisting of thermal, nucle-
ar power units, and hydro units of hydroelectric power and hydro pumping power
stations. The results of the calculation allow assessing the efficiency of the use of
each curtailment method taking into account such parameters: volume of curtailed
generation during a day, the possibility of participation wind and solar generation
in the balancing (both ramp-up, and ramp-down). The proposed modification of
mathematical MIP model could be used both for short-term power system optimal
dispatch and also for long-term national generation mix development studies under
the growth rates of renewables installed capacities.

Keywords: power system, daily load profile, robust decisions, mixed linear-integer

problem, frequency containment reserve.

Renewable generation is supported in Ukraine
by the highest legislative acts [1, 2], for example,
the sustainable development goal Ne7 states that
economically affordable and clean energy sources
should be available for all citizens, and one of that
sources is renewable energy. The priority for re-
newables development directly stated in the Law of
Ukraine on Electricity Market [3], particularly point
2 of article 3 “Electricity market operating princi-
ples” of Chapter I “General terms” stated that “Elec-
tricity market is operating on the basis ... 8) auspice
the development of alternative and renewable ener-
gy, ...”, and point 1 of article 5 “State policy in the
power sector” of Chapter II “State policy, regulatory
measures in the power sector and security of supply”
straightly states “State policy in the power sector is
aimed to: ... 4) support electricity production from
alternative energy sources, development of distrib-
uted generation and equipment for energy accumu-
lation; ...”. The rapid growth of renewables installed
capacity embedded into the Ukrainian Power Sys-
tem caused difficult modes of its operation which
potentially could lead to low security of supply indi-
cators, and Ukrainian Transmission System Opera-
tor (TSO) was induced to curtail power output from
wind and solar generation several times during 2020
to ensure grid stability [4, 5]. This situation led to

© S.V. SHULZHENKO, 2020

the necessity to adjust the legislation in order to give
official power for TSO to curtail renewable genera-
tion, and in the middle of 2020 appropriate add-ons
were made into the Law of Ukraine on Electricity
Market, namely point 3 of article 2 “Legal basis of
electricity market operation” of Chapter I “General
terms” now is stated “The market rules determines
... the rule of power output curtailment for the pro-
ducer which sale electricity by “green” tariff or auc-
tion price ...”. Ergo, renewable curtailment is legally
allowed now, but to determine the exact method of
renewables curtailment and appropriate algorithm,
which will be consensually accepted by all electric-
ity market players is not a trivial task. In this paper,
the MIP model [7-9] is modified adding equations
that allow solving generation dispatch problem with
embedded wind and photovoltaic generation which
could be curtailed in three different methods. The
comparative analysis of the results of calculations,
and general recommendations regarding most af-
fordable curtailment method also presented.
Though there are a lot of articles studying embed-
ded into power system renewables and their curtail-
ment, as a rule, each of that article dedicated only one
curtailment method, and because different mathemat-
ical models are used in the studies it is a very compli-
cated task to compare results of the article. This paper
is studying three curtailment methods with the single
mathematical model and input data, and this allows
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to compare results of calculations and make a ratio-
nal analysis of the results. There are three modes of
wind and solar generation curtailment revised in the
article: 1) absolute maximum generation curtailment,
2) single for whole day decreased load factor use, and
3) one per one hour decreased load factor use. The
calculations for each curtailment method were made
using basic MIP model described in [8] with equal set
of input data.

There are single separate exogenous profiles for
wind and solar generation during 13 October 2018
used for calculation in the basic model [8]. To make
calculations according to each curtailment method the
set of equations were added to the MIP model which
are actually constraints. Also, the main constraint of
the model, balance between generation and consump-
tion, was modified (1) — correspond to the equation
(2) in [8]. All other equations are left unchanged.

K\(KPSUKTPPUKR KTPP UTI’P
w PV G TPP
R + ])t + Pkt + Z Z Bcut
k=1 k=1 u=1
KPS UKPS
+ZZ(ykut kut ykut kut)+z _Z _D VtET (1)
k=1 u=1
where 7 — set of periods, as the one day is con-

sidered then set consists 24 elements (a day with
1 hour time resolution); K — set of all power
units of all power stations including thermal power
plants (TPP), nuclear power plants (NPP), com-
bined heat and power stations (CHP), autoproduc-
ers (APr), hydro units of hydroelectric power sta-
tions (HPS) and hydro pumping storages stations
(HPSS), and also wind (Wind) and photovoltaic
(PV) power stations; K™ — set of hydro pumped
storages stations (namely — Kyiv, Dnister and Tash-
lyk), for each HPSS the set of hydro units is de-
termined — U™ ; K™ — set of thermal power
plants, for each TPP the set of power units is deter-
mined — U™"; K® — the set of renewable gen-
erators (Wind and PV); P” — the variable corre-
sponding to the curtailed electric power production
by Wind, MW; P" — the variable correspond-
ing to the curtailed electric power production by
PV, MW; P,° — electric power produced by CHP,
NPP and APr, MW; P, — electric power pro-
duced by TPP’s power unit, MW; y, ¢ — binary
variable, equal to 1 (one), if hydro unit is operat-
ing in generation mode, otherwise is 0 (zero); P,,°
— electric power produced by HPSS in generation
mode, MW; y,_" — binary variable, equal to 1
(one), if hydro unit is operating in pumping mode,
otherwise is 0 (zero); B,,” — electric power con-
sumed by hydro unit of HPSS in pumping mode,
MW; z' — variable corresponding to imported
electric power, MW; z® — variable correspond-
ing to exported electric power, MW.

The constraints corresponding to the Wind and PV
curtailment mode 1) determine the absolute electric
power maximum level that Wind (2.1) and PV (2.2)
are permitted to supply to the grid:

F" 'FW < Max"
PV =y VeeT; (2.1),
{Max FW > Max" 1)

FPV ,FPV SMCZXPV
P = Lo VeeT, 2.2
{MaxPV :F™ > Max"™" @2)

where F", F" — actual exogenous profiles of
Wind and PV electric power generation for each time
slice of the day, MW; Max" , Max"" — parameter
determining the absolute electric power maximum
the Wind or PV is permitted to supply to the grid,
MW during a day. The curtailment mode 1) is illus-
trated in fig. 1 where the absolute maximum for Wind
generation is limited to 0.75 and for PV — 0.52 (ac-
tual Wind and PV generation profiles observed in the
Power System of Ukraine on 13 October 2018 were
used as a reference case).

1 “fraction
0.9 p

@ e a» D/ _ jctual
= = =PV-0.52

Wind - actual
* = Wind-0.75

hour
L

10 12 14

0 — \_\‘j

0.1 4 \
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0 2 4 6 8

16 18 20 22 24

Fig. 1. Actual and curtailed Wind and PV profiles
for 13 October 2018 (absolute maximum level for
a whole day: Wind — less than 0.75,

— less than 0.52)

Curtailment mode 2) — the use of single for whole
day decreased load factor realized with additional
variables for Wind (2.3) and PV (2.4) which corre-
spond to the load factor, and additional constraints
determining scaled (curtailed) daily load profile for
Wind (2.5) and PV (2.6):

1>0">L07,; (2.3)
1>L" > Ly, (2.4)

P’ =L"F";VteT, (2.5)
P =I""F"vteT, (2.6)

where L, L' — variables corresponding single
daily load factor for Wind and PV, which are in other
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words scale coefficient; L}, , L), — parameters
determined minimum allowed decrease of generation
by Wind and PV for a whole day.

The use of these constraints in the model causes
a downscale of generation profile for a whole day.
For example, if the minimum allowed decrease for
a Wind and PV generation is 0.8, then the variable
corresponding to the load factor could be greater than
0.8 and less than 1 (fig. 2 based on actual profiles for
13 October 2018).

fraction em— \\ ind-actual @ e @ PV-actual

- - ind-0.8 - = =PV-0.8
0.8 7%
0'7 . .

hour

20 22 24

0o 2 4 6 8§ 10 12 14 16 18

Fig. 2. Actual and curtailed Wind and PV profiles
for 13 October 2018 (the variable corresponding
to the allowed decrease of load factor is equal to 0.8)

Curtailment mode 3) — the use of one per one
hour decreased load factor is formulated with con-
straints similar to ones for curtailment mode 2),
but the variable corresponding to the load factor
for Wind (2.7) and PV (2.8) is determined for each
time slice (1 hour in that case). Hence the curtailed
level of power output from Wind (2.9) and PV
(2.10) will be determined for each time slice inde-
pendently, which could be treated as an automatic
power output control.

>0 >L7,;VteT,; (2.7)
1> >10) VteT,; (2.8)
P"=L"F";VteT; (2.9)
P” =L""F"vteT, (2.10)

where L, LI — the variables corresponding to the
load factor for Wind and PV power output for each
time slice.

The actual data for generation and consumption
in the Power System of Ukraine on 13 October 2018
were used, but actual profiles of Wind and PV genera-
tion are upscaled accordingly to the assumed growth
of installed capacity for Wind up to 3000 MW, and
for PV — 7000 MW as it stated in NPC “Ukrenergo”
Adequacy Report 2020 [14] (table 1).

Actual electricity generation by “large” hydro-
power stations of “Ukrhydroenergo” on 13 October

2018 was 13309 MWh, the range 13000 — 13500
MWh per day was used for calculations with mini-
mum hourly power output from “large” HPS at lev-
el 200 MW, and maximum level 1329 MW (as it
was actually viewed for that day), maximum hourly
ramp-up/down was fixed not greater than 500 MW.
Operation modes of hydro pumping storages sta-
tions’ hydro units are determined by optimization,
there three HPSS were used for calculations: Kyiv
HPSS — 3 units with generation/pumping power
37/43 each, Dnister HPSS — 3 units 324/421, and
Tashlyk HPSS — 2 units 151/216.5 MW. The opera-
tion time both in the generation and pumping mode
is 3 hours continuously after the operation starts.

Table 1. Input data for calculations,

MW (for each hour)
Auto-
Hour dPower CHP | produ- | Wind | py | Small
emand Hydro
cers
01 14709 | 696 126 2437 0 24
02 14091 | 705 128 2437 0 17
03 13955 | 702 126 2352 0 23
04 13825 | 709 130 2437 0 23
05 14029 | 704 128 2429 0 23

06 14479 | 710 121
07 14764 | 726 152
08 15178 | 730 181

2429 0 23
2468 | 104 24
2499 | 534 22

09 16147 | 735 201 | 2150 | 1842 | 23
10 16394 | 721 234 | 2251 | 2898 | 24
11 16607 | 725 250 | 2429 | 3746 | 24
12 16540 | 729 264 | 2336 | 4089 | 22
13 16244 | 727 259 | 2290 | 4120 | 22
14 16204 | 722 205 | 2313 | 3856 | 22
15 16209 | 719 206 | 1940 | 3377 | 22
16 16071 | 726 197 | 1607 | 2524 | 22
17 16139 | 722 212 | 1382 | 1363 | 22

18 16496 | 739 248
19 17660 | 736 266

1459 | 461 22
2072 0 24

20 18010 | 735 290 | 2103 0 24
21 17674 | 729 305 | 2135 0 24
22 16936 | 735 349 | 2290 0 24
23 16080 | 728 351 | 2383 0 14

24 15215 | 729 349

Total,
MWh

2189 0 13

379656 | 17339 | 5278 |52820|28915| 527

The number and list of the power units of NPPs
and TPPs, and also operation modes (levels of power
output) are determined as a result of optimization,
and at that power output from NPP’s units always
generating baseload power at level 960 MW (pow-
er units BBEP-440 are not considered). The TPP’s
power units are characterized by such minimum/
maximum stable level of output: power unit with in-
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stalled capacity 800 MW — 540/750, power units 300
MW — 175/280 MW each, 200 MW units — 110/190
MW each. All TPP’s power units that are in operation
should maintain secondary ramp-up/down reserves at
a total level of 300 MW.

The total amount of daily import/export to/from
the Power System is fixed at a maximum level of 3000
MWh, and the absolute hourly maximum import/ex-
port is fixed at a maximum level of 200 MW. The
resulting daily import/export balance is constrained
to be equal to zero.

The calculations of optimal generation dispatch
with Wind and PV curtailed according to the method
1) —absolute maximum generation curtailment was
made with four modes of power output limitation:

Mode Nel — Max" and Max™" levels are equal
to the 100 % of actual maximum power output from
Wind and PV on 13 October 2018, for Wind genera-
tion is 2499 MW (corresponding to the power output
at 8’th hour, table 1), for PV generation is 4120 MW
(corresponding to the power output at 13°th hour,
table 1);

Mode Ne2 — and Max"" levels are equal to the
90 % of actual maximum power output from Wind
and PV on 13 October 2018, for Wind generation the
absolute limit is 2249 MW, and for PV generation ab-
solute limit is 3708 MW;

Mode Ne3 — and Max"™ levels are equal to the
80 % of actual maximum power output from Wind
and PV on 13 October 2018, for Wind generation the
absolute limit is 1999 MW, and for PV generation ab-
solute limit is 3296 MW;

Mode Ne4 — and Max™ levels are equal to the
70 % of actual maximum power output from Wind

and PV on 13 October 2018, for Wind generation the
absolute limit is 1750 MW, and for PV generation ab-
solute limit is 2884 MW.

There 8 NPP’s power units were selected for op-
eration while both for Wind, and PV mode Ne4 was
selected (the average daily load factor of Wind gen-
eration is 78%, and for PV is 83% compared to the
original actual electricity generation). The daily im-
port/export is 1119.3 MWh which is used to ensure
balance between generation and power demand and
enough levels of secondary reserves during whole
day (fig. 3, table 2).

The calculations of optimal generation dispatch
with Wind and PV curtailed according to the method
2) — the use of single for whole day decreased load
factor was made with the use of load factor that is
changing between 70 — 100 %.

There 8 NPP’s power units were selected for op-
eration while the applied single load factor for Wind
was selected at 93%, and for PV is 70%. The daily
import/export is 547.4 MWh which is used to ensure
balance between generation and power demand and
enough levels of secondary reserves during whole
day (fig. 4, table 3).

The calculations of optimal generation dispatch
with Wind and PV curtailed according to the method
3) — the use of one per one hour decreased load factor
was made with the use of hourly load factors that are
changing between 70 — 100 %.

There 9 NPP’s power units were selected for op-
eration, the average daily load factor of Wind gen-
eration is 84%, and for PV is 72% compared to the
original actual electricity generation. The daily im-
port/export is 197.1 MWh (fig. 5, table 4).

20000 MW MW240.0
18000 200.0
16000 160.0
14000 120.0
12000 80.0
10000 40.0
8000 0.0
1 234567 8 91011121314151617 18192021 222324

C——INPP+CHP+Apr TPP == Wind hour

PV E===3 Hydro 1 HPSS Gen

= = JImp C—Exp — Consump

Fig. 3. Optimal generation dispatch with Wind and PV that are curtailed according to the method
1) — absolute maximum generation curtailment, MW
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Table 2. Optimal generation dispatch with Wind and PV that are curtailed according to the method
1) — absolute maximum generation curtailment , MW

NPP+ Wind PV HPSS (Pump Reserves at
hour | CHP+ | (Curtailed Gen./ | (Curtailed Gen./ | TPP coal | Hydro / Gen) Imp/Exp TPP (Up/
Apr Load factor) Load factor) Down)
01 8526 1750/ 72 0/0 3729 704 0/0 0/0 17117472
02 8530 1750/ 72 0/0 3607 204 0/0 0/0 1833 /350
03 8531 1750/ 74 0/0 3557 200 43/0 0/39.5 1883 /300
04 8542 1750/ 72 0/0 3557 200 43/0 0/180.5 1883 /300
05 8535 1750/ 72 0/0 3587 200 43/0 0/0 1853 /330
06 8534 1750/ 72 0/0 3637 558 0/0 0/0 1803 /380
07 8582 1750/ 71 104 /100 3687 641 0/0 0/0 1753 /430
08 8613 1750 /70 534 /100 3696 585 0/0 0/0 1744 / 439
09 8639 1750/ 81 1842 /100 3627 678 421/0 323/0 1813 /370
10 8659 1750 /78 2884 /100 3557 200 464 /0 0/191.7 1883 /300
11 8679 1750/ 72 2884 /77 3587 592 885/0 0/0 1853 /330
12 8695 1750/ 75 2884 /71 3557 200 464 /0 0/81.7 1883 /300
13 8688 1750/76 2884 /70 3557 200 637.5/0 0/197.2 1883 /300
14 8629 1750/ 76 2884 /75 3557 200 680.5/0 0/135.2 1883 /300
15 8627 1750/ 90 2884/ 85 3753 200 897/0 0/108.1 1687 /496
16 8625 1607 / 100 2524 /100 3981 200 680.5/0 0/1854 1459/ 724
17 8636 1382 /100 1363 /100 4221 553 216.5/0 200/0 1219/ 964
18 8689 1459 /100 461 /100 4461 914 0/512 0/0 979 /1204
19 8706 1750/ 84 0/0 4701 1329 0/987 187/0 739 / 1444
20 8729 1750/ 83 0/0 4941 1329 0/1061 200/0 499 / 1684
21 8738 1750/ 82 0/0 4788 1329 0/873 196.9/0 652 /1531
22 8788 1750/ 76 0/0 4618 1183 0/398 200/0 822 /1361
23 8773 1750 /73 0/0 4448 683 0/324 103/0 992 /1191
24 8771 1750/ 80 0/0 4278 417 0/0 0/0 1162 /1021
X / average X / average X (Pump / p))
Total, X load factor,g% load factor,g% x x (Gen)p (Imp/Exp) o
MWh| 207464 | 41188 /78 24133/83 | 94691 | 13500 | 5475/4155 | 'MW/ _
20000 MW MV¥40.0
18000 200.0

-

—
o
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Fig. 4. Optimal generation dispatch with Wind and PV that are curtailed according to the method
2) — the use of single for whole day decreased load factor, MW
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Table 3. Optimal generation dispatch with Wind and PV that are curtailed according to the method
2) — the use of single for whole day decreased load factor, MW

NPP+ Wind PV HPSS Reserves at
hour | CHP+ | (Curtailed Gen./ | (Curtailed Gen./ | TPP coal | Hydro | (Pump/ | Imp/Exp TPP (Up/
Apr Load factor) Load factor) Gen) Down)
01 8526 2274 /93 0/0 3441 468 0/0 0/0 1815 /300
02 8530 2274/93 0/0 3441 200 216.5/0 | 0/137.6 1815 /300
03 8531 2194 /93 0/0 3441 426 637.5/0 0/0 1815 /300
04 8542 2274/93 0/0 3446 200 637.5/0 0/0 1810/ 305
05 8535 2267/93 0/0 3441 207 421/0 0/0 1815 /300
06 8534 2267/93 0/0 3441 237 0/0 0/0 1815 /300
07 8582 2303/93 73/70 3474 331 0/0 0/0 1782 /333
08 8613 2332/93 374 /70 3524 335 0/0 0/0 1732 /383
09 8639 2006 /93 1289 /70 3478 708 0/0 26.2/0 1778 / 337
10 8659 2100/93 2029 /70 3441 208 43/0 0/0 1815 /300
11 8679 2267/93 2622 /70 3441 200 464 /0 0/137.8 1815/300
12 8695 2180/93 2863 /70 3441 200 766.5/0 0/72.1 1815 /300
13 8688 2136/93 2884 /70 3471 209 1144.5/0 0/0 1785 /330
14 8629 2158 /93 2699 /70 3441 200 723.5/0 0/200 1815 /300
15 8627 1811/93 2364 /70 3628 200 421/0 0/0 1628 / 487
16 8625 1499 /93 1767 /70 3848 332 0/0 0/0 1408 / 707
17 8636 1289 /93 954 /70 4068 832 0/324 354/0 1188 /927
18 8689 1362 /93 322/70 4288 1323 0/512 0/0 968 / 1147
19 8706 1934 /93 0/0 4518 1329 0/1061 112/0 738 /1377
20 8729 1963 /93 0/0 4728 1329 0/1061 200/0 528 /1587
21 8738 1992 /93 0/0 4569 1329 0/873 173.8/0 687 /1428
22 8788 2136/93 0/0 4359 1329 0/324 0/0 897/1218
23 8773 2223/93 0/0 4159 925 0/0 0/0 1097 /1018
24 8771 2042 /93 0/0 3959 443 0/0 0/0 1297/ 818
Y. / average load | X / average load Y (Pump / X
Total, x factor,g % factor? % x x (Gen)p (Imp/Exp) B
5475/ 5474/
MWh | 207464 49284 /93 20240/70 90488 13500 4155 547.4 —
20000 Mw MW240.0
18000 200.0
e
16000 - \\\\ N 160.0
14000 —fa — 120.0
12000 80.0
10000 40.0
8000 n_1I T 0.0
1 23456 7 8 91011121314151617 181920 21222324
C——INPP+CHP+Apr C—=1 TPP == Wind hour
PV E===3 Hydro mnn HPSS Gen
= — JImp CExp e Consump

Fig. 5. Optimal generation dispatch with Wind and PV that are curtailed according to the method
3) — the use of one per one hour decreased load factor, MW
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Table 4. Optimal generation dispatch with Wind and PV that are curtailed according to the method

3) — the use of one per one hour decreased load factor, MW

NPP+ Wind PV HPSS Reserves at
hour | CHP+ | (Curtailed Gen./ | (Curtailed Gen./| TPP coal Hydro (Pump / Imp/Exp TPP (Up/
Apr Load factor) Load factor) Gen) Down)
01 9486 1722 /171 0/0 2801 700 0/0 0/0 1325/300
02 9490 1706 /70 0/0 2801 200 0/0 0/106.1 1325/300
03 9491 1884 /80 0/0 2801 200 421/0 0/0 1325/300
04 9502 1743 /72 0/0 2801 200 421/0 0/0 1325/300
05 9495 1954/ 80 0/0 2801 200 421/0 0/0 1325 /300
06 9494 1984 /82 0/0 2801 200 0/0 0/0 1325/300
07 9542 2148 /87 73 /70 2801 200 0/0 0/0 1325/300
08 9573 2230/ 89 374 /70 2801 200 0/0 0/0 1325/300
09 9599 2150/ 100 1397 /76 2801 200 0/0 0/0 1325/300
10 9619 1591 /71 2029 /70 2801 700 3455/0 0/0 1325/300
11 9639 1701 /70 2622 /70 2801 200 345.5/0 0/10.1 1325/300
12 9655 1788 /77 2863 /70 2801 200 766.5/0 0/0 1325/300
13 9648 1603 /70 2884 /70 2801 200 842 /0 0/50 1325/300
14 9589 1619/70 2699 /70 2801 585 1058.5/0 0/30.9 1325/300
15 9587 1799 /93 2364 /70 2896 200 637.5/0 0/0 1230/ 395
16 9585 1607 /100 1836/73 3046 214 216.5/0 0/0 1080/ 545
17 9596 967/ 70 1342 /98 3196 714 0/324 0/0 930/ 695
18 9649 1342/92 461 /100 3356 1214 0/475 0/0 770/ 855
19 9666 2072 /100 0/0 3516 1329 0/1061 15.6/0 610/1015
20 9689 2103 /100 0/0 3646 1329 0/1061 181.5/0 480/ 1145
21 9698 2135/100 0/0 3602 1329 0/910 0/0 524 /1101
22 9748 2093 /91 0/0 3442 1329 0/324 0/0 684 /941
23 9733 2236 /94 0/0 3282 829 0/0 0/0 844 /781
24 9731 2023/92 0/0 3132 329 0/0 0/0 994 /631
| x| s [ R || R T
MWh |230504| 44199/84 | 20944/72 | 172330 13000 |5475/4155 71/ —

It is impossible to make absolutely proven de-
cision about only one optimal choice of the best
Wind and PV curtailment method which should be
applied as it is a multicriterial task (table 5), more-
over, it is hard to make arrangements of the results
because they have different nature and have differ-
ent influence on the power system stability.

Based on the criterion of Power System self-suf-
ficiency the most appropriate curtailment method
is 3) — the use of one per one hour decreased load
factor, but the implementation of this method re-
quires that about 30% of renewables be equipped
with automatic power output control devices, that
not so simple task in practice. Implementation

of method 2) — the use of a single for whole day
decreased load factor allows to reach a minimum
level of Wind and PV curtailment, but it is clear
that the biggest daily volume of Wind generation is
possible due to the lowest PV generation. Method
2) has the advantage that some fraction of curtailed
power (theoretically 100% of curtailed power) as
We do know that the power output strictly equal
to maximum power decreased by some load factor
could be used as a ramp-up reserve. The weakest
option is the use of method 1) — absolute maxi-
mum generation curtailment because the power
exchange with neighboring power systems (daily
volume of import/export) is the biggest one among
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Table 5. The results compare

Curtailment method

Parameter
1 2 3
Daily Ir;l/fl’\?v"l‘l/EXpom 1119 547 197
Daily generation, MWh

NPP 184320 | 184320 | 207360

TPP 94691 90488 72330

Hydro 13500 13500 13000

Wind 41188 49284 44199

PV 24133 20240 20944

Total, Wind + PV 65321 69524 65142

Average daily load factor, %

Wind 78.0 933 83.7
PV 83.5 70.0 72.4
Wind + PV 79.9 85.1 79.7

Daily volume of curtailed electricity, MWh

Wind 11632 3536 8622
PV 4782 8674 7971
Total, Wind + PV 16414 12211 16593

the other options, so the Power System is highly in-
sufficient. Also, the method 1) does not allow us to
assess the “unused” capacity that could be used as
a ramp-up reserve because We only know the abso-
lute maximum power output and do not know what
is the exact load factor of a generator in a moment.

Concluding, the most appropriate curtailment
option in the short-term is method 2), because its
implementation only requires administrative mea-
sures, which could be put into force by some legis-
lations and does not require fulfillment of compli-
cated technical measures in the Power System. An-
other advantage of method 2) is its implementation
creates a basis for the participation of Wind and
PV generation in the ancillary services market and
in intraday power system balancing. In the middle-
term it is reasonable to implement method 3) as
it allows to reach high self-sufficiency (minimum
daily volume of import/export and hence well-bal-
anced system) of the Power System, and also to
dispatch additional NPP’s power units and mini-
mize the use of coal-fired TPP’s power units, which
is decreasing negative impact on air.

The MIP model is written using MathProg [15]
language, a freeware version of AMPL. As a solver,
the GNU GLPK [16] program is used. The overall

time for one calculation with standard table PC is
about 30 seconds. MIP model could be used both
for short-term power system optimal dispatch and
also for long-term national generation mix devel-
opment studies under the growth rates of renew-
ables installed capacities.

CONCLUSIONS

1. The modification of mathematical MIP model
[8] for the finding of optimal solution of generation
mix for the power system’s hourly daily load dis-
patch consisting of thermal, nuclear power units,
and hydro units of hydroelectric power and hydro
pumping power stations is proposed. There are
three modes of wind and solar generation curtail-
ment revised in the article: 1) absolute maximum
generation curtailment, 2) single for whole day de-
creased load factor use, and 3) one per one hour
decreased load factor use. The results of the calcu-
lation allow assessing the efficiency of the use of
each curtailment method taking into account such
parameters: volume of curtailed generation during
a day, the possibility of participation wind and so-
lar generation in the balancing (both ramp-up, and
ramp-down).

2. It is impossible based on the results to make
absolutely proven decision about only one optimal
choice of the best Wind and PV curtailment meth-
od which should be applied as it is a multicriterial
task, moreover, it is hard to make arrangements of
the results because they have different nature and
have different influence on the power system sta-
bility. To assess the efficiency of the use of each
curtailment method it is reasonable to account such
parameters (results of calculations): volume of cur-
tailed renewable generation during a day, the possi-
bility of participation wind and solar generation in
the balancing (both ramp-up, and ramp-down), the
daily volume of electricity exchange with neigh-
boring countries, number of the NPP’s and TPP’s
power units which are in operation, because the
maximization of nuclear and minimization of coal-
fired electricity decreasing negative impact on air.

3. The analysis of the results is evident that the
most appropriate curtailment option in the short-
term is method 2), because its implementation only
requires administrative measures, which could be
put into force by some legislations and does not
require fulfillment of complicated technical mea-
sures in the Power System. Another advantage of
method 2) is its implementation creates a basis for
the participation of Wind and PV generation in the
ancillary services market and in intraday power
system balancing. In the middle-term it is reason-
able to implement method 3) as it allows to reach
high self-sufficiency (minimum daily volume of

ISSN 1562-8965. The Problems of General Energy, 2020, issue 4(63) 31



S.V. SHULZHENKO

import/export and hence well-balanced system) of
the Power System, and also to dispatch additional
NPP’s power units and minimize the use of coal-
fired TPP’s power units, which is decreasing nega-
tive impact on air.

4. The modification of the MIP model described
in the article is written using MathProg language,
a freeware version of AMPL. As a solver, the GNU
GLPK program is used. The overall time for one
calculation with standard table PC is about 30 sec-
onds, that is allowing the use of the model for sto-
chastic optimization with set of Wind and PV pro-
files to obtain robust decisions.

5. The modification of the MIP model could be
used both for short-term power system optimal dis-
patch and also for long-term national generation
mix development studies under the growth rates
of renewables installed capacities. The proposed
model could be used to conduct studies for find-
ing conditions of Wind and PV generation efficient
participation in the ancillary services market and in
intraday power system balancing.
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