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PO3BUTOK BIAHOBJIIOBAHOI ENIEKTPOEHEPIETUKU 3 BUKOPUCTAHHSAM
AKYMYNALUAHUX TEXHONOTTTNA

3anpornoHoBaHO MaTemMaTudHy MOLESb BU3HAYEHHSI COBIBAPTOCTI BiAryCKY €1eKTPUYHOI
eHeprii cuctemamu ii akymynioBaHHsl. HaBeneHo po3paxyHku cobiBapTOCTi BiAnycKy enex-
TPUYHOI eHeprii TeXHOoriamu ii akymytoBaHHS, 30Kpema, riapoakymMyso40r, MHEBMOAaKY -
MYJIIOI0HOI0 CTaHUISIMU, a TaKoX JliTii-iOHHOIO akyMyJISTOPHOI baTtapeeto. Pe3ynbtaty po3-
paxyHKiB A03BOJISIOTb 3p0OUTH BUCHOBOK, LLO B MarbyTHbOMY i3 3HUXEHHSIM MUTOMUX Karli-
TasIOBKIa[AEHb Y BCTAHOBJIEHY MOTYXHICTb Ta MiABULLEHHSAM KoeilieHTa ii BUKOPUCTaHHS
ribpuvaHi cuctemu, poToenekTpuyHi abo BITPOBI CTaHLIi CyMICHO 3 cucTeMamu akymMyJsIoBaH-
HS1 CTalOTb KOHKYPEHTO34aTHUMM 3a NoKa3HUKOM cObBIBapTOCTI BiAMyLLEHOI enekTpoeHeprii
MOPIBHSIHO i3 TpaAuLUiiHOK BYri/IbHOKO TErJIOBOK €/1eKTPOoCTaHLUien. 3arnponoHoBaHui
MEeTOo4 MOAENOBaHHS ribpuaHNX CUCTEM AO03BOJISIE BPaxoByBaT 0COBMBOCTI ix BUKOPU-
CTaHHSI B MeXax eHeprocuctemu B 6islbLL 3arasibHUX MOAESIX PO3BUTKY EHEPreTUKU.

Knw4oBi cnoBa: MaTeMatnyHa MOAenb, BiAHOB/IOBAHI A)Xepena eHeprii, akyMyitoBaHHSA

eneKTpoeHeprii, eHeprocucTema.

Ha cawmiti Opranizamii O0’emHaHnX HaIii
mono Crajioro po3BUTKY, 110 BigOyBaBcs 3 25 110
27 BepecHs 2015 p. y Huio-Hopky, CILIA, 6yau
npuiiHaTi Llini cTamoro po3BUTKY JIOACTBA Ha
nepiox no 2030 p. Brepiie Ha psiny 3 3aralbHUMU
COliaTbHUMM LUISIMU iCHYBAaHHSI i pO3BUTKY JIIOA -
CTBa, TAKUMMU SIK JOTPUMAHHSI TeHAEPHOI PiBHOCTI,
rPaMOTHOCTI, MOAOJAHHS HecTayi 1Xi i MUTHOI
BOIM, 3a0e3MeUYeHHsT HaJeXKHOTO PiBHSI OXOPOHU
3I0pOB’4 i iHIIKUX IBHO Oyna copMyIbOBaHa LiJib
3a0€3MeYnTH JOCTYII 10 €HEPIeTUIHUX PECYPCiB —
Linp Ne7 “Crane Ta HamiliHe 3a0e3IeYeHHS
(piHAaHCOBO-TOCTYIHUMHM, CYYaCHMMHU BUIAMU
eneprii” (Ensure access to affordable, reliable, sus-
tainable and modern energy for all). [locsrHeHHS
miei wini mo 2030 p. nepeadayae BUPiLLIEHHST TAKUX
OCHOBHMX 3aBIaHb [1]:
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7.1 — rapaHTyBaTU 3arajbHy AOCTYITHICTh €KO-
HOMiYHO-TIpUBAOJIMBOTO, HAAIHOrO Ta Cy4aCHOIO
eHepro3abdesrneyeHHsl;

7.2 — CyTTEBO MiABUIIUTH YAaCTKy €HEprii 3 Bill-
HOBJIIOBAHUX JIKEPEJ €HEPril B 3araJibHOMY €HEp-
TOBUPOOHMUIITBI;

7.3 — B IBa pa3u MiABUIIUTU 3araJIbHOCBITOBI
TEMIIU ITiABUILIEHHS eHeproeeKTUBHOCTI;

7.a — 3MITHUTU MiXKHAPOIHE CITiBPOOITHUIITBO
JUUIS. TIOJIETLIEHHST AOCTYITY 10 MOCHiIXEeHb, MPU-
CBIYEHUX YMCTUM BUAAM €HEpril i BiAMOBiZHUM
TEXHOJIOTISIM, 30KpeMa, BiTHOBJIIOBAHUX JXKepes
EHepril, 3aX0JaM ITiIBUIIeHHS eHeproe(eKTUBHO-
CTi, MepeIOBUM TEXHOJIOTiSIM MiABUILEHHS €KOJI0-
TYHOCTi BUKOPUCTAHHS BUKOIHOIO MajuBa, CTU-
MYJIIOBATH iHBECTU1Iil B eHepreTUUHY iH(ppacTpyK-
TYpY i EKOJOTIUHO-YUCTi EHEPreTUYHi TEXHOJIOTI;

7.b — po3mMpUTH iHGPACTPYKTYPY IS CTAIIOTO
3a0e3IeueHHsI CydaCHUMM BUIAMM €Heprii Bcix
KpaiH, 110 PO3BMBAIOTLCS, 30KpeMa, HaWMEHI
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PO3BMHEHUX KpaiH, MajauX OCTPIBHMUX JepKaB,
KpaiH, 110 HEe MalOoTh BUXOAY JO MOPsI, BiANOBiAHO
JI0 pO3pO0JICHUX MPOrpaM ixX MiATPUMKHU.

Otrxe, Ha HaAWBUIIOMY MiXHApOAHOMY piBHi
BU3HAUYEHI 3araJbHOCBITOBI MPIOPUTETU PO3BUTKY
€HEPIreTUKM, CYTTIO SIKUX € MPIOPUTETHUN PO3BU-
TOK JIMIIE€ YUCTUX BUAIB €HEPTil, MiABUILIECHHS
e(eKTUBHOCTI BUKOPUCTAaHHS €HEPTii, PO3BUTOK
iHQPACTPYKTypu [ 3a0e3leueHHs 3arajJbHOro
JIIOCTYIly 10 SIKiCHOI eHeprii, 30Kpema, eJIeKTpO-
€Heprii, 10 TeHEePYEThCSI BiTHOBIIOBAHUMU IXKeE-
peramu. Ceped 4YMCTUX BUIIB €HEPrili 4iTKO
BU3HAUYEHi JIMIEe BiIHOBJIOBAHI JKepeiaa eHepril
(BAE) — consuna, BiTpoBa, Oiomaca, a, HalIpuK-
JIaJ, aTOMHA eHepreThKa, sIK OJHA 3 YUCTUX TEXHO-
JIOTii, SIBHO B3araji He 3raayeTbcs. Ilomanblie
BUKOPMCTAHHSI BUKOITHOTO TTaJIMBa BiIMOBITHO 10
Lini Ne 7 € mpunycTumMuM, ajae HeEOOXiTHO peai-
30BYBAaTU 3aXOAU, SIKi rapaHTYIOTh OT0 €KOJIOTiv-
HO-YMCTE€ BUKOPHMCTAHHS B MPOIIECi MEPETBOPEH-
HSI B TEIUIOBY a00 €JIEKTPUYHY €HEPTilo.

CyyacHUI1 cTaH PO3BUTKY C€HEPIreTUYHUX TeX-
HOJIOTIl XapaKTepU3yEThCSI TUM, IO TapaHTYBaTU
HafiiiHe 3a0e3NeYyeHHs CIOXWBayiB SIKiCHUMU
BUJAMU €HEepTii, 30KpeMa, eJeKTPOeHeprielo, 3
BUKOPUCTAHHSAM JIMIIIE BiTHOBIIOBAHMX JKEpes
HEMOXKJIMBO 3 TEXHIYHUX IPUIMH, TOMY 3 HYyXKe
BUCOKOIO IMOBIPHICTIO CJIil O4iKyBaTH, 110 BUPi-
LIeHHS TepeIidYeHNUX 3aBIaHb IS TOCSTHEHHS
LLini Ne 7 6yne BigOyBaTHUCh B MeXKax eHEPreTUYHUX
CHCTEM i3 BUKOPUCTAHHSIM HE JIMIIIE BiTHOBJIIOBA-
HOI €HepreTMkMu, a i TeXHOJIOTi TpaauLiiHO1
eHepreTuKu. BpaxoByroun MIPUHIIUIIOBY HEMOX-
JIMBICTh TapaHTyBaTU CTaOUIbHI MPOTHO30BaHi
PiBHi TeHepallil eJIeKTPOEHEPTii 3 BiTHOBIIOBAHUX
JKepesa €Heprii, a TakoX IMpaKTUYHy BUYEpIia-
HICTb TiIpOEHEePreTMYHUX pecypciB, BUKOPUCTAH-
HSI SIKUX TIOTEHIIMHO 31aTHE KOMIICHCYBATH 1110
HeCTaOUIbHICTh, HE BUKJIIOUEHO IIUPOKE 3aTyYeH-
Hs TEXHOJOTiA aKkyMylloBaHHSI eHeprii. Takum
YUHOM, HesIBHO aocsarHeHHs Llini Ne 7 Bumarae
¢opMyBaHHSI HOBOTO TOIVISIAY i PO3POOKM HOBUX
MiIXOmiB 10 PO3BUTKY i Moaudikallii icHylo4unx, a
TaKOX MOOYIOBM HOBMX €HEProCHCTEeM, IO
3yMOBJIEHO TOTEHLiAHO HEOOXiMHICTIO OibLI
IIMPOKOTO 3IYYEHHS O EHEPTOCUCTEM TEXHOJIO-
il aKyMyJIsiLii eHeprii, 30KpemMa, eJeKTpOeHEPril.

Ha croroaHi B CBiTi 3araJbHONPUIHSTI METOAU
i MaTeMaTW4YHi MoOJeJli TPOTHO3YBAHHS PO3BUTKY
CHUCTEM HAKOMNWYYyBaHHS €JIEKTpOeHeprii, KpiMm
MOIEIIOBAaHHS IIOTY:XKHUX TiIpOoaKyMyITIOIUYNX
CTaHLi, B MEXax eHepreTUYHUX CUCTEM BiACYTHI,

TOMY aKTyaJbHOIO € 3ajaya po3pOO0KM HOBMX Ta
BIOCKOHAJIEHHS iCHYIOUMX IHCTPYMEHTIB MOAEI0-
BaHHSI, 3MaTHUX BpaxyBaTu eMeKT Bil iX BIIpOBalI-
KeHHs. Ockinbku Limto Ne 7 mependadeHo 3a6e3-
MEYUTHU AOCTYN A0 (PiHAHCOBO-AOCTYIHUX Cydyac-
HUX JIXepesl eHeprii, 30KpemMa, eJIeKTPOeHEPTil,
TOMY BaXXJIMBUM € BU3HAY€HHS BIUIMBY Bil BIIPO-
BaJ>K€HHSI CUCTEM aKyMYJIFOBaHHSI Ha CO0iBapTiCTh
€JICKTPOEHEprii, 110 Ma€ ITOCTaYaTHUCh CITOXMBa-
yaM, 1110 i 3alpONOHOBAHO B CTATTi.
3aralbHONPUIHATUNA B CBiTi METOJ, BU3HAUCH-
Hs1 co0iBapTOCTI BUPOOHUIITBA €JIEKTPOECHEPTil
0a3yeTbcs Ha PO3pPaxyHKy AUCKOHTOBAHOTO 3Ha-
YeHHsI BUTPAT, 3 BUKOPUCTAHHSIM $SIKOTO i BU3HA-
YaeThCS COOIBAPTICTD, 1110 TPUBEAEHA A0 TTIEBHOTO
nepiogy MOJEIIOBAaHHS IE€BHOI TEXHOJOTIi,
HaMpUKJaa, 10 MeplIoro poky KOMepLiiiHOI eKc-
ryatauii [2 — 4]. AHaJIOTiYHME TiAXia MPOMOHY-
€TbCSI 3aCTOCYBATH i JJII CUCTEM aKyMYJIIOBaHHS
eJIeKTpoeHeprii. B iboMy BUNaaKy BUTpaTu Bpaxo-
BYIOTbCS TaK caMoO, SIK i JUISI CMCTeM TeHepallil
€JIEKTPOEHEPrii MPOTAroM 11 XKUTTEBOTO LIUKITY:

Cc™“ = y C e
= (14+r)
w el Ciy,
R )]
<o (147)
.\ T+n+m C3

T
T—n-1

B r=T+n+l1 (1+]/‘)

ne CLCC — BuTpaty Ha aKyMyJidlLlilo/TeHepalliio
MPOTATrOM KUTTEBOTO LIMKJY 00’€KTa, MpPUBEACHI
JIO TIEPIIOr0 POKY XKUTTEBOro LUKy, noj. CIIA;
n — TPUBAJICTh OYyIiBHUIITBA, KiJIbKICTh POKIB; T —
eTarl XXUTTEBOTO LIUKIY, KiJIbKiCTh POKiB; T — Tpu-
BaJIiCTh €KCILTyaTallii, KiIbKiCTb POKiB; m — TpUBa-
JIICTb BUBOJAY 3 €KCIyaTalii, KiJIbKiCTb POKiB; r —
nuckoHrt, %/100; C Vr(f) — 3MiHHi BUTpaTH 3a eTarl,
sIKi 3aJiexXaTh Bill peXXuMy eKcIutyatarlii (f), JoJ.
CHIA; CX'¢ — xanitanoBkinaneHss, gon. CLIA;
CMI — ymoBHo-nocriiini Butpaty, noi. CIIA;
CII — [JjaTexi BIICOTKIB 3a KpeIuTaMHu,
non. CIIA; CI3 — BuTpaTu (3HaK “+”) abo moxoau
(3HaK “—”) Ha eTami 3aKpUTTd i yTWJi3allii,
noa. CIIA

st BU3HAYEHHST cO0iBApTOCTI 3aCTOCOBYETHCS
3HAYEHHSI BUKOPUCTAHOI, a00 BiIMyIIEHOI, eJleK-
TPOEHEPrii, 110 paHillle HaKOMWYeHa B CUCTEMi
aKyMYJIIOBaHHSI:
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P, (2)

%G,

r=n+l

ne G, — obesr eneprii B KBrrox, sikuii 6yB HaKo-
MUYEHUIT B CUCTEMi aKyMYJIFOBaHHSI.

Haii6inpln nomuvpeHUMH i BiZloMUMM Ha Lei
yac cUCTeMaMU IJIs1 aKyMYJIOBaHHSI €Heprii, siKi
BUKOPHUCTOBYIOTH B M€XKaxX EHEPTOCHUCTEM, € TiIpo-
akymymoroui enektpocraHiuii (FTAEC). Ockinbku
MOTeHLiaJ TiApopecypciB € 0OMeXEHUM i B €Bpori
ta IliBHiuHii# AMepulli BiH MpaKTUYHO BUYEpIIa-
HUI, TO BiIOYBalOThCS MOIIYKHU iHILIUX TEXHOJOTIH
HaKOIIMYEHHS eJIeKTpOeHepril, 30KpemMa, aKymy-
JIIOIOYi eJIEKTPOCTaHLIil, B SIKUX BUKOPUCTOBYIOTb
ctucHeHe noBiTps (ITAEC — nHeBMO-aKyMyJTi010-
ya eJIEKTPOCTaHIlisl) Ta eJIEKTPUYHI aKyMYJISITOPHI
barapei (ADB).

IMpunnun nii TTAEC nogionuit no 'AEC. B
ITAEC BUKOpPUMCTOBYIOTH €HEPTil0 CTUCHEHOTO
TIOBITPSI, SIKE€ 3aKayylOTh HAacOCaMM Y CXOBHIIE.
st BUPOOITKY €JeKTPUYHOI eHeprii CTUCHEHE
MOBITPS TTOAAIOTH Ha TYpOiHYy, MOEAHAHY 3 €JIeK-
TPUYHUM TreHepaTopoM. B poJi cxoBuiiia, 3a3Bu-
yaii, BUKOPUCTOBYIOTb MiJ3€MHI IIyCTOTHU, S$Ki
YTBOPUJIMCH BHACJIJOK TMPUPOJHUX TEOJOTIUHUX
npoueciB abo mTy4yHi pesepByapu. IIpuknagamu
OCTaHHiX PO3pO0OK MOXYTh clyryBaTh KaHiBcbhbKa
I'AEC ta ITAEC “lowa Stored Energy Plant”
(wtar Aiioa, CIIA). Lli akymymiooui eaeKTpo-
CTaHLl 3TigHO 3 OMNPWJIIOJIHEHUMHU IPOEKTaAaMU
MaloTh TaKi XapaKTepUCTUKU.

Kanisceka I'AEC: BcraHoBIeHa NOTYXKHICTh
1000 M BT B pexxumMi reHepanii, 1038 MBT B Hacoc-
HOMY pexXHuMi, o0cdar 1momao00Boi reHeparii —
1000 MBt'ron, Bapticth — 12 MJIpA T'pH B LiHaX
2012 poky, TepMmiH excrutryaTtamii — 50 pokiB [5].

ITAEC “lowa Stored Energy Plant”: BcTaHOB-
JIeHa MOTyXHicTh — 270 MBT, 06car momo06oBoi
reHepauii — 200 MBtroa, Baptictb — 400 MJIH
non. CIIIA, tepmin exkcryatauii — 20 pokiB,
nependauveHi ¢ikcoBaHi oIepaliiiHi BUTpaTu
16,59 non. CILA/xBt Ha pik, 3MiHHI onepaliliHi
Butpatu 2,03 mon. CIHA/xBtron. I'pomrosi
MMOKa3HMKHM NpuBeaeHo B LiHax 2010 poky [6].

[IpoMucioBe BHUKOPUCTAHHS EISKTPUIHUX
aKyMYJISITOPHUX OaTapeil € 3BUYailHUM TS LiJieit
pEe3epBHOTO XKMBJIECHHSI, @ OCTAHHIM 4YacoM 3’sIB-
JIIETBCSI MOXJIMBICTH iX BUKOPUCTOBYBAaTH HeE
JIUIIE B aBapiliHUMX BUIIaIKaX BTpPaTU OCHOBHOTO
JIKepeJsia eJeKTPOeHeprii, a i IK NOCTiMHO-Iit0unii
MIPUCTPiii aKyMyIIOBaHHS/TeHepallii eIeKTpo-

eHeprii. Taka MOXJIUBICTb 3 SIBISETHCS 3aBASIKU
BUKOpUCTaHHIO JiTili-ionHnx Ab. JliTiii-ionHi Ab
3a0e3I1euyl0Th Ha MOPSIA0K OUIbIIY KiJIbKICTh LIUK-
JIiB 3apsi/po3psil  TOPIBHSIHO i3 TpamvLiMHUMN
CBUHLIEBO-KUCTOTHUMU ADB, 3abe3neuyioTh mpu-
OMM3HO B 5 pasiB OiJbIIly MUTOMY €HEprilo Ta B
1,5 pa3a GinbLIMiA KoedillieHT KOPUCHOT il TMKITY
3apsia/po3psia. I[1o3uTuBHI BIaCTUBOCTI Cy4acHUX
JiTili-ioHHUX Ab Oynu BUKOpPUCTaHI KOMIIAHI€IO
Tesla Motors, Inc. (CIIIA) npu cTBOpeHHi MOBHi-
CTIO aBTOMAaTM30BAaHOTO Ta aBTOHOMHOTO HAaKO-
nuyyBada eHeprii PowerWall, skuit Moxe OyTu
po3TaloBaHMii 6e3MmocepeIHLO B KUTJIOBOMY a00
opicnomy nmpumimenHi [7]. PowerWall mae Taxi
XapakTepUCTUKMU: 00cCsT 110g000BOI reHepallil
7 xBt-roa, Baptictb 3000 non. CIIIA, rapaHTiiiH1i
TepMiH ekcrtyaTtauii — 10 pokiB. KoHcTpykiiis
PowerWall nependayae MOXJIUBICTb 00’ €IHAHHS B
pas3i morpedbu g0 9-tm takux Ab B omuH 0J10K
PowerPack, sxuit Moxe OyTM BUKOPUCTAHO IJIsI
poOOTH B MOTYXHilt Mepexi.

Po3paxoBaHa 3a TPOEKTHUMU [TaHUMU 3
BUKOPUCTAaHHAM 3ajexHocteir (1) ta (2) cobi-
BapTicTh 30epiraHHs/reHepallii eJeKTpoeHeprii
JJISI LIMX €JIEKTPOCTaHIii CTAHOBUTD: 3—6 LICHTIB
CIIA/xBt'rox st KaniBcekoi TAEC, 2—4 nieHTn
CIUA/xBtTon mna ITAEC “lowa Stored Energy
Plant” Tta 12—20 uentis CIIA/xBtron mis Ab
PowerWall. MeHiie 3HaueHHsSI co0OiBapTOCTi Bif-
MOBiJJa€ HOMiHAJIBHOMY PEXUMY BUKOPUCTAHHS
CUCTEMHU aKyMYJIIOBaHHS, Oijbllle 3HAYEHHST PO3-
paxoBaHO B MPUNYLIEHHI, 10 KoedillieHT BUKO-
PUCTaHHS BCTAHOBJICHOI ITOTYXKHOCTI CHUCTEMU
aKyMyJIIOBaHHSI CTAHOBUTH B cepenHboMy 60% 3a
piK eKCIuTyaTallii.

3a YMOBHU CITiJIbHOI pOOOTH 00’€KTIB BiTHOBJIIO-
BaHOI €JeKTPOEHEPreTMKM Ta HaKoIMJyyBaya
eHepril MOXJIMBO MiHIMi3yBaTU OCHOBHUI HEIO0-
Jnik BJIE — HM3bKY OpPOrHO30BaHICTh TIeHepalil
HUMMU eJieKTpoeHeprii. B Toil yac, konau oOcsr
reHepauii BJIE nepeBuinye ii crmoxXuBaHHS, Hald-
JIMIIIOK €HEeprii MoXe OYyTU aKyMyJbOBaHUIA HaKO-
nuJyyBadeM, i HaBmaku, Koiau oocsar reHepaitii BILE
MEHIII€ BiJl COXMBAHHSI €HEprisl 3 HaKoMMU4yBaya
MOKe OyTH BUKOpPUCTaHA TSI CTIOXKMUBAHHSI.

OCKiNIbKHY 3TiAHO 3 (PaKTUYHUMM JAHUMU COOi-
BapTicTh eJieKTpoeHeprii, BupobaeHoi BJIE,
3okpeMa, ¢otoesekTpuuHuMu (PEC) Ta BiTpoBU-
mu (BEC) cTranuisimu pik Big poKy 3HUXYETHCS, TO
MOXKHa IIPOrHO3YBATH iX IIIMPOKE BUKOPUCTAHHS B
MaiOoyTHhOMY. 3TimHO 3 gocmimkeHHIMH [8] B
2014 poui cepeaHbO3BaKeHa COOIBApTICTh €K~
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tpuuyHoi eHeprii (CCE) mng (oToeaeKTpuIHUX
Oarapeil, sIKi po3TallloBaHi Ha Jaxy HOpUBAaTHUX
OyauHKiB, craHoBuia Bim 180 mgo 265 nod.
CIHA/MBrtron, a ning ®EC nmpoMucioBoro mac-
mtadby — Big 72 mo 86 mon. CIIIA/MBrrox, mis
BITPOEIEKTPUUYHUX YCTAaHOBOK Bim 37 mo 81 moi.
CIUHA/MBTt-ron. B toii camuii yac CCE enexrpuu-
HOI eHeprii, BUpOOJIECHOI0 HA aTOMHMX €JIEKTPO-
craHuisx (AEC) 6e3 ypaxyBaHHSI BUTpaT Ha BUBe-
JIeHHs 3 eKCIUlyaTalii, cTaHoBuiaa Bim 92 1o
132 non. CIHA/MBTron, ans ByriabHux TEC —
Bim 66 mo 151 mon. CIA/MBrrTon. 3rigHo 3
nocaimkeHHsMu [9] B 2015 poui CCE mnsa ¢oro-
eJIEKTpUYHMX OaTapeid, sKi po3TalloBaHi Ha Aaxy
NpUBaTHUX OYIMHKIB, cTaHoBWJa Big 184 mo
300 mon. CLUA/MBT-Ton, mist niss @EC npomu-
clioBoro Macmraby — Big 58 go 70 non.
CLIA/MBrt-ron, nnsgs BEC — Bin 32 no 77 non.
CIHA/MBTrom, TOoOTO 3MEHIIMIACh IO BiTHO-
meHHio 10 2014 poky. CobiBapTicTh €IeKTPUIHOL
eHeprii AEC Tta ByrinbHux TEC B 2015 poui
nopiBHsHO i3 2014 pokoM minBuinuiack: uist AEC
— Bix 97 no 136 non. CILIA/MBT'TOA, 1151 BYTiJIb-
nux TEC — Big 65 mo 150 mon. CILIA/MBT-ron.
Pesynbprati mociimkeHb [9] IeMOHCTPYIOTh CTaly
teraeHnito 3HmkeHHsd CCE mms BEC ta ®EC
MPOTSITOM OCTaHHIX M’SITU pokiB (puc. 1 — 3). Ha
pUCYHKax BimoOpaxxeHO MiHiMaJdbHi Ta MaKCHU-
masbHi 3HayeHHs1 CCE, myHKTUPOM TTO3HAYEeHO ii
cepeaHE 3HAaUCHHSI.

3uuxeHHss CCE mnas BEC cranosuino 61%
MIPOTATOM 6-TU POKIB, I (POTOCICKTPUUHUX
Oarapeif, po3TallloBaHMX Ha Jaxy IIPUBATHUX
OynuHKiB — 82% TMPOTSATOM 6-TH POKiB.

Xoua 10 piBHS HaOiAHOCTI TpamMLiHUX TeHe-
PYIOUMX MOTYKHOCTE Ha BUKOITHOMY MaJIiBi TEXHO-
sorii BIIE 1mie He HaOMM3MIMCh, HATIpUKIIAI, Koedi-
LIIEHT BUKOPUCTAHHS BCTAHOBJEHOI MOTY>KHOCTI
(KBBIT) cyuachux AEC ctanoButh 6;1136K0 90%, B
Toi1 vac, sk i cydacHux BEC 1ieit mokazHuK q0piB-
Hioe 0;m3bKo 33%, a mst Halikpaimx @PEC — 61u13b-
ko 20%, 3MeHIIeHHS CO0iBapTOCTI BUPOOHULITBA
eJexkTpoeHeprii TexHosorismu BJIE, Ta MOXI/IMBICT
no0yI0BU TiOPUAHUX CUCTEM 3 HaKOIIMYyBauyaMu
3YMOBJIIOE 1X MOTEHLIITHY KOHKYPEHTO3JATHICTh I10
BiIHOIIIEHHIO /10 TEXHOJIOTI TpaauLiiiHOI eJIeKTPO-
€HepreTuky. ToMy sl TIOPiBHSIHHSI KOHKYPEHTO3-
JATHOCTI HEOOXiTHO OILIIHUTU COOIBapTICTh BUPOO-
HULTBA €JEKTPOEHEPrii NOPUIHUMU CUCTEMAMMU.

Bubunpatoun gx 06a3oBi mokasauku 2015 poky
(BinrmoBimHO 10 [9]) 3 BUKOPUCTAaHHAM 3aJIEKHO-

creit (1) ta (2) orpumaemo 3HaueHHsT CCE nmnsa
TaKUX FIOPUIHUX CUCTEM:

— ®EC cnimbHO 3 AB — 46-90 pgoo.
CIOA/MBTrox;

— @®EC cminsno 3 TAEC — 38-76 god.
CIIA/MBTTox;

— BEC3Ab 44-97 non. CIIA/MBTTOz;

— BEC3TAEC 35—83 mon. CHIA/MBTTOI.

OtpuMaHi 3HayeHHs1 € Onau3bkumu go CCE,
BU3HAUYEHUX B [9] AJ1s TEMI0BUX €JIEKTPOCTAHILIINA,
SIKi BUKOPUCTOBYIOTb BYTiJLISI.

B pasi 30epexxeHHsT TeHIOEHLi 10 3HMXKEHHS
cobiBapTocTeit BUPOOHUIITBA €EKTPUUHOI EHEeprii
BIE MoxHa, 3a MeBHUX MPUIYIIEHb, OLIHUTU
3HaueHHs CCE B cepeHbOCTPOKOBIiM MEePCIEKTH-
Bi 5—10 pokiB. bynemo BBaxaTH, 1110 TTOPiBHSIHO 3
6a3oBuM 2015 pokoM MOKa3HUKHW, BU3HAYEHi B [9],
3MeHIIaTbes Ha 25%. [pu LboMy [UIST TUX CaMMX
riOpUAHUX CUCTEM OTPUMAEMO TaKi MOKA3HUKU
CCE:

— @®EC cnineHo 3 Ab — 34-68 go:.
CIIA/MBTTon;

— ®EC cnineHo 3 TAEC — 29-57 noa.
CIOA/MBTToz;

— BEC 3 Ab — 33—73 non. CILIA/MBTtrox;

— BEC 3TAEC — 26—62 non. CILIA/MBTtToz.

OTtpumani 3HaueHHs1 CCE € onTuMicTUUHUMU
i cBiguaTh MpPO MEPCHEKTUBHICTb 3aCTOCYBAaHHS
riopyaHux cucrteM. BukoHaHi OLIiHKM CBiIyaTh,
1o B MailoyTHbomy 3 minBuiieHHsiM KBBII, a
TaKOX 3HMXKEHHSI MMTOMUX KamiTaJOBKJIaAeHb y
BcTtaHoBIIeHY TOTYyXHicTh BEC Ta ®EC ribpnani
CUCTEMM CTalOTh KOHKYPEHTO3JaTHUMHM 3a
MOKa3HMKOM CO0iBapTOCTi BiAMYyIIEHOI eJIEKTPO-
€Heprii MOpiBHAHO i3 TPaAULiHOIO BYTJILHOIO
TEIJIOBOIO €JIeKTPOCTaHIIi€l0, XoUa 3a IapaMeT-
paMu HaAilHOCTI reHepalii eJeKTpoeHeprii rio-
PUIHI CHUCTEeMHU CKOPIlll 3a BCE HE MOOCITHYTh
piBH4 TpaguliiiHuX. Ile 06’eKTUBHO Oyae 3yMOB-
JIIOBATU HEOOXiMHICTh CIMiJIBHOTO BUKOPUCTAHHS
TEXHOJIOTil TpaAauLifiHOI Ta BigHOBIIOBAHOIL
eJIEKTPOEHEPIreTUKM B MeXXaxX OJHiei eHeprocu-
CTEMU.

3ammponoHOBaHMI METOJ BU3HAYEHHS coOiBap-
TOCTi BUPOOHMILTBA €IEKTPOCHEpPrii ridpuaHUMU
cucteMaMu Oyae CIpUSITU po3poOli HOBUX Ta
BIOCKOHAJIEHHIO iCHYIOUMX iHCTPYMEHTIB MOJe-
JIIOBaHHS PO3BUTKY €HEProcucTeM, 30KpeMa, 103-
BOJIUTb BPaxoOBYBaTU OCOOJMBOCTI IX BUKOPUCTAaH-
HSI B MEXaxX €HEepProcUCTeMHU B OiNbIN 3arajlbHUX
MOJIEJISIX PO3BUTKY €HEPTreTUKU.

34 ISSN 1562-8965. Npobnemu saransHoi eHepretvku, 2015, un. 4 (43)



P03B1TOK BigHOBNIOBAHOI €NEKTPOEHEPTETUKN 3 BUKOPUCTAHHSAM akyMysLIAHUX TEXHONOTN EKOHOMIYHOI AisIbHOCTI

S$/MBTtroa
400 T

350 1
300 T

~
~
1226 | 204 2_04 193

Pik
2010 2011 2012 2013 2014 2015

Puc. 1. 3minu CCE s hoToeneKTpuaHuX 0arapeit, po3ralioBaHuX Ha 1axy MiAITpUEMCTB

$/MBTroa
450 T

394

400 1+

41 N
350 323
300 + 270
250 + ‘K 226
200 1 b

N\ 166 149

BT T 104
~ 86
101 T 57— _ 70
|| 72 ‘m 58
P

148
100 +
2009 2010 2011 2012 2013 2014 2015

1K

Puc. 2. 3minn CCE mist poToeneKTpuIHUX 6aTapeil Ha 0a3i KpUCTAIIYHIX CTPYKTYP, PO3TAllIOBAaHMX Ha Jaxy
MPUBATHUX OYIVHKIB

S/MBTroa
180 T 169

160 T 148

99\ M 1 81

37 32

0 ! } } } } } | Pix
2009 2010 2011 2012 2013 2014 2015

I
Puc.3. 3minu CCE st BiTpoeeKTpUIHUX YCTAaHOBOK

ISSN 1562-8965. lMNpobnemu saransHoi eHepretuku, 2015, Bun. 4 (43) 35



C.B. WYNbXEHKO, O.J1. PAIYEHKO

BUCHOBKH

1. 3arajJbHOCBITOBI MPiOPUTETU PO3BUTKY
SHEPTETUKM, CYTTIO SIKUX € IPIOPUTETHUI PO3BU-
TOK JIMILE YMCTUX BUIIB €HEprii, MigBUILECHHS
e(pEeKTUBHOCTI BUKOPUCTAHHS €HEpril, PO3BUTOK
iHPPACTPYKTYpH IS 3a0e3IedYeHHs 3aralbHOTO
JIOCTYIly A0 $SIKiCHOI €Heprii, 30KpeMa, eJeKTpO-
eHeprii, 110 F'eHEePYEThCS BiTHOBIIOBAHUMMU IXKe-
penamu, cdopMyaboBaHi Ha camiTi Opranizauii
O0’eqHaHux Hauiii mogo CTtajgoro po3BUTKY, 1110
BimOyBaBcs 3 25 no 27 BepecHs 2015 poky y Hblo-
Nopky, CILIA, Ha sikoMmy 6y;u ipuitssiTi Lini cra-
JIOTO PO3BUTKY JIoACTBa Ha mepion mo 2030 poky.
Cepen 4ucTHUX BMAIB €HEpril 4iTKO BU3HA4YeHi
JIWIIIE BiMHOBJTIOBAHI JKepeJla eHeprii — COHSIYHa,
BiTpoBa, OioMaca, a, HalpuKJaa, aTOMHa eHepre-
THKa, K OJHAa 3 YMCTUX TEXHOJIOTiii, IBHO B3araji
He 3ragyeThbes. [lomanpiiie BUKOPUCTaHHSI BUKOTI-
HOro najvsa BianosigHo a0 Llini Ne 7 € mpumyctu-
MUM, aje HeOoOXiTHO peayi3oByBaTU 3aXOAHU, SIKi
rapaHTyIOTbh Or0 eKOJIOTIYHO-YMCTE BUKOPUCTAH-
HS B IIpolIeCi MepeTBOPEHHS B TEIJIOBY a00 eIeK-
TPUYHY €HEPTilo.

2. OckinbKu cydacHMI CTaH PO3BUTKY €HEP-
TeTUYHUX TEXHOJIOTI XapaKTepU3YEThCS TUM, IO
rapaHTyBaTM HafiliHe 3a0e3MeueHHs] CITIOXKMBaviB
SKICHUMM BUJIAMM €HEprii, 30KpeMa, eJIeKTpPo-
€HEepri€lo, 3 BAKOPUCTAHHSM JIMIIE BiTHOBIIOBA-
HUX JIXKepeJl HEMOXJIMBO 3 TEXHIYHUX IPUYUH, TO
3 JIy>K€ BMCOKOIO WMMOBIpHICTIO CJIiJi O4YiKyBaTH,
110 BUpPIilLlIEHHSI 03HAYEHOTO 3aBIaHHS Oyae Bij-
OyBaTHCh B MeXKaxX CHEPIeTUYHUX CUCTEM i3 BUKO-
PUCTAaHHSIM He JIMIIE BiIHOBIIIOBAaHOI €HEepTeTH-
KM, a i TeXHOJIOTill TpaauLiiiHOI eHEePreTUKMU.
BpaxoByloun MpUHIIMIIOBY HEMOXJIMBICTh TapaH-
TyBaTU CTa0OibHI MPOTHO30BaHi PiBHI TeHepallii
eJIEeKTpOeHePTil 3 BiIHOBIIOBAHUX AKEpeJ eHeprii,
a TaKOX MPaKTUYHY BUYEPIIAHICTH TiApoeHepre-
TUYHUX PECYPCiB, BUKOPUCTAHHS SIKMX MOTEHIIil-
HO 37aTHE KOMITEHCYBAaTH 1[I0 HECTaOUIbHICTh, HE
BUKJIIOUEHE IIMPOKE 3aJy4eHHSI TeXHOJIOTi aKy-
MYJIFOBaHHSI €Heprii.

3. VY crarri 3ampomoHoBaHa MaTeMaTW4YHa
MOJieJib BU3HAUEHHSI COOiBapTOCTi BiAIMYCKY €IeK-
TPUYHOI €Heprii cucTeMaMU ii aKyMyJIFOBaHHSI, 1110
€ akTyanbHUM BinnosinHo go Limi Ne 7 “Crane Ta
HafiliHe 3a0e3reuyeHHs (piHAaHCOBO-IOCTYITHUMM,
CY4yacCHMMM BHUIAMM €Heprii’, peajisalliga gKoi
nependadyeHa L{isiMu CTaIoro PO3BUTKY JIIOACTBA
1o 2030 poky. Ha npukiiagi akymyasiTopHoi 6arta-

pei, TimpoakyMya0I04uoi CTaHIlii Ta aKyMyJII00uoi
CTaHLIil Ha CTUCHYTOMY MOBITpi BUKOHAHi po3pa-
XYHKM CO0iBapTOCTI BilIlyCKy €JIeKTPUYHOI eHeprii
cucTeMaMu 11 aKyMyaroBaHHS. I3 3acTocyBaHHSIM
BUKOHAHUX PO3PaxyHKiB 3po0JieHi OUiHKKU CO0i-
BapTOCTi TeHepallil eJeKTpOoeHeprii riopuaHUMU
cucteMamu, 30kpema, “®EC + cucrema akymy-
moBanHg” Ta “BEC + cucrema akymysmtoBaHHS .
BukoHaHi ouiHKM cBiguaTh Ipo Te, 11O B Maii-
OYTHbOMY 3 MiABUILEHHSIM KoedilliEeHTa BUKOPHU-
CTaHHSI BCTAHOBJIEHOI MOTYKHOCTi, a TaKOX 3HU-
SKEHHSM MMUTOMHUX KaIliTaJOBKJIaIeHb Y BCTAHOB-
JIEHY TIOTY>KHICTb BiTPOBUX €J1€KTPO- Ta (POTOENIEK-
TPUYHUX CTAHLIil TIOPUAHI CUCTEMU CTalOTh KOH-
KYPEHTO3JaTHUMHM 3a MOKAa3HUKOM COO0iBapTOCTi
BiIMyILIEHOT eJIeKTpOeHeprii MOPiBHSIHO i3 Tpaau-
LIITHOIO BYTiJIbHOIO TETIJIOBOIO €JIEKTPOCTAHIIIETO.
4. 3anpomoHOBaHUI METOJ MOIEIIOBAHHS
riOpMIHUX CUCTEM [103BOJISIE BpaxOBYBaTU OCO0-
JIMBOCTIi 1X BUKOPUCTAHHSI B MeXaxX €HEeprocucTre-
MM B OiJIBII 3araIbHUX MOJIEISIX PO3BUTKY €HEpre-
TUKH, 1110 Oyne CIpUITHA po3po0Lii HOBUX Ta BAOC-
KOHAaJIeHHIO iCHYIOUMX iHCTPYMEHTIB MOJETIOBaH-
HSI PO3BUTKY €HEPTrOCUCTEM, 30KpeEMa, 3 ypaxyBaH-
HSIM BITPOBAIKEHHS B 1X CKJIaJ TiOPUIHUX CUCTEM
reHepalii-aKyMyJIlOBaHHS €JIEKTPOEHEPril.
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OPTIMIZATION OF THE DEVELOPMENT AND MANAGEMENT
OF THE FUNCTIONING OF ENERGY SYSTEMS
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DEVELOPMENT OF RENEWABLE ENERGY USING STORAGE TECHNOLOGIES

The mathematical model of determining the production cost of electric power supply by stor-
age systems. Calculations of the production cost of supply of electric power accumulation by
accumulation technologies are provided including pumped storage, compressed air storage
plants and lithium-ion battery. Calculations of the results allow to conclude that in future with
decreasing the specific investment in installed capacity and increasing the use factor of a
power the hybrid systems, photovoltaic power plants or wind farms along with the storage sys-
tems will become competitive in terms of supplied electricity production cost compared with
traditional coal-fired power plant. The proposed modeling method of hybrid systems allows to
take into account their peculiarities within the grid in more general model of energy develop-

ment.

Key words: mathematical model, renewable energy resources, power storage, grid.

At the United Nations Sustainable
Development Summit held from 25 to
27 September 2015 in New York, USA, the
Objectives of sustainable human development for
the period till 2030 were adopted. For the first time
along with general social goals of development and
existence of humanity, such as compliance with the
gender equality, literacy, overcoming the shortage
of food and drinking water, provision of adequate
health care, etc. the goal on ensuring access to
energy resources was expressly formulated —
Objective No.7 "Ensure access to affordable, reli-
able, sustainable and modern energy for all.” For
achieving this objective to 2030 the following main
objectives [1] were provided:

7.1 — ensure universal access to affordable, reli-
able and modern energy services;

© S.V. SHULZHENKO, O.L. RADCHENKO, 2015

7.2 — increase substantially the share of renew-
able energy in the global energy mix;

7.3 — double the global rate of improvement in
energy efficiency;

7.a — enhance international cooperation to
facilitate access to clean energy research and tech-
nology, including renewable energy, energy effi-
ciency and advanced and cleaner fossil-fuel tech-
nology, and promote investment in energy infra-
structure and clean energy technology;

7.b — expand infrastructure and upgrade tech-
nology for supplying modern and sustainable ener-
gy services for all in developing countries, in partic-
ular least developed countries, small island devel-
oping States, and land-locked developing coun-
tries, in accordance with their respective pro-
grammes of support.

Thus at the top international level the defined
worldwide priorities of energy development con-
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sisting of priority development of only clean energy,
increasing energy efficiency, infrastructure devel-
opment to ensure universal access to clean energy
including electricity generated from renewable
sources. Among clean energy sources, only renew-
able energy sources, such as solar, wind, biomass,
and, for example, nuclear power, as one of clean
technologies, which is not expressly mentioned, are
clearly identified. Further use of fossil fuels under
Objective No. 7 is acceptable but it is necessary to
implement measures that ensure its ecologically
clean use in conversion into thermal or electrical
energy.

The current state of development of energy
technologies is characterized in that it is impossible
to ensure reliable supply for consumers with quality
types of energy, in particular, electricity, using only
renewable energy resources due to technical rea-
sons thus with the very high probability it should be
expected that resolving these tasks for implementa-
tion of Objective No. 7 will be within the framework
of energy systems using not only renewable energy
but technologies of traditional energy. Taking into
account the impossibility to ensure stable expected
levels of power generation from renewable energy
sources, as well as practical exhaustion of hydro-
power resources, which use can potentially com-
pensate this instability, wide use of storage energy
technologies might be applied. Thus, implicitly the
achievement of Objective No. 7 requires the forma-
tion of new insight and new approaches to develop-
ment and modification of existing and construction
of new energy systems due to potential need for
wider involvement in power systems the energy
storage technologies, particularly electricity.

Currently in the world the conventional meth-
ods and mathematical forecasting models of elec-
tric energy storage systems except for modeling
powerful pumped storage plants within the power
systems are absent thus urgent task is to develop
new modeling tools and improve existing ones,
which can take into account the effect of their
implementation. Since the Objective No. 7 is to
provide access to financially affordable modern
energy sources, particularly electricity, so it is
important to determine the effect of implementa-
tion of storage systems on production cost of elec-
tricity to be supplied to consumers as suggested in
the article.

Common method in the world for determina-
tion of electricity production cost is based on calcu-
lation of discounted value of the costs, which used

for determination of production cost, and which
transformed into certain period of some technology
modeling, for example, into the first year of com-
mercial operation [2 — 4]. Similar approach is sug-
gested to apply for the power accumulation. In this
case, the costs are taken into account as for power
generation systems during its life cycle:
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where CLCC — costs for storage/generation during
facility life cycle transformed into to the first year of
life cycle, $ USA; n — duration of construction,
number of years; T — phase of the life cycle, number
of years; T — duration of operation, number of
years; m — duration of decommissioning, number
of years; r — discount, %/100; CVT(f) — variable
costs per phase, depending on usage (f), SUSA;
C K€ — investments, $USA; C M/ — semi-fixed
costs, SUSA; CT’ — interest payments on loans,
$USA; CT3 — expenses (sign “+”) or income (sign
“—7) at the phase of closure and disposal, $USA.

To determine the production cost the value of
used or supplied power previously accumulated in

the storage system is applied:

LCC

PLL( _ Tg , (2)

2 G,

r=n+l

where G, the amount of energy in kWh that has
been accumulated in the storage system.

At this time the most common and well-known
energy storage systems used within the grid are
pumped storage plants (PSP). Since the potential of
pumped storage plants is limited, and in Europe
and North America it is almost exhausted, the
search for other technologies, in particular accu-
mulation power plants, are performed, which use
compressed air (AAPS — Air Accumulating Power
Station) and electric batteries.

The principle of AAPS operation is similar to
PSP. AAPS use compressed air energy that is
pumped in storage. To generate electricity the com-
pressed air is supplied to a turbine combined with
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an electric generator. As storage, typically, artificial
reservoirs or underground voids are used that are
formed as a result of natural geological processes.
Examples of recent developments can be Kaniv
PSP and AAPS "lowa Stored Energy Plant" (Iowa,
USA). These accumulating plants according to
published projects have the following characteris-
tics.

Kaniv PSP: installed capacity of 1,000 MW in
generating mode, 1,038 MW in pumping mode,
generates — 1,000 MWh/day, cost — 12 bin UAH in
2012 prices, lifetime — 50 years [5].

AAPS "lowa Stored Energy Plant": installed
capacity — 270 MW, generates — 200 MWh/day,
cost — 400 mln USD, lifetime — 20 years, provided
fixed operating costs — 16.59 USD/KW per year,
variable operating costs — 2.0 USD/kWh per year.
Monetary indicators are given in 2010 prices [6].

Industrial use of electric batteries is usual for the
purpose of backup supply, and recently it is possi-
ble to use them not only in emergency cases, when
the main source of electricity is failed, but also as a
constant storage/power generation device. Such
possibility can be achieved due to lithium-ion bat-
teries. Lithium-ion batteries provide an order of
magnitude greater than charge/discharge cycles
compared to traditional lead-acid batteries, pro-
vide approximately 5 times more specific energy
and 1.5 times greater efficiency of charge/dis-
charge cycles. Positive properties of modern lithi-
um-ion batteries were used by Tesla Motors, Inc.
(USA) to create a fully automated and autonomous
energy storage PowerWall, which can be placed
directly in the living room or office [7]. PowerWall
has the following characteristics: generation — 7
kWh/day, cost — 3,000 USD, warranty period — 10
years. The PowerWall design provides possible
combination, if necessary, up to 9 batteries in one
PowerPack block, which can be used in a powerful
network.

According to the design data using dependency
(1) and (2) the calculated production cost of stor-
age/generation electricity for these plants is: 3 — 6
US cents/kWh for Kaniv PSP, 2 — 4 US cents/kWh
for AAPS "lowa Stored Energy Plant”, and 12 — 20
US cents/kWh for PowerWall batteries. A lower
cost value corresponds to nominal storage system
usage, a higher costs were calculated assuming that
use factor of a power of storage system is on average
60% per year of operation.

Given that the collaboration of renewable elec-
tricity facilities and energy storage the main disad-

vantage of renewables, low predictability of their
power generation, can be minimized. At the time
when the amount of renewable energy generation
exceeds its consumption, the excess of energy can
be accumulated with the storage, and vice versa,
when the amount of renewable energy generation is
less than consumption the energy of storage can be
used for consumption.

Since according to the actual data the cost of
electricity generated by renewable energy, particu-
larly photovoltaic (PVP) and wind (WPS) power
stations decreased from year to year we can predict
their wide use in future. According to research [8]
in 2014 the levelized cost of electricity (LCOE) for
photovoltaic panels located on the roof of private
houses and ranged from 180 to 265 USD/MWh,
and for industrial scale PVP — 72 to
86 USD/MWh, for wind farms — 37 to
81 USD/MWh. At the same time LCOE for
nuclear power plants (NPPs) excluding the cost of
decommissioning, ranged from 92 to
132 USD/MWh, for coal-fired power plants — 66
to 151 USD/MWh. According to research [9] in
2015 LCOE for photovoltaic panels located on the
roof of private houses, ranged from 184 to
300 USD/MWh, for industrial scale PVP — 58 to
70 USD/MWh, for wind farms — 32 to
77 USD/MWh, i.e. it was decreased relative to
2014. The production cost of electricity in NPPs
and coal-fired power plants in 2015 increased com-
pared to 2014: for NPPs — from 97 to
136 USD/MWh, for coal-fired power plants — 65
to 150 USD/MWh. The study results [9] show a
steady LCOE downward trend for WPS and PVP in
the past five years (Fig. 1 — 3). The figures shows
LCOE minimum and maximum values, dotted line
refers to its average value.

Reducing LCOE for WPS was 61% within 6
years, for the photovoltaic panels installed on the
roof of private houses — 82% within 6 years.

Although the level of reliability of conventional
generating capacity fossil fuel the renewable energy
technologies did not achieved, for example as use
factor of a power of modern NPPs is about 90%,
while for modern wind farms the figure is about
33%, and for the best PVP — about 20% of reduce
in cost of electricity production by renewable ener-
gy technologies, and the possibility of erecting
hybrid systems with storages stipulates their poten-
tial competitiveness in relation to conventional
power technologies. Therefore, to compare the
competitiveness it is necessary to estimate the pro-
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duction cost of electricity generation of hybrid sys-
tems.

Choosing 2015 as the baseline values (according
to [9]), and using dependencies (1) and (2) we can
get LCOE value for such hybrid systems:

— PVP in combination with batteries — 46—
90 USD/MWh;

— PVP in combination with PSP — 38—
76 USD/MWh;

$/MWh
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— WPS in combination with batteries — 44—
97 USD/MWh;

— WPS in combination with PSP — 35—
83 USD/MWh.

The obtained values are close to LCOE defined
in [9] for coal-fired power plants.

When keeping production cost downward trend
in power generation renewable energy, under cer-
tain assumptions, the LCOE value in the medium
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Figure 1. Changes of LCOE for photovoltaic panels located on the roof of manufacture facilities
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Figure 2. Changes of LCOE for photovoltaic panels based on crystal structures located on the roof
of private houses
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Figure 3. Changes of LCOE for wind farms

term of 5—10 years can be predicted. We assume
that compared to the base year 2015 the values
defined in [9] will be reduced by 25%. Thus for the
same hybrid systems the following LCOE values
can be obtained:

— PVP in combination with batteries — 34—
68 USD/MWh;

— PVP in combination with PSP — 29—
57 USD/MWh;

— WPS in combination with batteries — 33—
73 USD/MWh;

— WPS in combination with PSP — 26—
62 USD/MWh.

Obtained values of LCOE are optimistic and
indicate promising application of hybrid systems.
Performed assessments indicate that in future when
increasing use factor of a power, and reducing spe-
cific investments in installed capacity of WPS and
PVP the hybrid systems are competitive in terms of
production cost of supplied electricity compared
with traditional coal-fired power plants, although
according to the parameters of reliability of power
generation the hybrid systems likely will not reach
the level of traditional ones. This will objectively
cause the need for shared used of traditional and
renewable power within one network.

The proposed method of determining the pro-
duction cost of electricity production with hybrid
systems will contribute to development of new tools
and improvement of existing ones for modeling, in

particular, grid, allow to take into account the
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peculiarities of their use within the grid in a more
general models of energy development.

CONCLUSIONS

1. Global priorities of energy development
consisting of priority development of only clean
energy, increasing the energy efficiency, develop-
ment of infrastructure to ensure general access to
sufficient energy, including electricity generated by
renewable resources, has been formulated at the
United Nations Sustainable Development Summit
held from 25 to 27 September 2015 in New York,
USA, where the Objectives of sustainable human
development till 2030 was adopted. Among clean
energy sources, only renewable energy sources,
such as solar, wind, biomass, and, for example,
nuclear power, as one of clean technologies, which
is not expressly mentioned, are clearly identified.
Further use of fossil fuels under Objective No. 7 is
acceptable but it is necessary to implement meas-
ures that ensure its ecologically clean use in conver-
sion into thermal or electrical energy.

2. Since current state of development of ener-
gy technologies is characterized in that it is impos-
sible to ensure reliable supply for consumers with
quality types of energy including electricity using
only renewable energy resources due to technical
reasons thus with the very high probability it should
be expected that resolving this task will be within
the framework of energy networks using not only
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Development of renewable energy using storage technologies

renewable energy but technology of traditional
energy. Taking into account the fundamental
impossibility to ensure stable expected levels of
power generation from renewable energy sources,
as well as practical exhaustion of hydro-power
resources, which use can potentially compensate
such instability, wide use of storage energy tech-
nologies might be applied.

3. In this article the mathematical model of
determining the production cost of supply of elec-
tric power by the storage systems that is relevant
according to Objective No. 7 "Ensure access to
affordable, reliable, sustainable and modern energy
for all", which implementation was provided by sus-
tainable human development objectives till 2030.
By the example of battery, pumped storage plant,
and compressed air storage station the production
cost of supply of electric power by the storage sys-
tems was calculated. Using performed calculations
the production cost of power generation by the
hybrid system, in particular, "PVP system + stor-
age" and "WPS system + storage." were assessed.
Performed assessments indicate that in future when
increasing use factor of a power, and reducing spe-
cific investments in installed capacity of wind farms
and photovoltaic power plants the hybrid systems
become competitive in terms of production cost of
supplied electricity compared with traditional coal-
fired power plants.

4. The proposed method of modeling the
hybrid systems allows to take into account their
peculiarities within the grid in more general models
of energy development that will contribute to devel-
opment of new tools and improvement of existing
ones for modeling, in particular, grid, with regard to
the integration powers storage/generation into their
hybrid structure.
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