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Avvatotnto Xpiong Avaveooipov Iinyov Evépyelag
0¢ ArokreloTiKOV [apoyov Hiektpikng Ioyvoc oto un
Awaovvoeoeuévo EAAnviko Aiktvo

AEQNIAAX NTZIAXPHXETOX
Ap Mnyavordyog Mnyovikog

Hepilnym

H rmopoiboo epyacio mopovoialer ) peAétn ovvdeong pag ave-
LLOYEVVIITPLOG UE EYKOTAOTOCN KOWEANS Kavoiuov yia ) Pertivon
TG EKUETOALEDONG TOV A10AIKOD OVVOUKOD TTO 1] OLOGVVOEOEUEVO
el vnoiwtikd diktvo. Me ) Ponbeia e vfpidikne avthg
eykataotaons didetar N SvvarotnTo. OmoONKEVONS TS NAEKTPIKNHG
EVEPYELAS OV TOPEYEL 1] AVEUOYEVVHTPLO, KOL OLGOETHS THG oTNY
KOTavalwon vmo otabepij 16yd mov eivar Svvatov va amoppopnOei
amd to Jdiktvo 1oV vRo1ov. H epyacio mopovoialel to. texvoloyikd
oToLYEl0 THS EYKATOOTOONS KO TPOTOUOIWVEL TH AEITOVPYI THG OTH
O16pKeIa €VOS ETOVG UE TN YPHON KATGAANAOD AOYLoWIKOD Kol TPOy-
HOTIKG. aVEILOAOYIKG dedopéva, dote va allodoynbei n dvvarotyta
0i16Beang evépyerog aro diktvo. Emiong, mpoteivovror uéfodor yia
wmv apyikn alloAdynon wag emEvovong vfpidikod otabuod ave-
HOYEVVIITPLOG KO KOWEANG KOVOIUOD 0€ DIGPYOVTa OIKTOA. YI0. TV
VTOKATAOTAON 1 KOl TANPY OVTIKOTAOTOON COUPOTIKOV 0TOOUdY
Poong. Télog, avaldetar n otkovopukly amotiunon kot N Prwoiotn-
70 LOG TETOIOG EMEVOVONG.

1. EIXATQT'H

H ool evépyeia dev eppavifetl kivduvo e&avtinong
kot datiBetar dmpedv amd T @evon (Avavemowyn IInyn
Evépyeiag — AIIE), evd ot meptBarAoVTIKEG TG EMTTMOOELG
glvar aovykplro pikpdTeEPES TOV GUUPATIKGOV GTAOU®Y (VTi-
Ced, otpoPfrropunyavég). Emopévog, n aolikn evépyela Ba
pmopovce Bempnrtikd va ypnoiporondel omeploploTa Yo
TNV TOPOYy®YN OTNVAG Kot KaBopNg NAEKTPIKNG EVEPYELGS.

To mpoPAnpa mov aviyetoniletol ivar 6TL 1 OLOAIKT
evépyela Og dwotiBeton og otabepd pvbuo, akdd efaptdTon
Ao TIG KUPIKEG GLVONKEG TOL EMKPATOVY GTO OTUEIO EYKOL-
TaoTaong ™G avepoyevvintplag (A/T).

Q¢ omoTélecp, N TOPOYOYT NAEKTPIKNG EVEPYELNG OE
ovumintel pe ) (o, oA emPdAietar and to TpEyovta
AVELOAOYIKA dedOUEVA. ALOKOTTETAL, EMIOTG, OE TEPLOSOVG
OV JEV LILAPYEL SUVATOTNTA ATOPPOPNCNG TNG AOY® YOLT-
Mg Gimomg.

Emopévag, ot AT, oAhG kot yevikOTEPO OAEG Ol LOVADOES

ZHYXHY XAMAPAX
Kabnyntmg A.ILG.

KOQNXTANTINOZ ITATTAX
Opotipog Kadnynig A.IL.O.

Tapaymyng oxvog Paciiopeveg oe AIIE, amodidovv povo
pikpd Tufpo g Sabéoung evépyelag akpimg AdY® Tng
VYNANG SLOKOUOVGNG OTNV OTOJIOOUEVT) oYL KOl TOV ETEPO-
YPOVICUO HETOED TOPAYMYNG KOl KATAVAANDONG,.

H mapovoa epyacio emtuyydvel onpavtiky otadeponoi-
NoM TG 16YV0G Tov 0modidel pia eykatdotacn A/T, dote 1
TOPOYWYN EVEPYEWOG VO UITOPEL VO TPOYPOUULOTIOTEL Kot Vol
amoppoepnBel and v katavaioon. H otabepomoinon tng
woyvog Paciletar 6NV AmodKELOT) TUALOTOG TNG EVEPYELNG
7ov apdyetol and v A/l Kot 0mddooNS TG KoTa TG TEPL-
600vg peyding nnong M vvepiag.

2. XYMBOAIXMOI

AweOveic copforicpoi

n ‘Qpeg draotpotog avaeopdg (m.y. £tog 8760 h),
E Evépyea,

P Ioyoe,

s Tomkn andkion.

EAMvikoi coppoiiopoi

€ Yvvieleotg enavénong A/T" diktvov,

n Yvvteleotng 1 Pabpog amddoong,

A YUVTELECTNG 10YVOGC KLYEADY KAVGILOL,
c Yuvteleotig dleicdvong.

AgikTeg

A KAddog «omevbeiogy diktvo,

A/l Avepoysvvritpua,

AN  Néec avepoyevvnrpiec,

B Ytabudc Baong,

E Evépyea,

KK  Kuyéin kovoipov,

KKK KAddog kuyéing kavoipov,
out "E&odog mpog 1o diktvo,

var  Awaxopovon.
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3. AIIOZA®HNIXH KAI ANTIMETQIIXH
IMPOBAHMATOX

TINo mv gacpdion g 6T00gpOTNTUG TOL SIKTVOL O
Awyelplotig avutol amoitel onpepa v vmopén epedpeiog
GTOVG AEITOVPYOUVTEG GTUOOVG BAONG, 10YV0G TOVAGYIGTOV
iong g otypaiog woyvog mov datifetan amd tig AIIE. O
TEPLOPIGHOG 0VTOG TiBeTOL, MOTE VA €ivol duvaTt 1 TANPNG
Kot dpeorn kGAvym g {tnong and tovg otabpovg Paong,
€AQV Y10 OTOLOONTOTE AOYO 1] TAPAY®YN 16YVOG Ao Tig A/T
pewwbei (my. ddotnpo vnvepiog), doTe vo amoeevyfody
neputtooelg «black-outy, 0moOv M KATAVOAGKOUEVT 1GY0G
teivel va vrepPel T dvvordtTo Topaywyng. H dvvatdtn-
ta epedpeiag meplopiletar dg amd TN Sl0KPITOTOINCN TOV
otofudv Paong oe kibe vnoi, oAAG Kol and TNV amaitnon
Aertovpyiog tov yevwniplodv viileh oe meploy€g QopTiov
>70% Yo v €£0OPAAION TNG KOANG TOVG AELTOLPYIOG Kot
™G YOUMANG EKTOUTNG POTIOV.

To oyfpa 1 mapabétetl og mopdadetypo tn LEYIOTN duvarh
a&lomoinon otobudv AIIE cg viol tov Amdekavicov kot
10 é10¢ 2001 [1]. Z10 oYM TOAPOVGLALETOL 1) KATAVOLT GU-
LvOTNTAG POPTIOL GTO VNG, TOL 0ToioL 1 (TN ON KOADTTETOL
pe téooepig cvpfatikovg otafpovg kot pe A/T. Ot avgovreg
apBpLol aVTIOTOLYOVV OTO EMTESD TOV TPLOV TPOTM®V GTAO-
LoV Baong, eVved 0 TETaPTOG oTUBUOS VITEPKOADTTEL TN UEYL-
ot gymon.

H &140gom 1oydog amd tig A/IT pmopel vo wpoypoto-
momBel PHOVO KATA TIG TEPMTAOGELS OTOL o1 oTodlol BAong
UTOpOOV Vo TapAoyovv dueca, ov xpelaotel, OAn T oTLy-
paio dratiBépevn oyd tov A/T (epedpeia 100%). Otav 1
epedpeia dev emapkel, 10te ot AIIE amoxdieiovior and v
Tapaymyn, aveEapmra amd v Hrapén evvoikod oAKoD
duvapKov.

Q¢ amotéhecpa, 0 oTypaiog cvvieleoTtng dleicduorg
woyvog dev pmopei va vepPet moté 10 25%, meplopilovrog
™ ovppetoyn tov AIIE oty kdAvyn tov evepyelakdv
avayk®v Tov vnowov. H ewdva avtn givor tumikn yuo to pn
1o LVOESEUEVO BIKTLO.

H mopovoa perétn otoyevel oty avénomn tov Tporypo-
TIKOV evePYELOKOD cuvtedeostn dieiodvong AIIE, pe advénon
g oTrypaiog cuvels@opds and 10 ~25% mov eivon onjuepa
N UEYIOTN 0modekT. AvTd emTuyydveTal He amobfKevon
TUMHOTOG TG evépyelog Tov mapdyel n A/T kot didBeong
¢ oto diktvo VIO oTabePn 16YD amd KLWYEAN KOVGILOL
(KK), ave&dptntn TV KAMUATOAOYIKGOV GUVONKOV KOl TOL
OTLyHL0ioL atoAkoy dvvapkod. Eropévmg, dev amattel v
vroapén epedpeiog, omdTe 0 GVVTEAESTIG d1eiodvong avEdvel
ONUAVTIKE.

Ot AIIE otafpoi, mov mpoteivovtal oty epyacio, Ha
ovoualovtotl oto g€ng «wPpdkoi» otabuoi AITE, 6mov on-
Aadn n A/T cuvdvaletar pe kKhado KK yia d160eom otobepng
oyv0og 6To diKTLO.

Bofudg &Lsi.cﬁnaqg_,l
F 028

Qpeg Erong

2ynua 1: Méyiotny dvvarotnra aéiomoinons orabuwmv AIE ot ov-
vapTnon e tovg ovpfatikods oTaduovs oty JLGpKEID. TOD
£TOUVCG.

Figure 1:Potential for maximum utilization of renewable energy
production plants as a function of conventional ones over
a year.

4. IEPITPA®H EI'KATAXTAXHX

H otabepomoinon g amodiddpevng 1oy00¢ EmTLY-
YOVETOL [E PETOTPOTN TNG MAEKTPIKNG evépyelag g A/T
og vopoyovo (H2) xar ot cuvéyelo Katavaimon Tov yio
Tapaymyn NAekTpikng evépyelag. H oynuotikn mapdotaon
g petatpomng didetor oto oynuae 2. H mopaywyn tov H2
Tpoypatonoleital o€ povada niextpoivong (H/A) kot ot
ouvvéyeto To aépto H2 anobnkeveton o de&aeveég vto vy-
M mieon.
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2ynua 2: ATLOToIuUEVY OrEIKOVION UETATPOTNHS KOl AmofnKevons
EVEPYELOG OTO TPOTEIVOUEVO VPPIOIKO GDOOTHUA.

Figure 2:Simplified schematic of the energy transformation and
storage in the proposed hybrid system
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Avddroya pe ™ ymon, to H2 tpopodotel cvotoyio
KK, n omnoio mwopdyst nAEKTPIKY EVEPYELD KOl TPOPOSOTEL
mv Kotoviiwon. H KK mapéyer niextpikn evépyelo vmd
otobepn 10Y0, avedpTNTN TOV KUPIKOV GUVONKOV Kot TG
AgLTOLPYIOG TNG OVELOYEVVITPLAG, TOV UTOpel vo dtatebel
ampOCKOTTO GTNV AVOUEVOLEVT KaTtavdAwor. To oyfua 2,
EMioNG, TOPOVGIALEL WG EMAOYN TNV TAVTOYPOVY TOPAYDYN
1oY00G HEGM ATHOGTPOPIAOL (CLUTOPAYWYT]), CTNV TEPITTO-
omn mov 1 Beppoxpacio Aetrtovpyiog e KK emtpénet my mo-
POY®YN OTHLOV, TKOVOTOUTIKOD EVEPYELKOD TEPLEYOUEVOD.

To ocvvolkd cvotnpo vrootnpileTor omd MAEKTPOAO-
YIKEG GUGKEVEG Yo TNV €E0GQAAOT GVUPBATOTNTAG e TIC
OTOLTNOES TOV OIKTOOV KOl CUGTNUO OVTOUOTIGHOD KOl
EAEYYOV Y10 TNV OGP AELTOVPYIO TOV EMUEPOVG LOVAIDV.
To kOpla oToLKElD TNG NAEKTPOAOYIKNG SLAGVVIESG ELVOL OL
dapopemtég cuyvotntag (inverter) oty £0do g A/T Kot
¢ KK yuo v 1po@odotnon tov Siktvov kot 0 avopmTig
oV €icodo ¢ povadag H/A yio v mapoyn cuvexods peod-
HOTOG TNV NAEKTPOAVON.

5. TEXNOAOTI'IKA XTOIXEIA

To teyvoloyiKd oTOLXEI TOV TPOTEWVOUEVOL VPPLOLKOD
GLGTNHOTOG PTOPOVV VO EMAEYODV KATA TEPITTMOT, OVA-
hoya pe To péyebog ko ta nrodueva yopaKTNPLoTIKE TG
gykatdotaons. 261000, Yio TNV TPOGOLOIMOT TG AELTOVP-
viog kot v €€0y@y] CUUTEPACUATOV KOAOVUAOTE, GTO
TAOG10 TNG GLYKEKPIUEVNG EPYOTTING Kol POV, Vo EMAEEOD-
HE EVOEIKTIKEG GUGKEVEG, MOTE VO, TPOKVYEL 1] SLUVATOTITA,
vAomoinong g TpoTACTG.

5.1. Avepoyevvitpro (A/T)
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2ynua 3: Hpopid amodidouevng 1oydog e A/IT
Figure 3: Windturbine power output profile.

Eniéyetar A/T" ovopaotikig woybog 600 kW opilovtion
a&ova, tomoBetnuévn oe vyog 40 m. T tov €leyyo g
wyvog Bempeitar TOTOG peTafoAng KAloNg TV TTepLyimV

(pitch-control). To wpopik napaymyng wwyvog amd A/T ov-
700 TOV TUTOL, GE GLVAPTNGN LE TNV TOXVTNTO TOV OVELOD,
napovataletat oto oxfua 3. Ioydg amodidetar yio TayOTNTEG
avépov 4 — 26 m/s pe TNV OVOUAOTIKY 1oY0 va amodideTol
Tave and to 12 m/s

5.2. Movéada niektpoivong

AT6 T1g S100Ea1EG CVOKEVEG NAEKTPOAVOTG, O TOTOG HE
N ¥PNOT OAKOAKOD NAEKTPOANTN VIO Tigom TapovslaleTat
@G 1 TALOV TEYVIKA KoL EVEPYELOKA GUUPEPOLGO Avon [2]. Xe
EUTOPIKEG EQUPHOYEG TNG TEXVIKNG 0LTNG [3], 1 NAeKTpOIL-
omn npaypotonoteitat og mieon £wg 30 bar, xpnoyLOTOIOVTOG
duidvpo KOH ¢ niextpoivtn. H vymAn wicon Aettovpyiog
e&aopaAilel, emiong, vynAn mieon mapoydpevov H2 pe pu-
KpO evepyelokd k66T1og. O evdekTikdg Babpog oamddoong g
UETATPOTNG OWTHG TALPOVOLALETAL GTO GO 4 TOVL TPOEPYE-
TOL OO TPOYLLATIKG oTot ElD Aettovpyiag.
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2ynua 4: BaOuog amddoons e nlektpotvong vrd micon 30 bar wg
OVVAPTHON THS TUKVOTHTOGS PEDUOTOS OTO HAEKTPOOIA.
Figure 4:Electrolysis efficiency at 30 bar as a function of the cur-
rent density at the electrodes.

5.3. Zopmigon ko amodKevon VIPOYOVOL

H amoBnkevon tov H2 pmopei va mpaypotoromei pe
TPELG dapopeTikég neboddovg: vrd mieon, e vVypomoinon 1
og vopidwo petdArov. H tpitn pébodog de ypnoylomoreiton
yw. anofnkevon peydiov nocotitov H2 (dnA. mave amd
pepKd KiAd), Ady® Tov vrepPfoikod BApovg HETAALOL
OV GUVETAYETOLl. X oTabprovS Tpopodociog H2 [4] spap-
poletar, t6co 1 ovumieon, 660 Kol 1 VYPOTOINGCN Yo TNV
amobnkevon, aviiloyo pe 1o péyebog g amobnkng mov
evolapépet. To Yrovpyeio Evépyeiag tv HITA [5] npoteivel
amobnkevon oto 480 bar, 61ov o €1d1kd¢ Oykog Tov H2 givan
nepimov 40 kg, Avtictoyo, pe vypomoinon oe omoéAvTy
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Beppoxpacio 20 K, to H2 katarappaver mepimov 15 kg,
Emdoyn g ovumieong yio anobnkevon av&dvel to k6GTOG
NG EYKATAGTAONG, AALG TAEOVEKTEL GE EVEPYELOKT KOTOVA-
Amon EvavTt TG vypomoinong, 010t 1 cvpumieon tov H2 and
30 o¢ 480 bar amottel mepimov 4 Popég pikpdTEPN oY1 Ond
v vyponoinon otovg 20 K [6]. I'a t1g avaykeg T mapov-
oag gpyociog Bempnnke amokAeloTikd amobnkevon vmd
mieon. Qo10060, avaAoya [E TO PHEYEDOG TNG EYKATAGTAGNG, 1|
vypomoinomn pmopel va amofel cuppépovsa Yo T dtaTHP-
on peydAmv amobepdtov H2 yio pokpd ypovikd Stdotnua.
H emioyn avt, ®ot600, dev e€etdletan 6To TANiGLO TNG £p-
yooiag, aAAd avaeépeTol g evorlhaktikn. Télog,  cvpmi-
eon tov H2 pmopei va mpoypatonombel pe cupmiestés mov
dwatiBevtan oto epmdplo. O woevtpomikdg Pabpog cupmicong
TOV GUUTIESTOV AVTAV Ppicketal 6Ty TEpLoy Tov 65%.

5.4. Movéada koyég Kaveipov

H avartuén g meployng tov KuyeAdv Kavoipov eivol
onuepa poydaio og £va gupd Tedio epapproy®V Kot peyeddv
OV KVpoivovtal amd HOVAdES Tapay®YNS 1oY00G TG TAENG
TV pepikdv MW £€m¢ Kol GLOKEVEG TPOPOSOGIaG LKPOT|-
Aektpovik@v, peyédovug peptkmv mW [7]. H Aettovpyia tov
KK amaitet tv mapovsio H2 otnv dvodo, to omoio diaomd-
TOL KoL TOPAYEL NAEKTPOVLN, 1] PO TOV OTOI®V TAPAYEL TNV
NAEKTPIKN 1GYD KoL TPOTOVIQ, TO OO0 LECH NAEKTPOADTN
épyovtol og eman pe o&uyodvo kot mapdyovv vepd. Ot KK
dtakpivovTol avarloyo Le TOV NAEKTPOAVTI TOV XPTGULOTOL-
ovv. [ v meployn tov dekddmV £m¢ ekatovtddwny kW
7OV eVOLOPEPEL 0TV KOTELOVVGN TG TOPOVGOG HEAETNG, Ot
SL0BEcLEG CLUOKEVEC YPNOUYLOTOLODY OC NAEKTPOADTN HEL-
Bpavn avtoddoyng TpoToviov, Tnyuéva avipakikd dlora,
eite avOpokikd o&éa. Ot cuokeVEG TV 600 TELELTAI®V TV-
OV TOPEYOVV, EMIONG, TN SVVATOTNTO GOUTAPAYDYNG AOY®
g vymng Beppokpaciog Aettovpyiag. Ot fabpoi arddoong
TOV GLOKELVOV Kupaivovtal and 45% (pe pepPpives avioi-
Aayng mpotoviov) €og 85% e cvumapoayoyn [7]. Tw tig
AVAYKES TNG EPYUOTOG EMAEYETOL EVOEIKTIKA TOTOG KOWEANG
KOVGipov typévou avlpaxikod GAotog, 1 omoio dtotifeTon
ONLLEPO GTO EUTMOPLO, HE Eva LEGO MAEKTPKO Pabud amddo-
ong g TaéNg Tov 65% pe ovpmapayoyn [8]. [popavag,
aVTO dev OMOKAEIEL TN XP1ON GAL®Y GUGKEVAV AVTIGTOY®V
XOPOKTNPIOTIKOV, GE GUVAPTNON e TO PEYEHOGC Kat TaL Yopo-
KTNPLOTIKE TG KAOE EQOPLOYNG.

6. IIPOXOMOIQXH AEITOYPI'TAX
6.1. AlyéprOpog

T v wpocopoimon g AEITovpyiog TOV CLGTHUATOG
avarToyOnKe amd TV opado £pyaciog KOTAAANAO AOYIGHIKO

TOVL YpNOoYLoToEiTaL Yo TV koY TV peYeEBDV TV Gu-
OKELMV AVAAOYOL LLE TO, YOPUKTNPLOTIKG AEITOVPYIOG TTOV EML-
Aéyovtat. To Aoyiopkd ompiletar 610 Ppdyyo Tapaymyng
Kot d1dbeomng evépyelog (oxnuo 5), cOUE®VO Le TOV 0ol
napéyetol 1 dSvvatdmra anevbeiog didbeong evépyelog and
v A/T 670 diktvo (Vo petafAnTy Wyd) Kot LECH TOV KAG-
dov KK (vrd otabepn 1oy0). Eniong, évog ecmtepicdg Ppoy-
YOG EMTPEMEL TN CLVEYN TPOPodITNOT TNG Hovadag H/A pe
PELLLO, OKOMO Kol G€ TEPLOOOVS VNvepiog. Avtd amotteitol
Y. S10TNPNOT TOL GUGTHLOTOG G€ Agrtovpyio «stand-by»,
étol mote va meplopilovral to petafatikd oTtddio YoUnAng
amOO00G KOTA TV €KKivnon g povadag H/A.

Movéda H/A & ocopmeot)

Al

Ecwtepucdg Bpdyyog

KXddog KK —o

A

Koravéioon

KAédog "omevbeiog"

Zynua 5: Bpoyyog mopoywyns xar 0100s0ns EVEPYEIAS TOV YPHOIUO-
ToIEITAL OTOV OAYOPIGUO TPOTOUOIWONS AEITOVPYIOG.

Figure 5:Energy production and transfer loop included in the algo-
rithm for the operation simulation.

Q¢ dedopéva g106d0v ypnoiporoOnkay ot fabpoi and-
d00NG TOV GUGKEVAV TOV TOPOVCLUCTNKAY GTNV EVOTNTA 5
Kot To yapaktnplotikd g A/T tov 600 kW. Eniong, yuo tov
ecmteptkd Ppoyyo and v KK ot povada H/A Bewpeiton
Babpog anddoons 90% yio v avopbmon tov evaArlaccod-
pevov pevpatog. H Agttovpyio Tov GLGTHROTOS TPOGOUOL-
MVETAL [LE YPOVIKT AVAALOT UiOG DPOS Yio. TN SEPKELL EVOG
NUEPOAOYIOKOD £TOVG, YPTOLLOTOIDOVTAG TO TPOPIA OVELOV
7oV mapovotdletar oto oynfua 6. To Tpoeil avtd pumopel va
BewpnBel avVTITPOCHOTELTIKG EVOC TLTKOD OLOAKOD vV~
LoV otV TEpoyn Tov Atyaiov. Xvvoikd 22% tov £tovg
eppaviovral dtuotnpata vipvepiog (toydmmra avépov <4 m/
s) kot 7,5% tov ypdvov enupavifoviol TayvTNTEG VO TOV
25 m/s. To péytoto cuveydpevo dtdotnuo vnvepiog avépye-
Tat o€ 83 Mpec, eV 1 PECT] TOYLTNTO AVELOV OTN SLapKELD
ToV £T0VG TTpokvITEL 11 m/s.

Evdewctikd, avagépetar 0Tt n péon pnviaio toyvTnTo
avépov ota Amdekdvnoa avépyetoar o 5-15 m/s [9]. To
TPOPIA TOV EMAEYONKE TPOEPYETAL ATTO ETNOLO TAPATHPNON
TOV OLOALKOD duvaptkoD otny Tteployn g EdPorag amd v
ouada epyociag.
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6.2. A&lo)hoyNo1 GVOTIHATOG

Emiéyovtag 1o péyebog g KK, o aiyopibpog voro-
viler ta peyédn g povadag H/A, tov copmieot kot g
amonkng H2, Aappdavovrag vmdyn toug akdlovbovg mept-
opopovGE:

*  H KK anodidet evépyeta vtod otabepny 1oyD.
* H d160g0m 10y00g 670 dikTLO ElvOL GUVEYNG, XWPIG dlao-

TEG 6T SLPKELD TOV £TOVC.

*  To tehkd amobepo H2 ot amobrkeg cupmintel eviog
+10% pe 1o apyKod.
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2xnua 6: IHpopilk avéuov yio tnv mpocouoiwaen Aeitovpyiog.
Figure 6: Wind profile used for the simulation of the system.

Metd Vv €m0y TOV CUCKELMVY, O KOOKOG VITOAOY(-
Cel Tig poég 1oyvog amd Kol TPog TV kabe cuokevn, Kabmg
Kot Tpog 1o diktvo. o v a&loAdynon g cVUTEPIPOPAG
TOV GLOTHUOTOG GE KABE mMePITTOT YPNCILOTOLOVUE dVO
KpLTnpLo.

To Tp®dTO KPUTNPLO AVOPEPETOL OTNV gVGTADELD TOV Ot
KTVOOL Kot ekPpalel To puOUd SoKOUAVONG TNG CUVOAIKNG
oyvog mov dtatifetar amd Tov KAGSo KK kot amevbeiog and
mv A/T.

Mofnpotikd, To Kpirnplo ovtd Pmopel vo TOGOTIKOTOL-
nbel pe 10 Adyo NG TLTIKNG AmOKAONG TG SLoTOEHEVNC
16Y00G, TPOG TNV OVOHOOTIKN 1oy0 g A/T:

\/l/lz Pozut,i _( Puut,i )2
— Spout n(n - 1)

PA/F

(5.1)

var

PA/F

To dgbtepo kpitipo o&lohdynong eivor o AOYOG NG
EVEPYELOG OV TEMK( dlatiBeTanl G TPOG TNV EVEPYELD TOV
napdyst n A/T. Mabnuatikd, to Kpitipto avtd pmopel va
anodo0ei pe To péyedog #,.:

E

out

.[PKKdn + .[(PA/F _ L ]dn
(5.2)

_Exx +E4 Y kKK
J.PA,rdn

nNg = =
EA/F

EA/F
Ipogovag, Ba embvuovcope peyioTonoinon Tov 4, Ue
eloyiotomoinon tov 77, , OU®G AVTO dev eival Suvatov, aPov
Kot To. 000 HeyEDn PeEldVOVTOL pe aENGoT) TG OVOUAOTIKNG
woyvog g KK.

Me 1t Bonfeta tov adyopiBuov vroroyiloviot Ta peye-
on 7, n,,, oc cvvapon tov peyédovg g KK (oyfua 7).
Eniong, vmoloyiletar o mocootd cuvelcpopdg g A/T" ot
oLVOAIKY evépyela ov dwtiBetor oto diktvo (“Y%A/M™).
Mndevikod péyeboc KK avtiotoryel oe eykatdotaon aming
A/T, 6mov 10 6hVOAO NG 1oD0g dtatifetatl 6To diKTLO HE TN
HEYIGTN SOKVUOVGT), 1 TUTIKY amOKALoT TG omoiag ayyilet
10 45% NG ovopaoTikhg oyvog ™ A/T. Xt0 avtifeto dkpo,
N péyrot otabepomoinon 1oxdog ETITLYYAVETOL e TOPOYT
OANG g woyvog e A/T péow tov kKAadov KK, omdte doti-
Betal 670 diKTLO EVEPYELD e UNOEVIKT] OLOKDIAVOT 1OYVOG.
H péyiot otobepn 1oyhg TOL UTOPOVLE VO EXITUYOVLE VL0
NV TEPITTMOT QVTH), IKAVOTOLOVTOS TOVS TEPLOPIGULOVS TOV
avapépniay Tponyovpéveg, ivar 145 kW. Me tov tpdmo
avTo dratifetat TeEMKA 6To dikTVvo TTEpinov To 50% g evép-
yelog wov wapdyst n A/,

(%)

0 5 e I I e
0 20 40 60 80 100 120 140 160
M éyeBog kuyédng kavoipov [kW]

2ynua 7: Xapoxtnpiotika Jitovpyiog wg ovovaptnon e KK..
Figure 7: Operation characteristics as a function of fuel cell size.

Evdidpeoa tmv d00 autdv opimv PITopovLE Vo ETLTOYOL-
[e omotodnmote cLVOVACUO ddfeong 1oyvog e petafAnT
N otafepn 1oyd pe KaTdAAnin pHbuen tov emmédov anddo-
ong woyvog g KK.

Q¢ amoTéAeoHo TNG TPOGOUOIMONG TPOKVTTEL OTL TO
VPPOIKO aVTO GVOTNHO EYEL TN dLVOTOTNTO ATOSO0TG GTO
diktvo otabepnc 1oyvog péyiotov peyéboug ico pe mepimov
70 25% 1TNg OVOpOOTIKNG 1o)00g Tng A/T.

H oanddoon avt mpaypotomoteitol yopic diokon ot
duapketo Tov €tovc. EmmAéov, 1o TUpa TG EVEPYELOG TTOV
dwatiBeton Vo otabepn oyY pmopel va BewpnBel wg oTab-
nog Paong Kol ETOUEVMG JEV EUTINTEL GTOVG TEPLOPICLOVG
g evotnrag 2. Emopévmg,  eykotdotoon vppidkdy povd-
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dwv A/T" pmopei vo, vToKATAGTHGEL TANP®S oTafovg Pdong,
TapEYOVTAG KOV amoBEpoTo evEpyelag yo TV e£ac@aiion,
1060 NG KATAVAA®OGNG, OG0 KOl TOV KPLTNpimv gvotddeiog
Tov dktvov. H extipnon g duvatdtnTog VTS Tpovsid-
Ceton oty gvotnta 8.

6.3. XupaKtnploTika Asttovpyiog

TlNo v amocaenvion ¢ Agttovpyiog Tov vVRPLdUKOD
GLGTNIOTOG TAPOLGLALETAL, OTN GUVEXELN, EVO YOPUKTNPL-
OTIKO TTapadetypo Aettovpylag Tov aviiotoryel oe péyedog
KK omv meproyn tov 100 kW. Zopewva pe 1o oynpa 7, pe
v emhoyn avt) egacporilovpe o6TL mepimov 50% g ov-
voMKNG evépyelog dtatifetan amevbeiog amd v A/T kot to
vrorouro 50% vnd otabepn woyd and tov kKAddo KK. ‘Etot,
N SOKVLOVOT TNG GLUVOMKE 0mod1806pevNG 1o)00G (77,,) dev
vrepPaivet to 20%. Emiong, o khadog KK eppavilel fodpod
anddoomg (7,,,) 52,5%, mov opiletar mg o Adyog g evép-
yelag mov dtatédnke oto diktvo and v KK mtpog v evép-
velo e A/T mov kataval®bnke 6Tov KAAdO ovTo.

o to mopdderypo avtd mpokvmtel péyebog povadag
niektporvong ico pe 400 kW, copmiestig peyébovug 15 Kw,
eved M yopnTKoTNTO TOV defapevav H2 vrohoyiletat kat’
erdytoto 2200 kg. H draxcvpovon tov arobépatog otn dudp-
KELOL TOL £TOVG TOPOLGLALETOL GTO oY 8, OToL Ta dpia 5%
Kot 95% yio ) dwokdpaven tov amobépatog kabopilovtat
v Adyovg aopdrelag g amobnkng. To eldyioto andbepa
eppavietar v mepiodo Moaiov-lovviov, dénov avtictoya
LEWOVOVTOL T LEGO EMTEDD OVELLOV.

Avtictotya, 1 d1d6eon 16Y00¢ 610 diKTLO TOPOLGIALETOL
oto oynua 9. Ipokdmtel 4T N dratiBEpEVN 1YVG dE HEIDVE-
Tot Toté€ KaTo amd 100 kW ot dudpkela tov £tovg. H da-
Kopaven oty meployn tav 100-200 kW mpoépyetar and
duiBeon 1oyvog amevbeiog and v A/T. Téhog, ot aypég Tov
vrepPaivouv ta 600 kW eppavifoviar 6tav ot defapevég
H2 eivon mAqpog yepdteg, omdTE TO GUVOAO TG LOYVOG TNG
A/T dwatiBeton TAéov amevbeiog oto diktvo. Ot aypég eivar
duvatdv va amopevyBovv, gite pe avénon tov peyébovg tav
dekapevav, gite draxdntovtag tn Asttovpyio g A/T.

7. OIKONOMIKH AITOTIMHXH KAI
BIQXIMOTHTA EIIENAYXHX

Ta oToLYEl0 KOGTOVG TOV GUOKEVMV TOL EMAEYOVTOL OEV
pmopovv vo. ektiunfovv pe akpifela, kabmg, dd o€ 0,Tt
agopd oty e&EMEN tov povadeov H/A ko KK, n teyvo-
Aoyun e€EMEN eivarl paydaio Kot TOGO TA YOPOKTNPIOTIKA
Agttovpyiog, 660 Kot T0 OLKOVOLKG oTotyeio peTofaiiovTot
téyota.

Qo1600, emyelpeltol o EVOEIKTIKT] OIKOVOULKT OTO-
tiumon g emévdvong, Bewmpdviog ta Tpéyovia (£10g

2003) kot o avopevopeva KOGTH (EVTOG TEVTOETIOG) TOV
GLGKEVDV.
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2ynuo 8: Awoxvuaven tov amobBéuarog H2 oty didpkeio tov £Tovg
OOUYWVOL UE TO TOPAIETYILO. THG EVOTHTAS 6.3.

Figure 8:H2 reserve variance over a year, according to the example
of section 6.3.
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Figure 9: Total power availability over a year.
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O mivokog 1 ovvoyilel TIg damiveg TOV CUVETAYETOL 1)
OAOKAP®OT HOG TETOWOG EYKOUTAOTUONG, LE AVOPOPA TO
mapddeypa mov avoeipbnke oty evomrto 6.3. Ta koot
TOV GLOKEVAOV £XOVV TPOKVWYEL e amevBeiog EntKovmvia e
TOVG TPOUNBEVTEG TOVG, VD Ta. TAYLL 5000 e KOTOAANAEG
extyoets. Ot damdveg owtég Ba mpémel va cuykptBolv pe
T0 KOGTOG 0vEyepong Kot eykotdotaong A/T oydog 600 kW
7OV eKTIdTOL ofjepa ag 750 k€.

¥11g domdveg avTtég Bo TPEMEL, EMTALEOV, VO GUUTEPL-
MoeBeil 10 KOGTOG CLVINPNONG TOV CLOKELMV. Bempovpe
Kk60T0g cuvtnpnong ico pe to 50% g aiog Tov KK kot
¢ povadog H/A kar 10% g a&log tov copmiesty avd
nevtoeTio.

Eniong, BeopnOnie k6cT0C cuvthipnong 15 k€ avda xpo-
VO LETA TNV TPDTN TEVTOETIO Yo TNV A/T.
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ITivokag 1: Aamdves ayopds eComlionod kai €ykoTaoTacyg.
Table 1: Expenses for procurement and installation.

Aaravn Méyehoc ’Emuub Hsvo Ava p,tsvé nevo
KOGTOG GuUEP KOOGTOG
A/T 600 kW 1100 €/kW 967 €/kW
Movéada H/A 400 kW 1500 €/kW 400 €/kW
ZUUTIECTNG 15 kW 2400 €/kW 2400 €/kW
Amobnkeg H2 2200 kg 330 €/kg 330 €/kg
Movéda KK 200 kW 2000 €/kW 1500 €/kW
Aixtvo H2 - 40 000 € 40 000 €
Hex. eEomhopog - 100 000 € 80 000 €
Avéyepon A/T' 50 000 € 50 000 €
Eykatactdoelg - 50 000 € 50 000 €
Mehém ko
enifAeym - 480 000 € 280000 €
AmpoPBiento - 60 000 € 60 000 €
2UVoAIKO KOGTOG - 32 M€ 2,4 M€

Ot e16poég mpoépyovtol amd v omevbeiog 01G0gom
evépyelag kot amd tn 61dbeon evépyelog HEG® TOV KAASOL
KK. TIpogavmg, dev pmopei vo emtevydel kepdopopia yio
o Tétoto VPPOIKY EYKOTAGTOOT LE TI GNUEPIVI] TILOAD-
ynon evépyelag amd cvpPotikég eykatactdoesig ATIE. Eivau
0®WO0TO, ®GTOGO, N UTOTIUNON TNG LOVASAG EVEPYELOG YLoL TN
duiBeon 1oyvog amevbeiog amd v A/T" va axoiovBei T on-
pepwn moArtikn tiporoynong (0,07779 €/kWh). H evépyeia
7ov dtatiBetar amd Tov kKhado KK Ba mpémet dpwg va tiporo-
YNOel SrapopeTid, apPod HTOPEL VO VITOKATAGTHGEL TANPWOG
ovpPaticég povadeg Paong.

H extipmon mg eldyotg Tyng didbeong g evépyelag
a6 tov kKhado KK mpaypatomoteitar dioapoppadvoviog
xpNraToppon g emévovong, Beopdvtag opilovia 15 etdv
KoL EAAYLIOTO E0MTEPIKO EMITOKLO amOd0ong 7,43 %. ZOUQo-
VO LLE TOVG TEPLOPIGHOVG VTOVG, 1] OIKOVOULKT BLodctotnta
g enévdvong eEocporiletar pe gLy IoTn TIHOAOYNON TG
povéadag datiBépevng evépyetag and tov kKAGdo KK, ommg
napovotalet To oynpa 10.

H tyoAdynon, mov mapovoidletar oto oynuae 10, pe-
TafdAletor avdAoya pe TNV EMAOYH TOCOGTOL O1d0eong
evépyelag omd tov kKAGdo KK kot amevbeiog.

Y k@Oe mepintwon, n emBounTn TIROAOYNO PpiokeTon
€VTOG TOVL €UPOVE KOGTOAOYNOTG TNG HOVAdUG EVEPYELNG
a6 CLUPOTIKOVG GTOOOVG GTO 1) CUVOEDEUEVO VIOIOTIKO
diktvo.

Xoppava pe otoryeio g AEH ywo to érog 2000 [1], to
KO0TOG Tapay®YNG and cvpPatikods otafovg 6to un dio-
ouvvdedepévo diktvo kopdvinke petago 0,1 €/kWh (Zbpog)
¢mg 1,3 €/kWh (Avidonpa).

[Ipokvmtel dNAadn OTL G OPLOKEG TEPUTTMOGCELG, 1 OVTL-
katdotoon otafumv Baong amd vppdkd cvotpata AITE
pmopel vor amofel 0KOpO Kot GTJLEPO. OIKOVOULKG CUUGEPOL-
o0, EMTAEOV TOV TAEOVEKTNUATOV AVTOVOUING, CVTOTEAELOG
Kot TEPPAALOVTIKNG TPOGTAGING TOV GUVETAYETOL.
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Zynua 10: EAdyioty tiuodoynon g HOVAEOaS EVEPYEINS GTO TOV
xldoo KK yia elaopdrion e fraoyudtnrog te exévov-
ong. Yrnobeon orabeong evépyeiog 50% and KK kar 50%
omevleiog.

Figure 10: Minimum pricing for the unit of energy produced by
the fuel cell branch to achieve economic viability.
Assumption of 50% fuel cell and 50% wind turbine
direct energy production.

8. EPAPMOI'EX

H avdlvon otig mponyovueveg evotnreg amédeibe OTL
N gyxatdotacn vppwikdv cvotudteov AIIE eivar duvatn
axopo Kot og Kopeopéva and A/T diktva, Kabdg, pe KoTaA-
ANAN emidoyn TV HEYEBDV TOV CLGKEVMV, 1) EYKATACTAO
€VOG VPPLOKOY GLOTNUATOG UTOPEL VO UMV EMNPEACEL TO
ovvteheotn Oieiodvong A/TT oto diktvo. 'Eva tétoto vppt-
OKd cOOTNUA, N EYKOTACTOOT] TOV OOI0L G€ VIAPYOV Oi-
Kktvo O petafdiret to Babuod deicdvong AIIE Bo koAeiton
«OVOETEPOY.

311 cLVEKELD, TAPOVGLALOVTAL YEVIKEVUEVES GYECELS, TOV
UTopoBV va epapocBodv yia Ty emthoyn peyéBovg vppidt-
KOO GUOTNWOTOG GE VAPYOV OIKTVO, TOV AmOTEAEITAL 0D
ovppaticovg atabpovg faong kot copfatikég A/T.

8.1. Emavénon tov ctabpdv pacng duktvov yio v
OVTIPETAOTION ETEPYOREVNS CijTNONG

"Eot® vrdpyov diktvo, 10 omoio amoteAeitan amd oTob-
povg Baong oyvog P, kar cvuPatikég A/IT ovopactikrg

woyvog P, O mpaypatikos Paduog dieicdvong A/I" oto 6i-
KTVO 0VTO pmopel va oplotel og:

P
o = AT

b (8.1)

10 dikTtvo 0VTO EMOBLUOVUE VAL EYKATUGTIGOVUE VEES
povadeg vPpdkadv A/T Yo va KOAOWOLE TNV EmEPYOUEVN
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avENoN NG KATaVAA®ONG, Y0pic OU®S vo LeTofaAlovpe Tov
Tpoypoatikd Babpod dieicdvong.

Oempolpe OTL Ol HOVASEG OVTEG £XOVV OVOLLGTIKT oYL
P,  onoia pokvmTeL pe GOPOIoT TOV EMUEPOVG TUNHATOV
oy00g, «omevdeiag 6to dikTvoy P, Kot «kAEdov KuyEANg
Kawoipov» P, mov Aertovpyel pe evepyeloxod Badud omddo-

ONG M LOY0OEL SNAGOY:

Prk (8.2)
N kkK

Pn=Py+

Eniong, opilovtot ta akdlovBa adidotato peyéon:
e ZUVIEAEOTNG LOYVOGC KLWYEADY KAVGIOL:

/1=PK1<

8.3
P, (8.3)
e ZUVTEAEOTNG EMAVENONG AVEHOYEVVITPIDV SIKTOOV:
P
=4V (8.4)
Pyr

Mmopei va amodeybei 611 1 VPO povade mov Ba
tonofeBel oto diktvo de drapopomolel TovV VIAPYOVTA
ovvteAeoTn dleicdvong — InAadn eivot ovdéTepn — HOVO Kot
povo 1ote av 1oyveL N e&icwon:

A

kK

a(s—/i)z

(8.5)

H ypnon avtig g oyéong ovotlaotikd kabopilel ta
peyédn g A/T ko g KK, apod givar yevikd yvootd ta
O KOL 7] e

T ) devkdivvon emioyng Tov peyebdv 4 kot € (1oyvg
KK kot véov A/T avtictorya), mapatibetor to oyxfnua 11
o6mov oyedidletal o Aoyog A / € 6 GUVAPTNOT TOV TPEXOVTOG
ovvteleotn O1€i0dVONG TOV SIKTVOV KOl LE TOPAUETPO TO
Bobod amd500mg TOL KAAGOL KUWEANG KAVGIHLOV, e ETiAvo
mg oxéong 8.5.

8.2. Avrikatdctacn 6TaOpdv fdong pe vpprotkéc
povadeg AIIE

H evolhoktikny mepintwon tng mponyoduevng eivol
va embopovpe aeaipeon otafudv Pdong and to dikTvo
HE aVTIKOTAOTOOT TOLg amd vPpdkovs otabupovg A/T. H
nepintmon ovt) pmopel va gpoaviotel Otav amorteiton
Y. OVTIKOTOOTOOT TEMOAMOUEVOYV 1 TPOPANUATIKGV
otofudv Baong.

Yty mepintoon ovth, 1 véa VPP gykatdotacn A/T
dev umopel va xopokTNPLoTEL 0VOETEPT), APOV 1| APAIPEST
otofpov Pdong kot 1 torofétnon tupatog A/ «amevbeiog
diktvo» Bo 0dNYNoEL VIOYPEDTIKG O AVENGT TOL CUVTEAE-
01N dteicdvong.

Eivar 6pog dvvatdv va extiun el ) péyiotn duvatotnta
avTIKOTaoTOoNG otofpon Pdaong, Bétovtag évav kpioilo
ouvteleotn Oeiocdvong o . ZOUQOVA LE To 10B0Ta, 1) TN

max®

ot Kopaiveton oty mepoyn 25-30%.
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2ynua 11: Emiioyn peyédoovg KK xor A/ yro. v eyxatdotach ovoé-
TepNS vPpiLokng povadas AIIE oe diktvo ue vpiorouevo
oVVTEAETTH O1EI0OVONG O.

Figure 11: Selection of fuel cell and wind turbine size for the
installation of a neutral hybrid renewable energy unit in
a grid with existing penetration rate o.

H péyiot duvordmto aviikatdotaong otafumy faong
kaBopiletar e Kavomoinom g avicodTTos:

A

NIkkk ©

< o< Tmax g,
kKK O o

(8.6)

Amd ™ oxéon vt vroloyiletat to mePBdPLO TPOSAD-
Enong oyvog A/T g, eTAEYOVTOG TYL OVTIKOTAGTOONG GTOO-
pov Baong 4. H eAdytot Ty & mpocdiopiletar, Bewpmdvrag
ot dg dratiBetan woyvg amd v A/ anevbeilog 610 dikTvO,
oMradn 6t OAN M evépyeta mapéyetor pécw g KK, evd n
péyotn T € mpocdiopiletat £T61 GOTE va UV vIEPPOLLLE
T00pl00, .

To oynua 120 gpeovilel oynUOTIKE TV 0pLoTEPT OVI-
ootta TG oyéong 8.6 Yo emhoyn eldyiotng wwyvog A/T
o€ CLVAPTNOTN LE TO GLVTEAEDTY] dlEicduong o, T0 TOGOCTO
avtiKoTaoToong otafumv Baong 4 kot To Pabud amddoorg
0V KAGdov KK 7, . ..

Avtiotoya, to oyqua 12B eppaviCer ) péyiotn oyd
7oV pmopet vo Tomobetn0el €161 dote vo uny vepPfovpe to
cvvtedeotn dieicduong o, 30%, Eexivavtog and dedopévn
dieicdvon o.
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Zynuo 12: Edéyoty (a) kor uéyoy () dvvarotnro eykotdotaons
véwv A/T" yia v ovukatdotacy copfotikdv oraducdv
poons ano povades KK, Oewparvtas apyixo ovvreleorh
diglodvong o koi pEYIoTo avekto faluo diciodvons oo
diktvo 30%.

Figure 12: Minimum (a) and maximum (b) potential of windturbine
installation for the replacement of conventional power
stations with fuel cells, assuming an existing penetration
rate o and maximum permissible penetration rate of
30%.

9. XYNOYH-XYMIIEPAXMATA

H mopodoa epyacio mapovsiace tn duvatdTnTo £YKO-
TAoTaoNG LPPWOIKNG HOVADAG OVELOYEVVITPLOG, T OTOoid
AmOGKOTEL OTNV AVENCT TG TOPEXOUEVIG EVEPYELNS TTPOG
10 diktvo (dteicdvom). H vPpdikn eykatdotaon mopéyet
 dvvatodtnta d1abeong otabepng wybog, oe avtibeon pe
v gykotdotoon cvuPotikng A/T, 6mov n dvvatdtra Ot-
aBeong evépyelag eEoptdtatl omd To GTIYHINI0 AVELOAOYIKE
YOPOKTNPIOTIKA. Qg amotéAeoiia, 1 VEPOIK £YKATACTAON
npénel va Bempeiton og otafudc fdong katd to Tuqpe oTo-
Bepng duabeong 1oyvog Kot propei va evioyBel anoteleoylo-

TIKG og vapyov diktvo cvpfatikdv otabudv. [apéyetar,
€101, 1 SLVATOTITA VTOKATAGTACNG TV GTOOUMV Bdong pe
povadeg TepPaAlovTikd amdAvTo KaBapng Kot OVOVEDGIUNG
EVEPYELAG, YMPIG TOVG TEPLOPIGHOVS TOL EMPAAAOVTOL OT LLE-
pa otig cupPaticég povadeg A/T.

Me Bdon v EAMVIKY TPAYLOTIKOTNTO GTO [T SloovV-
OEOEUEVO VNOIOTIKO SIKTVO KOl TO TEYVOAOYIKA KOl OKOVO-
UIKG OTOLYELD TOV OPOPOVV TNV TPOTEVOUEVT EYKATACTOO,
N Tapovoa epyacio omédeite Ot
1. Eivotl duvory akopo kot 1 TANPNG avTiKaTdoToo TOV

ouppatikdv otabudv Baong amd vPPOKES, oVdETEPES

povadeg A/T, otig omoieg 1 avoloyio d1dbeong peta-

BANTg / otabepnc 1oy00g TANPOL TIG TPOSAYPAPES TTOL

tiBevtat ofjpuepa yo ta cvpfatikd diktva. H duvatotnta

o givar iaitepa emBopunti TepPaArlovTiKd Kot evep-

YEWKE, apov eEucPaAilel TANPN EVEPYEIONKT CLLTOVOIN

NG V|00V Kol EA0YLOTOTOLEL TIG TEPIPAAAOVTIKEG EMTTO-

OELC.

2. H teyvoroyia mov dwtiBeton ofjpepa emapkel NN vy
 ovvdeon ocvpPotikdv A/T pe povadeg nhektpoivong,
EVOLALLEONG 0mOBNKELGNG VOPOYOVOL KoL KOWEANG K-
GILOVL YlO. TNV €YKOTAOTOOT] VPPLOKOV £YKOTOCTACEDV
AT, evd ko o1 eEghi&erg otny meployn eivan téyioteg. Ot
i0teg e&eMiEelc avapéveTal vo SLoHOPPMGOVY OKOLO TLO
€LVOTKT| EIKOVA Y10, TNV EYKATACTACT] VPPLOKDOV HOVAd®V
AIIE 610 cOvtopo péAiov.

3. H owovopukr a&lohdynon g enévovong deiyvetl 0Tt pua
TéTol0 €YKATAGTAON Umopel va gfvorl akdpo Kot GrjUepa
OLKOVOUIKG GUUPEPOLGO, E0IKA GULYKPIVOUEVT UE TO
VYNAO KOOTOG TOPUY®YNG CLUPOTIKNAG EVEPYENS OF
ynotd pe pkpn &tnon. Tavutdypova. e TIG TEYVOAOYIKEG
e&elielg, avopéveTal Emiong CNUAVTIKY LEI®OT) TOV KO-
GTOVG TV GLOKEVMOV GTO AUEGO PEAAOV OV Bal CLUTTLE-
OEL TTEPALTEPM TI) GUVOAIKT] SATAVT| ETEVOVOTG.
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Extended Summary

Potential for the Use of Renewable Energy Sources
as Exclusive Electrical Power Providers in the Non-
Interconnected Greek Grid

LEONIDAS NTZIACHRISTOS
Dr. Mechanical Engineer

Abstract

The current paper presents a study of coupling a wind turbine
with a fuel cell to improve the utilization of wind power in the
non-interconnected Greek archipelago grid. This hybrid system
makes possible the storage of energy produced by the wind turbine
and its supply for consumption under constant power, which can
be absorbed by the grid of each island. The study presents the
technology of the system and simulates its operation over a year
using specially developed software and true wind speed input data.
In this way, the energy availability to the grid can be estimated.
Additionally, simplified methods for an initial investment evaluation
are proposed which may be used to evaluate the substitution or even
total replacement of conventional power generation stations with
hybrid wind turbine and fuel cell systems. Finally the feasibility and
economic viability of such an investment are analyzed.

1. INTRODUCTION

Wind power is provided freely and constitutes a renewable
energy source (RES). However, its use is associated with
significant fluctuations in its availability according to
weather conditions. As a result, power generation does not
coincide with power consumption and, consequently, it is
interrupted not only during calm spells but also during low
demand conditions. The current study proposes a significant
stabilization of wind power generation by storing part of the
energy produced. This energy can be subsequently provided
at low speed or under high demand conditions.

2. PROBLEM CLARIFICATION AND
RESOLUTION

In order to preserve the robustness of small electrical
grids on the islands, wind power generation is only allowed

Z1SSIS SAMARAS
Professor A.U.Th

KONSTANTINOS PATTAS
Professor A.U.Th

when conventional power stations (diesel engines and steam
turbines) can totally backup the power produced by the
wind. This is a typical safety measure to avoid black-out
conditions during abrupt dips in wind power generation.
Figure 1 provides an example of maximum utilization of
wind power stations on a typical Greek island, in accordance
with this policy. There are four conventional stations on the
island (indexed on the figure) which need to backup power
from RES, while working at between 70% and 100% of their
nominal power output to preserve high efficiency and low
emission levels. For this reason the share of wind power
cannot exceed 25% of total power production, regardless of
wind speed.

In order to increase the exploitation of wind energy the
current study proposes the storage of part of the energy
produced by the wind turbine (WT) by producing hydrogen
(H2) in an electrolyser (EL). H2 is then consumed by a fuel
cell (FC), which provides constant power to the electrical
grid without interruptions over the year. We name such a
combination of WT and FC a “hybrid” system.

3.SYSTEM DESCRIPTION &
TECHNOLOGY

Figure 2 presents a simplified schematic of the system
layout. The characteristics of the devices implemented may
be decided depending on the size and the specifications of
each installation. However, in order to simulate the operation
of the system and estimate its performance we have selected
devices which are available today. A WT of 600 kW is
considered and its wind-dependent power output profile is
shown in Figure 3. The EL uses alkaline electrolyte under
pressure, which provides optimum efficiency [2] shown in
Figure 4, based on its actual operation [3]. Pressure vessels
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are considered for H2 storage at 480 bar, according to
proposals in the literature [4, 5]. Liquid H2 storage at low
temperature may also be a feasible solution but it is not
considered at this stage, due to its higher energy consumption
[6]. The H2 produced is further compressed to 480 bar with
compressor of 65% isentropic efficiency.

FCs are developed and manufactured today in a large
range of sizes and specifications [7]. For applications of
decades or hundreds of kWs, such as the ones considered
here, proton exchange membrane, molten carbonate or solid
oxide FCs are available, with efficiencies ranging from
45% to 85% with co-generation (bottoming cycle). The
characteristics of a molten carbonate FC were selected [8]
with an indicative electrical efficiency of 65%.

4. SIMULATION

A computer code was developed to simulate the operation
of the system, based on the energy flow loop shown in Figure
5. Energy is provided to the grid either directly from the WT
or under constant power from the FC. An internal loop
makes sure that energy from the FC is always provided to the
EL to keep it in stand-by condition, even during WT idles.
This eliminates the low efficiency transient operation when
starting up the EL. The efficiencies of the different devices
and the wind speed profile of Figure 6 were used as input to
the code. This may be considered a typical wind profile for
the Aegean archipelago.

The system was simulated taking into consideration the
following three prerequisites:

* The FC produces energy under constant power.

e The delivery of power to the grid is not interrupted
throughout the year.

e The initial and remaining H2 reserves do not differ by

more than 10%.

The performance was evaluated using values 7, and 7,
calculated by egs. (5.1) and (5.2), respectively. 57 expresses
the variability of power generation over nominal WT power
and 7, the fraction of the total energy produced which is
delivered to the grid. Obviously, optimum performance
would be achieved by increasing #, and keeping 7, low.

Simulation with the computer code provided the #,, 7,
values shown in Figure 7 as a function of FC size, together
with the WT energy fraction which is delivered directly
to the grid. Values for a FC of zero size correspond to a
conventional WT operation where power variability is at
45%, the nominal WT power output value. Use of a 145 kW
FC supplies the grid with constant power throughout the year
and the total energy corresponds to ~50% of the total energy
produced by the WT over the year. This is the maximum
FC size that can provide uninterrupted power to the grid
throughout the year for a 600 kW WT.

An example of the system operation over a year is

presented, by selecting a FC in the range of 100 kW. This
allows about half of the energy to be delivered directly from
the WT and half under constant power from the FC. The
power variability does not exceed 20% in this case. Figure
8 shows the H2 reserve throughout the year in this case and
Figure 9 the power supply to the grid. Peaks at over 600 kW
appear when reservoirs are fully filled with H2, while power
supply never decreases below 100 kW.

5. INVESTMENT VIABILITY

Cost-figures for the different devices change rapidly
as technology develops. Table 1 summarizes the costs for
procurement and installation of the system according to
today’s prices (year 2003) and estimations for a 5-year
horizon. Also taking maintenance into account, the total
costs for running the system can be estimated on a 15-year
basis. Over this period, income is generated by energy
supply under variable (WT direct) and constant (FC)
power. While the price of the former is fixed by legislation
(0.07779 €/kWh), the price of the latter should be adjusted
since it replaces conventional power stations. Also, pricing
for this part should justify the additional investment cost.
Assuming a minimum internal revenue rate of 7.43%, figure
10 shows the minimum pricing of energy unit as a function
of WT size, to achieve the viability of the investment. This
cost is within the range of conventional power generation
costs on the Aegean islands (0.1-1.3 €/kWh) [1].

6. APPLICATIONS

The analysis has shown that the installation of hybrid
systems can supplement or replace conventional power
stations because energy production can be scheduled and
power can be supplied at will. The study provides simplified
equations to estimate the sizes of the units, depending on the
application.

The first case considers a grid where the predicted
increase in demand needs to be covered with hybrid systems.
Assuming that the existing penetration rate of wind power
in the grid is given by (8.1) and the new WTs considered
for installation are of size given in (8.2), then the existing
penetration rate will not change only if eq. (8.5) holds. In this
equation, A (eq. 8.3) is the increase of the demand considered
over the power of the existing power stations (to be covered
by FCs), € (eq. 8.4) is the ratio of new wind power to be
installed over the existing one on the island and 7, is the
efficiency of the FC branch. This equation can be used to
decide on the installation of “neutral” hybrid systems, i.e
those that do not change the existing penetration rate once
installed on a grid. The graphical representation of (8.5) is
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shown in figure 11.

The second case considers the need to supplement or
replace some of the conventional power stations with FCs.
In this case, a hybrid system cannot be considered neutral,
unless all the energy is supplied by the FC. However, we
may estimate the size of the system assuming that a critical
penetration rate ¢, should not be exceeded. The double
inequality of (8.6) applies in this case. 4 corresponds to the
fraction of conventional power to be replaced. The left hand
inequality corresponds to the minimum WT power which
needs to be installed in order to replace conventional power
and the right hand one to the maximum WT power which
does not exceed the permissible o, value. The graphical
representation is given in figure 12.

7. CONCLUSIONS

This study demonstrated the potential of hybrid wind
turbine and fuel cell systems to increase the energy supply
to the grid (penetration). The hybrid system provides energy
under constant power, in contrast to conventional wind

power which depends on instantaneous wind speed. As a
result, energy production from the hybrid system may be
regulated and efficiently supplied to an electrical grid. In
that respect, hybrid systems may replace or supplement
conventional power stations, producing clean and renewable
energy, without the limitations applying to conventional
wind power systems. With regard to the Greek non-
interconnected archipelago grid, the following conclusions
may be deduced:

1. It is possible to replace conventional power stations in
total by adjusting the ratio of direct wind turbine and fuel
cell power output, in compliance with limitations of the
particular grids.

2. The necessary technology for coupling the wind
turbine with an electrolyser and a fuel cell is available
today, while the specifications of the different devices
are constantly improving with the development of
technology.

3. The investment can already be profitable by appropriate
pricing of the supplied energy unit, within the cost range
for energy production on the non-interconnected Greek
islands. This cost is expected to reduce further in the
future.
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