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MepAndn

To uSpoyovo xpnotpomnoleital wg o’ UAN o€ TIOAAEC BLOUNXAVLKEG SLEPYAOLEC, YLOL TIEPLOCOTEPO ATO £vVaV
alwva. H xprion tou ta teleutaia xpovia, €xelL emektabel kol o€ AAAOUG TOMELG TNG avBpwrvng
Spaotnplotntag kot amoteAsl MAEov HEGO amoBrikeuong evépyelag Kal KaUoLUn UAN oTov TOpEQ TwV
petadopwv. O AGyoc yla TNV ENEKTACN TNS XPriong Tou udpoyodvou eival n duvatotnta mou MpoodEPEL
Yl TNV HELWON TWV KoUMWV Tou Sloeldiov Tou avBpaka, edv mapayxbel Le TNV XpRoN AVOVEWGCLUWY
TINYWV €VEPYELAG. QOTO0O, TO LEYAAUTEPO HEPOC TNG TIOPAYOUEVNG TIOYKOOULOG TIOCOTNTAG USPOYOVOU
TIPOEPXETAL OO TNV avapopdwaon Gualkol aepiou, KAl EMOUEVWE CUVOSEVETAL ATtO €KAUCH TTOCOTNTAG
Slo&eldiou tou dvBpaka.

To udpoyodvo Kkatnyoplomoleitol pe Baon To amotunmwpa tou o Sloeidlo tou avBpoaka, pe Baon To
npoypappa CertifHy tou eupwrnakol opyaviopot FCH-JU (Fuel Cells and Hydrogen Joint Undertaking) pe
Baon to omoio, udpoyodvo mou mapaxbnke pe €kAuon touldxlotov 60% Alyotepou Slofeldiou Tou
avBpaka oe oxéon pe tnv dadikaoia avapopdpwaong ducikol aepiou Bewpeital udpoydvo «xapniou
avBpaka» (low-carbon). EGv n evépyela mMouU XPNOLUOTIOLEITAL TIPOEPXETAL OO TINYEC OVAVEWOLUNG
EVEPYELQG, TO TOPAYOUEVO USPOYOVO, XAPOKTNPLIETAL TIEPAITEPW, WG KAVOVEWOLUO» N «TIPACLVO»
udpoyodvo.

Mapolo rou ta epLBaAAovioAoyikd odpEAN TOU AVAVEWGCLUOU USpoyovou eival epdavi, N mopaywyn Tou
glval mpog 1o mapwv owovoulkd acludopr. OL gumopikd Slabéoiueg Slepyaoieg mou UmopolvV va
TIapAyouV IPAGcLvo udpoyovo auTh TNV oTLyUn, ival ol e€nc:

o HAektpOAuon VEPOU, XPNOLLOTIOLWVTOG AVOVEWGLN NAEKTPLKH EVEPYELL
e Avauopdpwon Blo-aspiou

To KOOTOG TWV TapATAvVW Slepyacilwy eival apkeTd uPnAd, akOUa KoL O TIEPUTTWOELS EYGAOU OYKOU
TIAPaAywyng 0w OTLG TEPLTTWOELG SWALOTNPLWY TETPEAALOU 1) LOVASEG TOpAYWYN G wViag, eite Aoyw
oKpLBAC o’ UANG elte xapunAng anddoong tng Siepyaciag. EmumAéov n petadopd touv uSpoyovou amod to
onueio mapaywyng otov Katavalwth, amotelel peilwv mapdyovra otnv avénon tou TeAKNG TIUAG. H
MEYAAN Sladopd 0TO KOOTOC TOU USPOYOVOU, £XEL OMOTEAECEL AVACTAATIKO TIAPAYOVTOL OTNV ULOBETNON
TOU Ao TNV Blopnyavia.

Mapopola, mapoAn tnv npocdatn swoaywyn Twv HAektpikwyv Autokvitwy Kupehwv Kauotpou (Fuel Cell
Electric Vehicles - FCEVs) otnv ayopd, to unAd KOOTOG TOU avavewolpou udpoyovou, n €AAeldn
UToSopwV avedodlacphol aAAd Kol TOU KOOTOC OTOKTNONG TOU QUTOKLVNTOU, £XOUV €UMOSIoEL TNV
£EAMAWON AUTWV TWV OXNUATWY TOCO OTOUG LOLWTEC, aAA Kol TIG ETIXELPAOELG TIOU XPNOLUOTIOLOUY
shadpa kal Bapéa oxAuata.

Q¢ Abon ota mopamdvw TpoBAAuaATa, otnv mapovuca epyoocia, e€etdletal pia véo MPOOCEyylon: n
TOUTOXPOVN ULOBETNON TOU MPAGIVOU USPOYOVOU, oo Eva CUUTIAEYLA SLADOPETIKWV ETLXELPHOEWY OTNV
6La meployn, Ue TNV Sopn TNG NUL-KEVTIPLKNAG (] NUL-OTOKEVIpWUEVNC) Tapaywyng (semi centralised).
Toautoxpova, yivetat clykplon pe SUo akdpa osvaplo yla to i6lo cuoThUA: TNG TIANPOUC KEVIPLKAC
napaywyng (centralised)kat amokevipwuévng mapaywyng (decentralized) uSpoyovou.



Alepyaoiec mapaywync udpoyovou Kal OXETIKEC eKTIOUTEG Ologeldiou Tou avBpaka

Yrniapyouv Vo Sladopetikol pEBodol yia Thv mapoaywyr udpoyovou:

e Avaudpdwon agplou udpoyovavBpaka. To aéplo pmopel va anoteleital and ¢puciko aplo, flo-
agplo (m.x. pebavio amd amoPfAnta) r aegplo ouvvbeong (Hiypa H/CO) mou mponABe amod tnv
aeplomoinon oTepewV KAUGiHwy (LY. Ayvitn)

o Metatpomrn nAeKTPLKAG EVEPYELAG o uSpoyovo (Power-to-Hydrogen — P2H), énwg n Siepyaocia
™G NAekTPOAUONG TOU VEPOU.

Me e€aipeon tnv nepintwon tng avapopdwaon Blo-aepiou, ol Aowmeg Slepyacieg avapopdwaong, odnyouv
otnv £kKAuch peydAwv mocothtwy Slogeldiou Tou avBpaka otnv atpocdatpa, epdcov dev cuvdudalovral
Ue TtV amobrkeuon tou Tapayopevou dlofeldiov (Carbon Capture and Storage — CCS). AvtiBeta, n
NAekTpOAUCn TOU vePOU Sev eKAUEL KavEVaV aEPLO PUTIO, EVW OV N TIOPEXOUEVN NAEKTPLKA EVEPYELQ
TIPOEPXETAL OO QVAVEWOLUEG TINYEG, TOTE OL GUVOALKOL pUTIOL TOU Tapayopevou udpoyodvou eival
g€alpeTka YapnAot.

H mapaywyry ubpoyovou pe nAektpOAuon UE TNV XPRon OLOAIKAG evépyelog, Umopel va amodwoel
U6pPOYOVO, HE KATA UECO 0po, 8 PopEG AlyOTEPO EKALOUEVO OLOEEiSL0 TOu AvBpaKa o ox€on HE TNV
avapopdwon duaikou aegpiou.

OL kuplapyec Texvohoyleg NAekTpOAUGNG IOV lval eUmopLka SLaBEoiueg aUtn TNV OTLYUNA gival dvo:

o AAkaAknG nAektpoAuong (alkaline electrolysis), 6tou oL CUCKEUEG XPNOLLOTIOLOUV €V AAKAALKO
Slahupa petafd Twv nAektpLdiwy

o ToAupepkng peuPpdavng (polymer exchange membrane), 6mou otnv B8£on tou aAKaAlkou
SloAUpatoc Bpioketal pia pepBpavn amo moAuLepES, SLOHECOU TNG omolag yivetal n avtallayr
LOVTWV

OL gumopika SLaBECLEG CUOKEUEG AAKOALKOU TUTIOU £XOUV AmoSO0ELg HeTaEU 52 kal 68%. Asettoupyouy
O€ XOUNAEC TUECELG, E ATIOTEAECUA TNV AVAYKN YLOL LEYAAUTEPN HNXAVLK) CUUTTLECT TOU TIOPOYOUEVOU
uSpoydvou Kal AelToupyolV amodoTIkOTEpa 0 oTABEPEC CUVONKEG, KOVIA OTNV OVOLOOTIKH TOUC LoyU.
Kootilouv swg 1200 €/kW.

OL ouokeuéG TUMou PEM, €xouv TUTIKEG amodOoelg petatl 39 kal 66%, AELTOUPYOUV OE QPKETA
MEYOAUTEPEC TILECELG, UTOPOUV VA AELTOUPYICOUV aMOSOTLKA KO Kot 0To 10% TNG OVOUAOTLKAG LoXU0G
TOUG, KaBloTwVTag UTOU TOU TUTIOU TILC CUOKEUEG LOAVLKEC YL ATOKPLON 0 SUVALKA NAEKTPLKA dopTia,
WOoTe Vo eKPeTOAAEVOVTOL TUXOV XAUNAEG TILEC NAEKTPLKN EVEPYELOC HEoa oTnV pEpa. QoTtdo0, TO KOOTOG
Toug Kupaivetal ota 1860 pe 2320 €/kW.

To kdotog Tou USpoyodVoU PEow NAEKTPOAUONG, Kupaivetal petaly 3.7 kal 8.6 €/kg, avaloya tnv xwpa
(koL emopévwg To KOOTOG TNG NAEKTPLKNG EVEPYELNG) KOL TOV TPOMO AEltoupylog TNG Hovadag
nAektpoluong (m.x. Suvauikn amokpion). e avtibson to KOOTOG TOU USpPOYOVoU amd avopdpdwon
¢duokol aepiou, Bpioketal oto 1.8 €/kg. Q¢ amotéAsopa, To0 KOOTOC XPrONG AVAVEWGLUOU uSpoydvou,
£161KA OTLG Blopn)avieg sival amoyopeuTIKO.



Xpron tn¢ texvoAoyiag P2H og BLOUNXAVIKEC TTEPLOXEC

TNV mapouoa epyaocia, w¢ PBLOUNXOVIKEG TEPLOXEC opilovtal yewypadlKEG TOMoBeoleC OTIG OMOLEG
UTTAPXEL MEYAAN TUKvVOTNTA Blopnyaviwv, etalpslwyv mapoxng unnpeoctwv logistics (amoBrkeuon kot
Slavoun EUNMopPeUPATWY), SLUALOTNPILWV K.a., Kol Bpiokovtal TEPLE KATOLoU peydAou Alpaviou. OLteploxn
aUTEG, Sev TAUTIZOVTAL AVAYKOOTIKA HE TIG VOUOOETIKA Oplopéveg «Blopnyavikeg Meploxég» (BLIe).
Emopévwe o 6pog “Blounxaviki meploxn”, Ba xpnowlomoleital otnv gpyacia autn yla va meplypalel
aUBalpETO OPLOUEVEC TIEPLOXEG OTLG OTIOLEG Ol TOPATIAVW TUTIOL ETILXELPHOEWV PBPLOKOVTOL OE OXETLKNA
ULKpN amdotacn HeTall Tout. Mapddelypa TETOLOC TIEPLOXNG, KOL EUTIVEUGH YLOL TO OUYKEKPLEVO OVTEAO,
anotelel n meploxn mou neplhappavel tnv EAevciva, Mayoula kat Acmpomupyo. Evidg tng meploxns
autng, Bploketal to 60% NG eAANVIKNG Suvapikotntag logistics. EmumA£ov n meploxn mepthappavel dvo
SwAlothpla Twv EAAnvikwv Metpelaiwy, vaumnyeia, éva agpodpouto, Blopnxavieg mapaywyns Badwv,
MOVWTLKWY UALKWV K.l AVTIOTOLYEG TIEPLOYEC ATIAVIWVTOL O€ PLeYAAQ ALuavio o€ OAn Thv Eupwrn, Omwe n
AuBépoa, to Aupolpyo 1 to Potepvtay.

To udpoydVo O AUTEG TLC ETILXELPNOELG WITOPEL va xpnolponolnBet ocav a’ VAN os Slepyaaoieg, OMwWG OTIg
TEPUTTWOELG TWV SAlotnpiwy f Blopnxavieg yuaAlo. EVAANAKTIKA, WC KAUOLUO O NAEKTPLKA AVUPWTIKA
MNXOVALOTO, TIOU £X0UV QVTLKOTOOTIOEL TI MUratapieg toug pe KUPEAEG Kauaipou, eite os ehadpad N
Bapéa doptnyd mou xpnotponololV KUPEAAEC KAUOLOU.

To cvotnua

To olUotnua to omoio Ba efetaoBel amoteeital and 5 SLAPOPETIKEG EMIXELPNOELC KAl ATOTEAOUV
OVTUTPOOWIEUTIKO TOPAdelyua TOAWY  BLOUNXAVIKWY TEPLOXWY otV Eupwrmn. JUuyKeKpLUEvVa,
amoteAsital and £va SwAlothiplo metpelaiou, duo Blopnxavieg, pia mapaywyng atcaAiol kat pia
YUuaALoU, kal U0 eniyeipnoeg mapoxng untnpectwy logistics. Mia and auvtég Staxetpiletal amobrkn Kat
€val OTOAO QVUWTIKWY UNXAVNUATWY Kal (ia éva oTOAo amd enmayyeALatikd oxrpata, ehadpol (van)
KoL Bapgou tumou (poptnyad).

210 oUOTNUO AUTO, TO SLUALOTHPLO TETPEAQIOU AMOTEAEL TOV TTapaywyd TOU USPOYOVOU Kol TOAUTOXPOVA
KOTAVOAWTH) TOU, EVW OL AOUTEG EMIXELPAOELS £lval LOVO KOTaVOAWTEG. OL avaykeg KABe emeipnong os
udpoydvo, mpoekuPav Uotepa amnod BLBAloypadikn €pguva, EpWTNUATOAOYLA TToU §GBNKaAV oE eTALPELEG
logistics otnv neploxn tng EAeucivag kat cuvouiAieg pe umtaAAnAouc.

To SWALOTAPLO TOU OUOTAMATOG, €XeL MoviehomownBel pe Pdon to SwAlotiplo twv EAME otov
Aompomupyo, pe Suvapkotnta 100 xAlddwv Boapedlwv nuepnoiwg. Mia tétola povada, £xeL pia péon
KotavaAwon 388 TOVwv ava npépa, n omoia KOAUTTETAL KUpLwg armd tnv povada avapopdwong ¢pucLkou
aeplou evtog Tou SWAnoTNPLoY, KAl amo To uSPoyoVOoU TIOU TIOPAYETOL WG TTOPATIPOLOV Ao SLddopeg
Slepyaoiec.

Mia tumikn povada mapaywyng yuaAwou, xpetaletatl 300 kg udpoyovou ava nUEPA KAl EMOUEVWE N
povada Tou HOVTEAOU OXeOLAOTNKE HME OUTEG TIC AVOYKEG. To €pyoOTACLO TAPOYWYNS OToaALoU,
eudavilouv peydAeg SLAKUPAVOELG OTIC SUVOUIKOTNTEG TOUC, KAl £XOUV AVAYKEC O LUSPOYOVOU TIOU
Kupaivovtatl artd 100 kg swg 2,000 kg ava nuépa. Itn moapouca UEAETN xpnoldomolnonke o PEoOC,
Snhadn pia povada pe avaykeg 1,050 kg udpoyovou ava nuépa.

MNa tg etolpeiec logistics, apxwad vumotiBetat otoAo¢ 10 avuPwTKWV pNXAVNUATWY TIOU
xpnotpomnotouvtal 6Ao to 24wpo. Kabe cuppatikd avupwTlko pnxavnuo, xpetaletol 3 pnatopieg: pia os
xpnon, ula oe dpoption kat pia n omola Puxetal wote va eivat £Tolun yla xprnon. Mo toug otoAoug Twv
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oxnuatwy, yivetal n napadoyn twv 25 Bapéwv poptnywv kat 15 van, pe SpopoAoyta twv 250 km kat 100
km nuepnoiwc.

Me Bdon TIg XWPNTKOTNTEG TWV MITOTAPLWY TWV VU WTIKWY UNXOVNUATWY KoL TWV KOTOVOAWOEWY O
TETPEAQLO TWV OXNUATWY TapAdoong, UTTOAOYIOTNKOV OL aVAYKEG Twv eTalpelwy logistics oe 270 kg
ubpoydvou yla ta avuPwTika kot 1084 kg yla Tov 6ToAo Twv GopTnywv Kat van.

OLlKOVOULKN aELOAOYNON TOU CUOTHUATOG
MNa va aflohoynBoulv owkovopkad ot dlddopeg ekSOXEC TOU CUOTNUATOG, 3 SLAPOPETIKA «OEVAPLA»
KOTOOKEUAOTNKAV.

Baolkod oevaplo: J& auTO TO AUTH TNV MEPIMTWON, oL SLAPOPEC EMXELPIOELG TOU CUOTAATOG
AettoupyoUlv pe oupPatikd péoa kal Slepyaocieg. To SWALOTAPLO aufdvel TNV mapaywyn
uSpoyovou Tou Katd 3.2 TOvoug Ue ThV TpocBnkn véag povadag avauodpdpwong udpoyovou.
napaysl udpoyodvo pe avapdpdwon duacilkol aepiou, oL Blopnyovieg yuaAiol Kal atoaAlou
ayopalouv USpoydvou TIOU TOUG Ttapadidetal os agplo. cUUTLeECHEVN popdn pe Butia, ta
avU P WTIKA AELTOUPYOUV UE UMATOPIEG KOL TAL OXNUATA £XOUV GUBOTIKOUG KIVNTAPEC TIETPEAAOU.
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Figure 0-1: Baoko oevapto

Eni tomou mapaywyr: e AUTO TO OevApPLO, OAEC OL ETUXELPNOELS TTAPAYOUV USPOYOVO yla
E0WTEPLKA KATAVAAWON HECW CUOKEUWV NAEKTPOAUCNG TIOU €XOUV EYKOTOOTAOEL UECQ OTIC
EYKATOOTAOELG TOUG. To SLWUALOTHPLO, AUEAVEL TNV TTOPAYWYN TOU G€ USPOYOVOU LE TNV TPOCHIKN
OUOKEUNG NAEKTPOAUONG. Ta avUPWTIKA pNXavAHATO LETAoKeLAlovTal Kal AEltoupyoUV TIAEOV
pe KuPEAeg kauoipou udpoyovou. H etatpeia petadopwy, OXNUATWY OVTL CUUPBATIKWY OXNUOATWY
ayopalel avtiotolya mou Xpnotpomnololv KuPEéleg kauaipou. O avedodlacpog avuPwTikwy Kat
OXNMATWY, AaUBAVEL XWPA EVTIOG TWV EYKOTACTACEWY TNG ETALPELAC. YoAoyilovtal Ta kdotn yla
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U0 SladopeTikoUg TUTIOUG NAEKTPOAUTIKWY HovAadwy, aAkaAlkol tumou (ALK) kot MoOAUPEPLKAG
HepBpavng (PEM)
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Figure 0-2: Ertt témmou mapaywyrn udpoyovou ato oUoTUd

HUL-KeVTPLKN Ttapaywyr): X& auTtd TO OevAplo, N apaywyr Tou udpoyovou yivetal poévo oto
SwAlotnplo péow nAektpoAuong (aAkaAlkou tumou — ALK). O etatpeieg yuaAlol Kat atoaAlou,
Sev kavouv kopia emévduon oe e€omAlopd Kal mpopnBsvovtal udpoydvo amod to SwALoTpLo
(mrapadoon oes agpla popdn, pe Putia tou Saduotnplov). Ou etolpeieq avuPwWTIKWY Kot
METADOPWY, XPNOLLOTIOLOUV KAl TIAAL INXAVAOTA KoL X ot e KUPENEG Kauoipou, aAld Sev
mapayouv uSpoyovo. Ta avuPwTikd epodlaovtal Kal AAL EVTOC TWV EYKATACTACEWY, OLWE Ta
doptnyd kat van avedpodialovtal oe 2taBud Avedodlaopolu Ydpoyovou (ZAY) mou
KOTOOKEUAOTNKE KAl AeLToupyel amd to SLUALOTAPLO, TTANCILOV TWV EYKATOOTACEWV TOU. Z€ AUTO
TO 0£VAPLO TO SLWUALOTNPLO ATTOKTA ETUMAEOV EL00SAUATA, OO TNV TWANCN USPOYOVOU OTLG AAAEG
ETUYELPNOELG TOU CUOTHLATOC
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Zxnuo 0-3: Hut-kevtpikn mopaywyn udpoyovou oto oUCTHUA

Oewpnbnke mwce n xpron avavewolpou udpoyovou, dev petafaiel ta kEpSn KABe emiyeipnong. Emopévwg
yla va e€axBoUv CUUMEPACLOTA YL TNV OLKOVOULKN Blwolpotnta KaBe oevapiou, cuykpiBnkav povo ta
OUVOALKA KOOTN TWV OEVOPLWV EML TOTLAG KAl NUL-KEVIPIKAG Tapaywyng, e to PBaolkd oevaplo.
Xpnolpomouwvtag OAEG TIC XPNUATIKEG EKPOEC TIOU TpoKUntouv ot Pabog 20etiag, kal thv péBodo
KaBapng Napovoag Atiag (KMA), mpokUTITOUV Ta GUVOALKA KOOTN o€ KABe osvaplo. H uéBodog tng
KaBapng Mapoloag Afiag, xpnolpormolel éva mpoefodAnTIKO €MITOKIO OTOUG UTTOAOYLOMOUG, TO Omoio
BewpnBnke otnv mapovuoa epyacia, oto 5%.

Baolkd oevdplo Emt TéMoU mopatywyr Hut kevipuki mapaywyn

YToAOYLOMOC
Taywv €68 wv

YmoAoylopog
KOOTOUG Mopaywng
/ayopdg H,
(ekpOEC)

YToAoyLoPOC
Napouocag A§iag
GUVOALKWV

YToAOYLGUOG
mayLwv e£66wv
yla PEM tUmou

AEKTPOAL O

YroAoylopdg
£TNowWwV £E68WV

YroAoyLopog
Mapovoag Agiag
GUVOALKWY

YmoAoyLopog
TayLwv €06 wv
yla AAK tumou

NAeKTpOAUGH

YTOAOYLOMOG
£TNOWV €E0BWV

YoAoyLoUOG
Napovcag Agiag
OCUVOALKWY

YToAoyLopog
TayLwv €66 wv
HUL-KEVTPIKAG

YmoAoyLopog
e€odwv
napaywyng H,

KOl MWANG

YmoAoyLopog
KepSwv amno
TIWANCELG

YroAoyLopog
Napovoag Aiog
OCUVOALKWV POwV

Zxnua 0-4: MedodoAoyia otkovouikng aéloAoynong
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AmoteAéopata

To SWALOTAPLO TOU CUCTAMATOC TAPOUCLAlEL HiKpOTEpa KOoTN o BABog 20stiog o oxEon UE TO PACKO
OEVAPLO LOVO OTNV MEPIMTWON TNS NUL-KEVIPLKAC TTapaywyne. H mapaywyn udpoyovou e nAektpoAuon
gival onpavtikd akptBotepn and tnv avopdpdwon Guotkol aspiou os OAa to oevaplo. Opwe otnv
TEPIMTWOoN TNC NUL-KEVIPLKAC TIOpaywync, Ta KEPSN armd MwANCELG USPOYOVOU OTLG GANEC ETALPELEG TOU
cuotAUaAToc PpEPOUV apKeTA €000 yLa va UTiEpKaAudBoUV Ta erumAéov €€oda.

Mivakac 0-1: Zuykpton KMA dAwv twv oevaplwy yia to StuAlotrplo

O = 040 Qpo oo o O O0TO O O OLO
5 O O 0,
»]040 OO0 OLOLO
040]0 040]0
KMA 44.9 -77.3 -59.5 38.9
Aadopa aro to - 723% | 32.5% 133 %
Baolko ogvaplo

H Blopnxavia yuaAlou mapoucldlel aufnpévo KOOTn ylo OAQ To CEVAPLA TIAPAYWYNG TPACLVOU
udpoydvou efartiag Twv YOUUNAWV TWHWWV cupPBatikol udpoyovou. AKOUA, Ol XOUNAEG QVAYKEG TNG
Blrounxaviag os udpoyovou (300 kg/nuépa), Tnv amokAeiouv amo TG olkovouleg KAlLaKag, 660 avadopd
TLG CUOKEUEC NAeKTPOAUONG. AvTiBeTa, n Blopnyavia atoaAlou, EMITUYXAVEL XAUNAOTEPA KOOTN 0€ OAA T
OEVAPLO. ITNV ETTL TOTILA TTOPAYWYH, N LEYAAN CUOKEUN NAEKTPOAUGNG EMITUYXAVEL XOUNAO TTAYLO KOOTOG
av kg udpoyovou. e cuvSuoopd pe TIg VP NAEC TIECG cupPatikol udpoyovou, ot KIMA yia OAa Tta osvapla
elval onpavtika yaunAotepe tou Bacikol oevapiou.

Mivakag 0-2: Z0ykpton KMA oAwv twv oevapiwv yla tn Blounyavia yvadiou

KMA 9.52 11.07 10.27 10.37

Awadopad amnd to

. . - 20% 11% 12%
Baowkd oevaplo

Mivakac 0-3: Zuykpton KMA 6Awv twv oevapiwv yia thv Blounyavia atoaiiov

KaBapn Mapovoa atio kootoug (ek. €) — Blopnyavia atcaAlol

Emi-tomou Hp-kevtpikn

Baolkd oevaplo , )
Tipaywyn Tipaywyn
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KMA 41.4 32.08 28.55 36.32

Awadopa amnd 1o

. . - -23% -31% -12 %
Baolko oevaplo

H etalpeia Saxeiplong avuPpwTIKwy PNYXOVNUATWY, TIApPouoLalel YapunAotepa KOOTn amod To Baoko
OEVAPLO Ot OAeG TIG ekSOXEC Mapaywyng kabBapol udpoyodvou. Awtia yia auto, sival Ta avénuéva Koot
0YOpAG UIMOTAPLWY, N GUXVOTNTO AVIIKATACTOONG TOUG KAL TO KOOTOG OE EPYATOWPES WG ATIOTEAECHLA TNG
xpovoBopag dtadikaciag aAlaync toug os kKaBe Bapdia. H meplmtwaon TG NUKEVIPIKNG TTOpaywyng EXEL
oxebov (dla kootn oe BaBog XpOVOU HE AUTA TNG ETIL TOTILAC TTAPAYWYNG (LE OAKAALKEG CUOKEUEC), XWPLG
OMWG TOo (610 LPNAS TTAyLo KOOTOG

Mivakoag 0-4: S0ykpton KMA 0Awv Twv oevapiwy yLa TV ETALPEIN dVUPWTIKWVY

KMA 13.0 12.7 11.4 11.6

Awadopad amnd to

. . - -2% -12% -11%
Baowo oevaplo

To KOOTOG yLa TOV OTOAO OXNUATWY peTadopwy, Elval mAvTa PLeyaAUuTtepo Tou Bacikol oevapiou. Attia
auToU, Ta UPNAA KOOTN TWV OXNUATWY KUPEAWY KAUGLUOU TIoU aufavouv Ta ayla Kootn katd 200% oe
oX€0NG e T CUMPATIKA oxrpata. Omoladnmote pelwon e€06wv ota oevapLa e Ta oxnuata udpoydvou
(rx. Ayotepa €€0da ouvtrpnong), 6ev elval APKETA VO LELWOOUV TNV EMISPACT TOU UTIEPOYKOU OpXLKOU
kedaAaiou. QoTd00, N MEPIMTWON TNG NUL-KEVTPLKAG Tapaywyng, eMdEPEL pio xapnAr cuvolikn avénon,
nepinou 15% emni tou Baoikol cevapiou.

Mivakac 0-5: Zuykpton KMA 6Awv Twv oevapliwV yLa TV ETALPELN UETAPOPWYV

KMNA 42.6 61.7 55.7 49.0

Aladopd amnd to

. . - 45% 31% 15%
Baowkd oevaplo

AvaAuon evalobnoiag
YTn CUVEXELX TipayaTomnoLlOnke avaAuon svalcdnoiog og 51ddopouC OLKOVOULKOU TTOPAYOVTEG, OTIWGE N
TLUA TOU PEVUATOG, Yl Vo LEAETNOEL N emidpaon Toug ota AMOTEAECUATA TOU MOVTEAOU, KABWGE Kal va
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0pLOTEL TO «VEKPO onpeio» Toug, SnAadn TNV TLUA HEYLOTN/EAGXLOTN TN VLo TNV omola éva oevAapLo sivat

OLKOVOULKA TIPOTLUOTEPO IO TO BOCIKO

Mapdayovtag JUMUTEPACUOL

MeydAn emippon ota anoteAéoparta. XapunAotepa

MNpogtodpAnTKo , , , ,
ErTOKLO ETILTOKLA EUVOOUV TO HOVTEAO TNG NELL-KEVTPLKNAG
TIOPAYWYNG O OXeon UE To Bactkd oevaplo.
Kdéotog , . . .
GUVTAONG Ennpedlel onuavIkad To OUVOALKA KOOTH, WoTO00
O\Tc'fga ns QKOO KOL YLOL OKPOLLEG TLEG, TO CEVAPLO TNG NHL-
n?\élktpé}\uan KEVTPLKAG Tapaywyng UTtieploXVEL Tou Bactkou.

XoUNAOTEPEC TWEC, LELWVOUV TA CUVOALKA KOOTN
ONUOVTLIKA AN KaL TV Stadopd LETALY NUL-KEVTPLKNG

o , , Tlapaywyng kot Bactkol osvapiou.
& Twn qAEKTpLan Nekpd onueio:
E EVEpYELaG e PEM:12.8€/MWh
3 e ALK:30.8€/MWh
e Semi-central : 57.9 €/MWh
Mikpéc arayég (220 €/tovo) emnpedlouv GNUAVTLIKA
, . T ATMOTEAECATA, WOTOCO ATMALTOUVTAL TIUEG AVW TWV
Kootog punwv , , , ,
100€/tovo yla Ta OEVAPLO ETTL TOTILOC TTAPAYWYNG VO
anodelxOel olkovouLKOTEPN TOoU BaCIKOU oevapLou.
MeyaAUtepn {thon o udpoyovo amo to SwAlothplo,
pelwveL tnv Stadopd petath tou Baoikol oevaplol Ka
Huepnola E£TTL TOTIOU MOPAYWYNC. Mo TV NUL-KEVIPLKA TIOpOywyn,
{ntnon os n nuepnota {Atnon tou SwAlotnpiou MpEmMeL va
udpoyovo 0UEAVETAL TOUTOXPOVA LE TLC TWANCELG TOU YL VOl
SlatnpnOei n dtadopad amnd to Bacikod oevaplo
otaBepa.
Huepnowa AlEnon t™¢ {ATnong BeATlwvel Ta Osvapla emL TOTOU
3 {ftnon ot TOPAYWYNAG.
S uvSpoydvo
<
= , , | To ogvapla emL TOMOU MOPAYWYNG CUUDEPOUV HOVO yLa
5 Ttun r])\EKtlenc TIOAU YOUNAEG TWEG NAEKTPIKAC evépyeLag (<28 €/MWh)
EVEPYELAG . . .
TO NUL-KEVIPLKO OeVApPLO SV eMnpeAleTal.
= Kbéotog ZNUAVTIKOC TTapAyovTag o€ OAQ Tl OEVApLA. Ta OEVAPLO
g g KueAwv E£TTL TOTIOU TIAPAYWYHG CUPDEPOUV VLA TLUEC XOUNAOTEPES
:% . Kauoipou Twv 27.000€ kat 18.000 € ava avuPwTiko, yLa aAKaALKoU

kot PEM tUmou nAektpoAuon, avtiotolya.
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T nAekTplkng | O MO ONUOVTIKOG TAPAyovTaG ylad Ta avupwTiika
EVEPYELAG unxavnpoato. Nekpo onpeio ota 70 €/MWh.

Kootog O 1o OonUOVTIKOG TapPAyovTag ylo. T  OXHAHOTO
oxNUATWVY uetadopwv. To KOOTOG KABE oxAUOTOC TPEMEL va lval 1.5
dopeg To KOOTOG €vVOC CUMBATIKOU, | AlYyOTEPO yla va
OUUEPEL N ayopd TOUC.

T viileA MeyaAUtepeg TILEG €UvVOOUV TO USpoyovo. Mo TLUEG
ueyaAUtepeg tou 1.90 €/L, TO OEVAPLO TNG NUL-KEVTPLKNG
Tapaywyng cudEPEL EvavtL Tou Boaikou

Qoptnyd/van

JUUTEPAOLOTA KO TIPOTAOELG

To UOVTEAO TNG NUL-KEVTIPLKNG TtapaywyAn udpoyovou umopei va amobelyBel emikepdEG yla KAMOLOU
elboucg etalpeieg Omwe ot Blopnyaviec atoallol. AKOUO KaL OTLG TIEPUTTWOELG TO KOOTOG ival HeyaAUTEPO
™G oupBatikic texvoloyiag, n Stadopd Tou eival eviog GpUGLOAOYLKWY TLHWVY, AlYyOTePO 15%. EmumAéoy,
TO HOVTEAO auTo Bonba otnv peiwon tou amattolpevou KedaAaiov amo pia talpeia mouv uoBeTel TO
OVAVEWOLUO USPOYOVO, adalpwVTag TNV AVAYKN YLo TNV ayopd, EYKATAOTOON KOl GUVTPNON CUCKEUWY
nAektpoAuonc.

Me Bdon ta amoteAéopata aUTAC TNG epyooiag, mpoteivetal n BsopoBEtnon £l6koy vopoBeTikoU
TAQLOLOU yla TNV Iapaywyr udpoyovou amod nAeKTpLKA evépyela. Me TOV TPOTIO QUTO UTTOPEL va PelwBOel
TO KOOTOG TOU hAektplopoU, To omoio emiBaplvetal amd apketol¢ ¢GOpoug Kol TEAN. EmumAfov,
KOTOOKEVAOTEG OXNUATWY KU eAwY Kauoipou, 6mwg n Toyota evBaplvovtal va cuveyilouv tnv BeAtiwon
TWV TPOLOVTWY TOUG WOTE va PELBoUV Ta KOOTN amOKTNONG QUTWV TWV OXNUATWY. To auénUévo apxLKo
kedaAalo mou xpelaletal pio tetola emevduaon, eival Onwg dalvetal amo To AMOTEAECUATA, LKAVO va
avatpéPel onoladnnote odpEAN n texvoloyila autrh MPoodEPeL oTOUG emayyeApatie¢ mou BEAlouv va
KAvouv Xprion tng. TEAOG oL Blopnyavieg, OMwe amoSeKVUETAL QMO TA MAPATIAVW, UTOPOUV KATW AT TLG
OWOTEC CUVONKEC VO LELWOOUV TOUC PUTIOUG TOUG, HE ULKPO KOOTOC I OKOUA KOl va £€0LKOVOUOOUV
xpnuata. EvBapplvovtal 8¢, va SnULOUPYRCOUV TTUPAVEG NIL-KEVTPLKAG TIUPAYWYNC, LE TOUG LEYAAOUG
KOTAVOAWTEG udpoyovou, va avalapBavouy v mapaywyn kat Stavour tou, kKabwg autd pmopel va
ouvelodEpeL Kal oTnv Snuloupyia vEwv e00dwv.

14



1 Introduction

Hydrogen has been used as feedstock to many industrial processes for more than a century. It used as
from the breaking of complex hydrocarbons, the production of ammonia, electronics, steel and glass
manufacturing and in the fats and oils industry. Unfortunately, despite the wide range of use cases, the
demand of hydrogen around the globe and the world wide effort for decarbonisation, most of this
hydrogen is produced with the use of fossil fuels. The reason behind the lack of clean hydrogen in the
industry is the high cost of the different processes that produce renewable hydrogen.

At the same time, its usage has expanded to other sectors and it is now used as an energy storage medium
and as a novel fuel for mobility purposes. Hydrogen’s potential to decarbonise the transportation sector
has brought forward several Zero Emission, Fuel Cell Electric Vehicles. Despite this however, the hydrogen
economy has yet to reach the necessary momentum to make a global impact in the energy field. The
consumers still have concerns of the lack of infrastructure and investors are concerned by the risk
surrounding every new technology.

This thesis, was conducted in collaboration with the Technology Trends Analysis division of Toyota Motor
Europe, aims to solve these problems by focusing in the heavy industry and the logistics sector. It aims to
analyse industrial clusters, comprised of businesses that could adopt renewable hydrogen, create
infrastructure and reduce the costs and risks associated with it. Hopefully, clusters like this, will provide
the foundations for a hydrogen economy, that will gain momentum through economies of scale, and will
hopefully, take over numerous other sectors of everyday life.

2 Literature review

Although there is still no official standard to distinguish between low emissions and fossil fuel hydrogen,
there have been efforts to define what “green” hydrogen is and what is not. Fuel Cells and Hydrogen Joint
Undertaking (FCH JU) - a public private partnership between the European Commission, fuel cell and
hydrogen industries and the research community - has completed CertifHy [1], a project that developed
a framework of the first EU-wide guarantees of origin for green and low-carbon hydrogen. According to
CertifHy, if the emissions from the production process (excluding manufacturing of the equipment,
storage or transportation) of hydrogen result in less than 60% of the emissions of hydrogen produced
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from methane reforming, then the resulting hydrogen is defined as low carbon. State-of-the-art steam
methane reforming emits 91.0 gcoo/MJu2 and thus any production method (e.g. electrolysis) that results
in 36.4 gCO2q/MJ or less, produces premium hydrogen that could be labeled as low-carbon hydrogen or
green hydrogen depending on whether renewable energy is used as an input or not.

Non-
Renewable R bl
& Not Low- enewaobe

& ot I.w-

.. Benchmark emissions
intensity threshold
(=919 CO, /MJ,)*

aroon

2 eq

- 60% GHG**

Low-carbon threshold

Non- (= 36.4gCO, /MJy,)

Renewable & =&

. 5
£8
=0 Low-Carbon

H2

Renewable Non renewable
energy energy

Figure 2-1. CertifHy definition of Low Carbon and Renewable Hydrogen

Although the environmental benefits of green/renewable H2 are clear, its economics appear to be rather
challenging. The main challenges are the high electrolysis costs, both capital and operational as well as
the small market volume hydrogen as mobility fuel has, which in turn translates into a small revenues for
any business venture in this sector.

Currently the only commercialised methods to produce green/renewable hydrogen are the following:
e electrolysis that uses renewable electricity (i.e. electricity from wind or solar energy)
e biogas reforming

Both methods have proven expensive, compared to those using fossil fuels. In addition, producers and
distributors of hydrogen have been focusing solely on one application at a time, be it FCEVs or energy
storage and therefore excluding additional revenue streams. This has made early business cases
unprofitable and has discouraged investments.

Hydrogen has recently been introduced in the transport sector with the first massively produced FCVs
available for purchase. Even though the current cost of hydrogen at a Hydrogen Refuelling Station (HRS)
does not make the fuel costs of an FCV prohibitively expensive compared to a gasoline vehicle?, the high
capital cost of an FCV, the limited number of models and scarce refuelling infrastructure makes hydrogen
mobility a rather difficult choice for a consumer.

In this chapter, the different aspects of hydrogen economy are examined both from a hydrogen
production and from a hydrogen application point of view. Higher focus is placed on Power-to-Hydrogen

! Currently hydrogen is incentivized, either by governments applying few or no taxes, or by the FCEV dealers that
include hydrogen fuel in their FCEV lease plans.
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(P2H) production via electrolysis due to its environmental benefits. Then, a rather new use of hydrogen in
an industrial region, in the logistics and material handling applications, is investigated thoroughly.

The final aim of this chapter is to review previous studies and existing projects of P2H usage in industrial
regions and to highlight the potential of increasing the revenue streams for hydrogen via the use in
material handling and other similar uses.

-

v e
- 9 HZaorage Chemical Industry
9 g UL » .
Electrolyser ﬁ JG
Excess e H2 ;{efuellg @S E .!B
1 I
/ PowertoX  Fuelcell ¥ : ’ L)
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>= Refinery
Wind ? . Y -ﬁ 1 2l \
' On-site electrolysis—» IO RV
Lf:i:ﬁ 59":‘ O!I Electric grid Natural Gas = CNG refuelling
negatively AN
- priced > O ao
Solar electricity Methanol and Home heating
u synthetic fuel
Gas turbine Source: TTA (2016)

Figure 2-2: Power-to-Hydrogen Economy
(source: Technology Trends Analysis division, Toyota Motor Europe, 2016)

2.1 Hydrogen production methods and respective CO, emissions

2.1.1 Overview of CO; emissions based on production methods

The usage of H, in internal combustion engines (ICE) or fuel cells (FC) produces no CO, emissions (although
hydrogen ICEs produce some NOy). However, the production of H; is not carbon free. A Life Cycle Analysis
variant for road transport fuels is the Well-to-Tank (WTT) analysis. It includes the emissions from the
extraction of the primary energy carrier (in this case natural gas) as well as the emissions of producing the
fuel (H2) up to the point of refuelling to a vehicle.
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Figure 2-3: Well-to-Tank emissions for different hydrogen production pathways in gCOzeq/MJi2

Figure 2-3 presents the WTT emissions of different hydrogen production methods and pathways. The
pathways are explained below:

e NG (4000km), central SMR, pipeline: Production of hydrogen using natural gas, transported with
pipelines 4000km from the production site to a central SMR plant. Hydrogen is also delivered by
pipelines. Total emissions 117 gCO2eq/MJa.

e Wind, central, pipeline: Electrolysis in a central plant using electricity from wind energy. Hydrogen
is transported with pipelines. Total emissions 14.5 gCO2¢q/MJi2.

e Biomass, on-site: Gasification of biomass on-site of hydrogen usage. Total emissions 18.3
gCOZeq/MJHz.

e Electrolysis EU-mix, on-site: On-site electrolysis using grid electricity. Based on the average EU
emissions for electricity production. Total emissions 225 gCO2eq/MJhs.

e Coal, central gasification, pipeline: Gasification of coal at a central plant with pipeline
transportation of produced hydrogen. Total emissions 236.4 gC0O2cq/MJn;

Power to Hydrogen via Electrolysis

Electrolysis is the process of splitting water into hydrogen and oxygen using electricity that currently
produces 4% of the world’s hydrogen (65 million tonnes) [2]. Current state of the art systems consume
50kWh/kg, using low current densities, although that can be optimised for lower capital cost, in which
case the current density increases [2]. These variations produce a range of different efficiencies, and
current commercial applications vary in efficiency usually between 55-75%; however, they can reach up
to 85% [3]. These relatively low efficiencies, compared to SMR in combination with low prices of natural
gas, render electrolysis economically uncompetitive to more conventional H, production methods like
SMR or coal gasification [4]. However, electrolysis has the potential to produce carbon free hydrogen if
the electricity needed is derived from renewable energy sources like wind or solar. Electrolysers have the
potential to be used only during excess renewable electricity is available or during periods of low
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electricity prices. Unfortunately, however, electrolysers are inherently more efficient at lower loads, and
manufacturers have yet to develop products that provide high efficiency across the load curve. [2]

In general, cost reductions are expected in the coming years, since currently the electrolyser market is
small and economies of scale in their productions have not been achieved. In addition, manufacturers
have limited suppliers and might have to use parts not specifically designed for electrolysers. Therefore,
an increase of demand will improve the supply chain and more cost-efficient production methods will be
used. The capital expenses (CAPEX) for electrolysis systems do not benefit today from scaling up in the
same way that other technologies do (e.g. thermal power plants). An increase to the capacity of the
system requires a proportionate increase to the size of the electrolytic cell thus increasing the capital cost
of the system.

On the other hand, the operational expenses (OPEX) can be influenced by the system size. OPEX is usually
estimated as a percentage of the CAPEX of the system for electrolysers. Although the annual materials
expenses will scale up relevant to the capacity of the unit (estimated at around 1.5% of the system’s
CAPEX), labour costs can be reduced if a business opts for a larger unit, dropping from 5% of the total
CAPEX for a 1 MW installation, to 2% for a 10 MW unit [2].

Electrolysers are divided into alkaline, Polymer Exchange Membrane (PEM) and Solid Oxide Electrolysis
Cell (SOEC).

Solid Oxide Electrolysis Cell (SOEC)

SOEC electrolysers are the most electrically efficient but the least developed. Developed in the 1980s
SOEC electrolysers operate at 800-1000 °C and promise very high efficiencies. The can reach Faradaic
efficiency of 100% and need 2.6 kWhe/Nm?3y; which translates into 28.92 kWhe/kgn, or 86% energy
efficiency (1kgu2=33.3 kWh) [5]. However these electrolysers are facing certain obstacles including
corrosion, sealing, thermal cycling and chrome mitigation [6].

Alkaline electrolysis
Alkaline electrolysis is the predominant type of electrolysis used to date [2, 6, 7]. This type uses an alkaline
solution as the electrolyte, usually a concentrated KOH aqueous solution.

The device consists of two compartments housing the anode and the cathode and a diaphragm usually
made of asbestos keeping them separate to increase efficiency and safety [7, 8]. At the anode, hydroxide
anions (OH’) are oxidized, resulting in oxygen, water and electrons according to equation (1). At the
cathode, protons (H*) combine with the produced electrons and form H,, a shown in equation (2).
Equation (3)Error! Reference source not found. represents the overall reaction taking place inside the cell
nd is simply the sum of the half reactions

20H™ - Hy0 + 2e~ (1)
H,0 + 2e™ - H, + 2HO" (2)
H,0 > Hy +0, (3)

Alkaline electrolysers produce relatively pure hydrogen while having capacities ranging from 0.25 to 760
Nm?3 of Hy/h and 1.8 to 5,300 kW and therefore are suitable for large commercial applications [2]. An
alkaline electrolyser requires currently 50-78 kWhe/kg2 (efficiency of 42-66%) although [9] reports as
little as 42.2 kWh/kg (78.9%). That range is estimated to be reduced to 48-63 kWhe/kgn, (efficiency of 52-
68%) by 2030 according to [2]. Current capital costs range between 1000 and 1200 €/kW with future
(2030) prices anywhere between 370 and 800 €/kW [2, 10]. Although they offer the lowest capital costs,
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due to their electrical efficiency, the electricity costs are the highest, compared to other types of
electrolysers [6].
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Figure 2-4 shows the costs associated with an alkaline electrolyser of 25 kg/h used at 100% of its capacity
[11].
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Figure 2-4: Hydrogen generation costs for an alkaline electrolyser (25 kg/h, 100% capacity)

14.Alkaline electrolysers have certain disadvantages: they operate in lower pressures, making the
compression of the produced hydrogen necessary and further increasing the production costs. In addition
their dynamic operation is limited; [2] reports that alkaline systems can ramp up from part-load to full
load with a rate of about 7%/sec. This attribute makes them rather unsuitable for responding to the
surpluses of renewable energy in the electricity grid.

2.1.1.1.1 Polymer Exchange Membrane (PEM)

PEM electrolysers offer higher efficiencies and compactness but also cost more than alkaline electrolysers
[6, 7]. This type of electrolysers can deliver higher purity hydrogen. Instead of liquid electrolyte in the
system a thin polymer membrane is used which broadens the operating power range of the system from
10% to 100% of the nominal power

The stack also operates at higher pressure, thanks to the solid electrolyte (the membrane) and the
compact design that offers superior structural properties [7]. Operation of an electrolyser at high pressure
lowers the mechanical compression needs after production which can greatly reduce costs, especially in
the case that hydrogen is used in Fuel Cell Vehicles (FCVs) that pressures of 350 or 700 bar are necessary.

PEM electricity consumption varies between 50-83 kWhe/kgu, (39-66% efficiency) but that range is
expected to be narrowed to 44-53 kWhe/kgn, in 2030 (62-75% efficiency) [2].

The costs of PEM electrolysers are about double of alkaline units at €1860-2320/kW, but for small
capacities (less than 100 kW) in some markets they can be competitive. The costs are expected to reach
€250-1270/kW by 2030 [2].
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Industrial electrolysers have been typically designed to operate at a set load to deliver a continuous
stream of hydrogen. However, recent applications of electrolysers such as grid balancing or use of excess
renewable energy require the cell to quickly respond to fluctuating power input. PEM units can be readily
applied to dynamic operation and stacks have been manufactured that can ramp up their production up
to 100%sui10ad in less than 1 sec [2] but typical rates are at about 40%uii 10ad/S€C.

Table 2-1: Summary of Alkaline and PEM electrolysers specifications

Capex Costs | Capex 2030 | Efficiency Kwh/kg H2 | %uili0ad/S€C
(€/kW) (€/kW)
(current)

Alkaline 1000-1200 370-800 42-66% 50-78 7

PEM 1860-2320 250-1270 39-66% 50-83 40

Costs variations and operating strategies

FCH JU’s study [2] reports hydrogen prices for 4 different EU countries and shows the range in hydrogen
prices for different electricity prices and operating scenarios. As Figure 2-5 shows there is a great variation
in industrial electricity prices mainly due to the difference in network charges. As a result, an electrolyser
in the UK is fed with nearly 60% more expensive electricity compared Germany.

This difference causes a large spread in hydrogen prices. Figure 2-6 shows that Germany can achieve much
lower prices almost under any operating strategy thanks to low electricity costs. The different strategies
represent the way the electrolyser is chosen to be operated. The price minimisation strategy dictates the
electrolyser is used when the spot prices of electricity are low while in balancing services scenario, the
electrolyser runs all the time unless the network operator requests the system off to balance the demand.
For this service, the electrolyser owner is compensated. Only the UK and Germany have published data
for balancing services. The Renewable Generator (RG) scenario simulates an electrolyser off-grid,
connected to renewable energy production facility, such as a wind park, with a private cable that is also
not connected to the grid due to capacity constraints.
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Figure 2-5: Average electricity cost to industrial electrolysers in €/MWh
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Figure 2-6: Hydrogen costs (2012) for Alkaline and PEM electrolysers in different electricity markets and
operation scenarios [2]
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Figure 2-7: Hydrogen costs (2030) for Alkaline and PEM electrolysers in different electricity markets and
operation scenarios [2]

The results show that price minimization has barely any effects on the price of hydrogen. Balancing
services can provide some significant reduction in the price of hydrogen, but the reduced total production
should also be considered, if large supply of hydrogen is needed. Although these results do show
significant changes 2030, the RG strategy in the future is rather promising, thanks to cost reductions and
electrolyser efficiency improvements.

2.1.2 Challenges of P2H

Electrolysers can produce high quality hydrogen, so P2H is a suitable method to produce hydrogen for any
of the applications mentioned above.

However, P2H application faces the obstacle of high capital costs (especially for the electrolyser, see
above) that bring the price of electrolytic hydrogen multiple times over that of hydrogen from SMR. In
cases such as ammonia production, where hydrogen is produced on site at the plants, the natural gas used
constitutes almost 90% of the cost of an already low-cost product (135 €/tonne in the EU, 2012). A more
expensive feedstock would have to offset its cost indirectly, for example by reducing the GHG emissions
of the plant, and cutting the costs through the European Emissions Trading System.
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Figure 2-8: Cost breakdown of ammonia in Europe

The same argument can be made for the petrochemical industry as well as any other commodity
production plant where the cost of the feedstock comprises most of the OPEX. Electrolytic hydrogen will
have trouble competing against its fossil fuel derived variant for feedstock of a hydrocracking process in
an oil refinery. But, with the same high price, P2H can compete against the finished product of an oil
refinery, gasoline.

As shown below, P2G is a method that enables the storage of excess wind or solar energy through the
injection of hydrogen or synthetic natural gas (SNG) in the gas grid. It is obvious that this can lower the
GHG emissions of a country, since the hydrogen produced derives from excess renewable energy and
therefore is low-carbon. The International Energy Agency has reviewed major studies for the injection of
hydrogen to the natural gas grid, and points out that all of them investigate this potential not as the
ultimate goal, but as a stepping stone to a hydrogen economy [12].

From a financial perspective, P2G is at a disadvantage because of the low prices of natural gas. The average
price of natural gas in the EU 28 between 2012 and 2015 was €9.69/GJ [13]. To match this price, hydrogen
would have to cost €1.16/kg?, which based on the projections in presented above is an over-optimistic
target. So if electrolytic hydrogen were to be injected into the NG grid, an expensive product would be
used to substitute a cheaper alternative.

It could be argued that this energy would otherwise be lost. However, the produced hydrogen could be
introduced in another market, such as the transportation fuel market, to be sold against more expensive
alternatives like gasoline or diesel.

In terms of emissions, injection of hydrogen to the gas grid does reduce emissions. However, the same
hydrogen has the potential to replace significantly more polluting fuels like gasoline and diesel, which are
used in vehicles and are more expensive than natural gas, thus decreasing the price disadvantage.

2 Cost at the point of the injection
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Furthermore, the European Gas Research Group has conducted a study, according to which no significant
issues arise to the network from the injection of hydrogen, for concentrations of up to 10% by volume.
However, there are certain problems even for low concentration mixtures. More specifically:

1. In the case of underground porous rock storage of natural gas, if hydrogen is present, it can be
substrate for sulphate or sulphur reducing bacteria, leading to the formation of H,S and the
plugging of the pores of the reservoir rock. According to the study, a limit to the hydrogen
concentration in order to avoid this problem cannot be set yet.

2. Compressed Natural gas (CNG) vehicles have a maximum tolerance to hydrogen. This is caused by
the fact that the steel tanks in these vehicles, can be compromised by hydrogen affecting their
safety. Therefore, the maximum concentration hydrogen is 2% vol.

3. Gas engines show an increased combustion and end-gas temperature which leads to increased
NOy« emissions and sensitivity for engine knock. Even if the engine is fitted with a knock control
system, power output is decreased. Hydrogen can also harm the lambda sensor, leading to false
oxygen readings with consequences in NOx emissions and misfire, because of change in the
air/fuel ratio of the mixture.

4. Gas turbines have strict limits concentring the presence of hydrogen in the gas mixture. Current
limits are below 5%, with the exceptions of some specific turbines that are capable for up to 20%
and turbines specifically made for syngas that can handle up to 50% hydrogen.

5. Gas burners in the domestic sector have been tested under the Gas Appliances Directive since the
90’s, which uses a mixture with 23% hydrogen for testing. Therefore, in the short term, domestic
gas burners are compatible; however there is no data for an extended period of use. [14]

For mobility purposes P2H can be readily used to provide fuel at stations. Taking into account the current
hydrogen prices at HRS and the fuel economy of FCEVs, the cost per km is similar to gasoline powered
ICEVs, at least for the European market.

Commercial vehicles are also a valid business case for P2H. These vehicles will either refuel on-site at the
loading or drop-off point, like in the case of a logistics company that operates a fleet of FC LCVs and has
on-site production, or at an HRS. Especially for the cases of a 350 bar setup, where the compression costs
are significantly reduced, electrolytic hydrogen could be a competitive alternative to gasoline or diesel
vehicles. In addition, after recent announcements for the ban of diesel engines in major capitals [15], a
Zero Emission Vehicle (ZEV) with high availability (quick refuelling) might even become necessary for a
company.

In the case warehouses with MHE and round the clock operation, P2H is probably already a cost efficient
solution. It has also been noted [3], that small SMR plants can reach up to $50/GJu, or 6€/kgu, a price that
can be matched by electrolysers, especially if excess (e.g. low cost or free) electricity is used. Additionally,
even if grid electricity is used, there is always the possibility of future reduction of emissions by installing
solar panels on-site. In contrast, the emissions of an SMR plant can only be reduced by CCS, which comes
at a significant additional cost and is more suitable for larger plants.

2.2 Use of P2H for Industrial Regions to tackle P2H challenging economics

2.2.1 Definition of an Industrial Region

In this thesis an industrial region refers to a geographical area, populated mostly or entirely by commercial
facilities of logistics companies, chemicals production plants or oil refineries. An industrial region, may or
may not coincide with an industrial estate (a zone specifically “developed as a site for factories and other
industrial businesses” [16]). These industrial regions are often a merge of heavy industry businesses, light
industry, business offices and residential areas. Therefore the term “industrial region” will from now on,
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describe an area with a relatively specific set of businesses in close proximity. These businesses will include
first and foremost logistic companies’ warehouses and potentially, heavy or light industry sites that use
hydrogen as feedstock for different processes such as oil refineries, chemical commodities plants (i.e.
ammonia), steel mills etc. Also, buildings that have a needs for high security of supply such as data centres,
military compounds or hospitals, might also be included, for their potential use of hydrogen in stationary
fuel cells. To clarify the term, the example of Elefsina, is described below.

These characteristics of an industrial region can possibly resolve the economic problems that P2H faces.
First of all, the close proximity of those businesses can reduce the cost of transportation of hydrogen. In
addition, the regional needs of hydrogen, either in refineries or other manufacturing sites, can increase
the revenues of a hydrogen producer.

2.2.2 The case of Elefsina

The region of Elefsina will in this thesis refer to the area that includes the communities of Magoula-
Mandra and Aspropirgos. It is a typical example of an industrial region; located next to the port of Elefsina,
it is populated mostly by logistic companies. In fact 60% of the Greek logistics capacity is located in this
region [17]. In addition, the Hellenic Petroleum refineries, a military airport, shipyards and different
manufacturing sites like steel sheet production, paints and insulation materials and other, operate in the
area. Residential areas are also present, but these expand around distinct centers and therefore are rather
separate from the industrial part of the region.

Figure 2-9 shows the industrial region of Elefsina with most of the logistic companies that operate in the
area as well as sites that fit one of the definitions above; heavy industry, manufacturing site, or simply an
entity that needs a high security of supply of electricity such as the hospital of Elefsina, are pointed in the
map. The polygon covers an area of only 87 km?2.
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Figure 2-9: Elefsina’s industrial region. Blue denotes logistics companies. Green denotes other businesses
with high electricity needs

A similar review of the city of Hamburg has been made. The city is home to Germany’s biggest port and
coincidentally, has a very active hydrogen economy. A quick review of the businesses around Hamburg’s
port also reveals a high concentration of logistics companies in close proximity.
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Figure 2-10: Logistics companies in Hamburg's port area, Germany.

2.2.3 Benefits of P2H for or from an industrial region

As shown above hydrogen from electrolysis, if renewable energy is used, has the potential to significantly
lower the emissions of businesses that use it, either as transportation fuel or feedstock or fuel to produce
electricity. For this reason, although currently, electrolytic hydrogen produced with grid electricity emits
double the carbon per kilogram compared to SMR, it is more appropriate to study the deployment of a
P2H production scheme, especially when the future of energy production is taken into account. The EU
has a target of 97% renewable energy sources in electricity production by 2050 [18].

After the ratification of the Paris Agreement, countries will need to adopt stricter laws and apply
regulations to highly polluting businesses. Refineries, chemicals plants or other factories with high
emissions, will need to make their processes “greener” to cope with these stricter emissions laws probably
with the higher future costs of these emissions in the carbon market (Emissions Trading System).

Meanwhile hydrogen is already an appealing investment for a warehouse operating a fleet of forklifts and
the costs of commercial vehicles are bound to be reduced because of the future mass production of fuel
cells, while the emissions regulations are going to be stricter [15]. Especially, if the mainstream fossil fuels
(diesel and gasoline) have an increase in price in the future, then the transition to hydrogen powered
vehicles seems to be the only way for these businesses that rely on vehicle transportation with high

availability.
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Furthermore, the hydrogen produced in the industrial region, could very well be used outside of its limits.
The adoption of hydrogen in other location such as nearby city centres for the transformation of personal
mobility could very well be the one of the impacts since the major problem to date is the high costs of
production of green hydrogen.

2.3 H;applications at an Industrial Region
2.3.1 Mobility applications

2.3.1.1 Passenger

Fuel Cell Electric Vehicles (FCVs) are electric vehicles whose electric motors are powered by a fuel cell
instead of a battery, although in some cases the two power sources can be combined. Currently, only
three major automakers massively produce FCVs, although in low numbers compared to ICE vehicles.
Honda, Toyota and Hyundai offer the Clarity, Mirai and Tucson ix35 respectively for lease or sale. In all
three cases the design of the car is similar, with tanks that store hydrogen at a pressure of 700 bar and a
battery that takes advantage of regenerative braking. The electric motor is powered by the fuel cell stack
that provides around 100 kW by combining hydrogen stored in the tanks with oxygen from ambient air,
producing only water as tailpipe emission. The high pressure hydrogen provides a higher storage capacity
with the vehicles mentioned above being able to store up to 5 kg and driving range of over 500 km.

Figure 2-11: Toyota Mirai

Passenger FCV’s have 30% less GHG emissions compared to ICEVs even if hydrogen produced by natural
gas is used, because of their increased efficiency. If 46% of the hydrogen used is renewable, then emissions
can be lowered by as much as 60% [19].

Company cars of businesses in industrial regions could be swapped with FCV as part of the company’s
strategy to reduce its emissions, since the refuelling infrastructure will be available in the area.

2.3.1.2 Light and medium commercial vehicles (LCVs & MCVs)

Light commercial vehicles (LCV) are vehicles for the carriage of goods that have a maximum mass of 3.5
tonnes. Medium Commercial Vehicles (MCV) are vehicles used for the transportation of goods that weigh
under and do not exceed 12 tonnes [20].

Parcel delivery vans are a characteristic example of light or medium commercial vehicles, depending on
the size. These vehicles are used during rush hour traffic and thus experience more frequent acceleration
and deceleration, causing increased fuel consumption and emissions. Utility vehicles and small vans can
spend up to 900 hours per year idling [21]. LCV sales reached 1.368 million vehicles in 2015, the majority
(97%) of which were equipped with diesel engines, followed by gasoline (2%) and natural gas (1%) and
accounted for 11% of all vehicle sales [22].
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Hydrogen powered LCV (FC-LCV) are similar to FCEVs for passenger transport. The same fuel cell-battery-
electric motor layout is utilized, however, there have been different operating models. Similarly to the
passenger vehicles, H; is stored in gaseous form under 700 bar pressure, but unlike their passenger
counterpart, some commercial vehicles also store hydrogen under 350 bar [23].

A cost-benefit analysis study [24] compared scenarios where battery EV, internal combustion-battery
hybrids, gasoline plug-in hybrids, ethanol plug-in hybrids, hydrogen fuel cell or hydrogen internal
combustion hybrid LCVs were adopted in the U.S. Only the hydrogen fuel cell scenario resulted in an 80%
CO; emissions reduction compared to 1990 levels by 2050. The same study compared the useful energy
density of different battery technologies and compressed hydrogen.

Error! Reference source not found. and show that compressed hydrogen systems can provide 300 kWh
ore per kilogram or around 120 kWh more per liter compared to batteries. An early demonstration vehicle
was showcased in 2008 by PSA and Intelligent Energy. In this project, a BEV version of the Peugeot Partner
van, was fitted with a hydrogen PEM fuel cell range extender, making the van effectively an FCV/BEV plug-
in hybrid. The BEV version had a range of 78 km. With the addition of the FC range extender the range of
the vehicle reached 308 km. The hydrogen tanks had a capacity of 2.7 kg at 700 bar pressure and were
mounted on a rack in such a way, that when emptied they could be easily swapped with full tanks, in an
effort to tackle the lack of hydrogen refueling infrastructure [25].

Symbio FCell and Renault have developed another fuel cell-battery hybrid by fitting a Renault Kangoo
electric van with a hydrogen fuel cell range extender. The van has a 22kWh Li-ion battery that can be
charged from the fuel cell, by regenerative braking or by wall plug. Hydrogen tanks can store 1.7 or 2.08
kg in 350 or 700 bar respectively. The company is also testing a 4.5 tonne Renault Maxity with a similar
fuel cell-batter setup in partnership with La Poste, a French postal service company [26, 27]

Hyundai revealed in 2016 a hydrogen fuel cell concept variant of their diesel-powered, 3.5 tonnes van,
the H350. The FCEV model has a 175 liter hydrogen storage capacity or 7.05 kg at 700 bar combined with
a 24 kW battery. The van has a range of 422 kilometers. Refueling of the FC van takes approximately 4
minutes [28, 29].

2.3.1.3 Heavy Commercial Vehicles (HCVs)
This category includes mostly trucks
FLGL LY i ¥

used to haul semi-trailers such as the one in

-

B ) L L

Figure 2-12Error! Reference source not found.. The trailer in this example is called a semi-trailer because
there is no front axle attached; instead the rear axle of the truck is used in its place [30].
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Figure 2-12: Semi-trailer trck

Examples of hydrogen FC HCVs include the 18 tons truck built by a Swiss consortium, including the vehicle
manufacturer ESORO. The truck, revealed in November 2016, is used to fulfil the logistics needs of a retail
company and it is based on a diesel truck and has a range of 375-400km, thanks to its 7 onboard storage
tanks. There the hydrogen is stored at 350bar, reaching a total capacity of 31 kgu, [31]

Figure 2-13: ESOROS' truck hydrogen tanks, located behind the cab (left)
and Nikola One (right)

Utah-based startup-up company, Nikola Motors, revealed in December 2016, a FCEV Class 8 “sleeper”
truck prototype. Sleeper trucks, have an incorporated in the cab, a small bedroom for the driver for
multiple day journeys. The truck boasts a range of 1200 to 1900 km thanks to 100 kg of hydrogen stored
in its tanks and a 320 kWh battery. The power output of the electric motors is rated at 1,000 HP and 2700
Nm of torque [32].

2.3.2 Material Handling Equipment - MHE

Material handling equipment is used to move, protect and store materials and products usually in
manufacturing plants and warehouses. MHE includes equipment like conveyors, pallet jacks, cranes and
forklifts. Forklifts are further categorised in classes [33].

e C(Class I: Electric Motor Rider Trucks

e Class Il: Electric Motor Narrow Aisle Trucks

e Class IlI: Electric Motor Hand Trucks or Hand/Rider Trucks

e (Class IV: Internal Combustion Engine Trucks (Solid/Cushion Tires)
e C(Class V: Internal Combustion Engine Trucks (Pneumatic Tires)

e C(Class VI: Electric and Internal Combustion Engine Tractors

e (Class VII: Rough Terrain Forklift Trucks

Fuel cell system can readily replace batteries in forklifts, especially in Classes I, Il and lll and in cases where
the equipment needs to operate for more than one shift. In such cases batteries would need to be charged
and replaced multiple times a day, while FC powered systems can within minutes refuel [34].
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Fuel Cell Logistics Vehicles (FCLV) offer faster refueling times compared to Battery Logistics Vehicles (BLV).
Hydrogen tanks can be refilled in 1-5 minutes instead of 8 hours of recharging, 8 hours of cooling and 10-
15 minutes of swapping, required for batteries [35]. In addition, hydrogen refueling equipment takes up
much less floor space than the recharging infrastructure and the scalability of FCLV is easier, since only
additional dispensers are be needed and if necessary an electrolyser upgrade; both of which actions
require few additional m? of floorspace, which is an important factor for warehouses [11].

In the US alone, Class | forklifts have logged more than 180,000 hours of operation, and more than 25,000
kilograms of hydrogen has been dispensed over nearly 50,000 fuelling events.

The DOE-sponsored deployments are providing even more data to increase our understanding of the
performance of fuel cell MHE under real-world operating conditions. As of June 2012, DOE-sponsored
warehouse facilities have deployed more than 500 Class |, I, and Ill material handling units powered with
fuel cells. Over more than three years of operation, these fuel cell forklifts have logged 1.25 million hours
of operation using 140,000 kg of hydrogen dispensed over almost 200,000 fuelling events.

A National Renewable Energy Laboratory’s (NREL) report [34], gathered data from MHE operators from
the US market that operated battery or FC equipment to create a cost analysis for these two types. It has
to be noted that these figures are for the US market and for warehouses that use the forklifts for
approximately 2 shifts per day. Table 2-2 summarizes the data gathered by the NREL.

Table 2-2: Specifications of Class | & Il forklifts

Costs Power unit
Battery Fuel Cell
Operation Days per Year 340
Operation Hours per Day 2,400
Average shift per Day 2.25
Cost of Hydrogen (S/kg) - | 8
Capital Cost of Bare Lift truck $25,000
Average Life of Lift Truck (years) 10
Cost of Batteries (2) / Fuel Cell System $9,600 $33,000
Federal Tax Credits Available - $9,800
Battery / Fuel Cell Systems per Lift 2 1
Battery / fuel Cell System Life (years) 4.4 10
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Figure 2-14: Total annual cost of ownership of battery and fuel cell MHE

To cover the needs of a fleet of FC forklifts, on-site hydrogen production using alkaline electrolysis is a
cost competitive solution to liquid hydrogen transfer from a central SMR plant, with the additional benefit
of increased security of supply [11].

Currently there are several examples of hydrogen MHE equipment. ASKO, the largest food distribution
company in Norway, aims to test 10 FC forklifts along its 4 FCEV trucks in 2017-2019. The hydrogen will
be produced on-site, using electricity from solar panels. FCH JU’s HyLift Demo project tested 10 forklifts
in different fleets.

In the U.S. Wal-Mart, a retail company, has a fleet of over 2,200 hydrogen fuel cell forklifts [36]. The postal
service company FedEx, has been testing hydrogen fuel cell airport tractors capable of towing up to 18
tons of cargo, at Memphis international airport in Tennessee [37]. BMW manufacturing plant in South
Carolina was operating a fleet of 350 hydrogen FC forklifts and tugger trains by the end of 2013. The
demand of hydrogen was around 650 kg/day [11]. More than 75 Class | forklifts and 500 Class Il and Il
forklifts have been deployed in Defense Logistics Agency in the US under the sponsorship of the
Departments of Energy and Defense [34].
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2.3.3 H2 Industrial applications - Use as feedstock

Hydrogen is one of the key starting materials used in the chemical industry. It is a fundamental building
block for the manufacture of ammonia, and hence fertilizers, and of methanol, used in the manufacture
of many polymers [38].

Other 20%

Ammonia
Methanol 53%
7%
Refinery

Processes 20%

Figure 2-15: Uses of hydrogen

2.3.3.1 Petroleum processing

Hydrogen is used in the petroleum industry in various processes. Hydrocracking, is one of the most
common and important processes of a petroleum refinery. It is used to breakdown large hydrocarbon
molecules in order to create smaller ones with a higher H/C ratio. Hydroprocessing, uses hydrogen to
remove sulfur and nitrogen compounds by turning them into H,S and NHs.

2.3.3.2 Petrochemicals

Methanol is produced when hydrogen and carbon monoxide (CO) react under high temperature and
pressure over a catalyst. This usage of hydrogen constitutes 7% of the total hydrogen demand. Other
petrochemicals that require hydrogen include polypropylene, acetic acid and butanediol. The recycling of
plastics also requires hydrogen, in order to break down heavy molecules into lighter ones that can be used
to produce again polymers.

2.3.3.3  Ammonia
Most of the global production of hydrogen (53%) is used to produce ammonia. The Haber process is used
and nitrogen reacts with hydrogen in high pressures. Ammonia is the main ingredient of fertilizers.

2.3.3.4 Otheruses

The food industry uses hydrogen to increase the saturation of fats and oils, in order to increase their
melting point and resistance to oxidation [39]. This way they can be preserved for longer periods of time.
Liquid hydrogen is used as a propellant in rocket applications. When combined with liquid oxygen it yields
the highest amount of energy per unit weight which is needed in the aerospace industry. It is also used in
metallurgy for the reduction of nickel and in the electronics industry for the epitaxial growth of silicon.
Hydrogen is also used in nuclear reactors, as a scavenger agent, to find any oxygen molecules in the water
used in the reactor that can cause corrosion cracking.

2.3.4 Renewable Energy storage applications
In 2014, 14% of Europe’s electricity derived from Renewable Energy Sources (RES), most of which is from
wind and a significant part is from solar [40]. These RES however, are intermittent and do not provide a
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constant electricity production. To increase the penetration of renewables in the electricity mix, their
storage is necessary.

Energy storage can yield further benefits. Stored energy adds flexibility to a power grid and gives the
advantage to a system with energy storage to smooth the load curve and reduce the usage of peak power
plants that have a high marginal cost as well as ensure security of supply since it basically increases the
system’s generation capacity. This balance of demand and supply has to be adjusted in almost real-time
by injecting more power to the grid quasi-instantaneously. Both PEM and alkaline electrolysers and fuel
cells have quick response times and can quickly ramp up the production of hydrogen to store energy or
turn that hydrogen to electricity to balance the grid.

Hydrogen can serve as a storage medium; excess electricity is fed to an electrolyser and to produce
hydrogen thus storing the energy that would otherwise would be lost due to lack of demand or inability
of the grid to absorb it. This hydrogen is then re-electrified using stationary fuel cells, used in FCVs or be
injected to the natural gas grid in small percentages (up to 10%) [14]. This scheme is known as Power-to-
Hydrogen (P2H). This hydrogen can also or be used to produce synthetic natural gas which is then injected
to the gas grid (Power-to-Gas - P2G).

Germany is a good example of renewable energy overproduction. The country has tripled its renewable
energy electricity production in the last decade [41], and is now facing problems of overproduction. On
average in 1.2% of Germany’s renewable energy was “wasted” because the demand was not high enough,
even though it has a strong electricity export capability [42]. Perhaps for that reason, Germany is home
to most of the European P2G project plants.

One of the largest P2G plants in Germany is located in Mainz. The Energiepark Mainz has three PEM
electrolysers, with total (peak) capacity of 6 MW, capable of 200 tonnesy,/year. It is connected to the
electricity grid and an adjacent wind park. The Energiepark produces hydrogen when the wind feed-in is
high and it is either loaded to trucks for transportation or directly injected to the natural gas grid, in
concentrations of up to 15%. The hydrogen can also be stored; the storage capacity at the park is 1000
kgn2 (33 MWh) [43, 44, 45].

The RH, WKA project, also in Germany, stores excess wind energy of a 28 turbine wind farm by feeding
the excess electricity to a 1 MW electrolyser, capable of producing up to 210 Nm3s,/h.
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Figure 2-16: P2G plants in Europe

The PFI pilot plant in the Pirmasens-Winzeln Energy Park, uses a different way to store wind energy. The
plant uses a 2.5 MW electrolyser to produce hydrogen from excess wind energy. This hydrogen is the fed
to a bioreactor, along a feedstock of locally produced biogas. As a result, the CO, from the biogas is turned
into CHy4 resulting in an output gas stream of 95% CHa. The resulting Synthetic Natural Gas (SNG), meets
the natural gas standards, and is injected into the grid. The plant has a goal to produce of 440,000
m3ye/year. [46]

37



3 System setup and energy needs

3.1 Introduction

In chapter 3 the target is to select the components of the system that will be analysed. To create a
representative model of a common industrial region in Europe, the types of businesses found in such a
regions are identified through real world examples and are categorised based on if and how they use
hydrogen as well as the way the obtain it. Eventually, a few of them from each category are chosen to be
represented in the model and are then assigned a specific size and hydrogen needs, to be used in the
simulation process.

3.2 The categories of industries
Industrial areas contain businesses that in this analysis are split into 3 major categories.

The hydrogen consumption of a facility is usually correlated to whether hydrogen is produced in-house
through SMR or it is outsourced. For the purposes of this analysis however, the daily needs of a business
will not be enough to decide in which category every business should be placed into.

For example, a manufacturing plant that requires 1,000 kg of hydrogen every day, that currently receives
delivery through tube trailers cannot be confused with a logistics provider or a bus depot, that after
conversion of its fleet, also requires 1,000 kg of hydrogen every day. The compressing, storage and
dispensing needs, labour costs and capital investment will be completely different in each case.

1. Hydrogen producers
This category includes industries that require hydrogen in very large quantities and have thus invested in
producing hydrogen within their premises using SMR. It includes large chemical companies that produce
ammonia or methanol and oil refineries. These plants consume hydrogen in the magnitude of hundreds
of tonnes every day [47].

2. Hydrogen consumers
Here industries like electronics, aerospace, edible fats and oils and any other specialty chemicals not
included in the first category are included. They require hydrogen in their production processes, although
in quantities that justify purchasing hydrogen from third-parties rather than producing it on-site.
Manufacturing sites like these consume from a few hundred kilos up to 2 tonnes of hydrogen per day.
This category will help define if and when on-site electrolysis or the proposed semi-centralised scheme
can be financially attractive.

3. Hydrogen adopters
The third category mostly consists of the logistics sector and transportation companies (vans/trucks),
since they do not currently use hydrogen, and their energy needs are covered with electricity (forklifts)
and diesel (vans/trucks). The daily consumptions depends on the size and the type of fleet and can range
anywhere between a few hundred kilograms (medium sized forklift fleets) to a few tonnes (buses, trucks)
[11] [48] [49].

3.3 European industrial areas
In addition to the industrial areas of Elefsina and Hamburg, three more examples are taken under
consideration, in order to choose the types of business that best reflect a European industrial area.
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Figure 3-1 shows the industrial area around the town of Geel in Belgium. The area is populated by both
logistics companies like DHL as well as chemical production plants, like BP’s PTA (Purified Terephthalic
Acid) and Lubrizol (lubricants and other chemicals) or electronics (semiconductors) manufacturing plants
like Henkel electronics and Canberra Semiconductors. As the line indicates the distance between these
sites is up to 4.5 km.
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Figure 3-1: The industrial area of Geel, Belgium

Figure 3-2 depicts the area around the port of Antwerp. This area includes all 3 types of businesses: 3 oil
refineries, chemicals production sites, an ammonia plant as well as industrial gases producers (including
hydrogen) such as Praxair and Air Liquide and logistics providers.
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Figure 3-2: The industrial area of Antwerp

Error! Reference source not found. presents the industrial area of Linz in Austria, where the Voestalpine
teel production plant is located. The plant will install a 6 MW PEM electrolyser as part of the H2FUTURE
project and the hydrogen will be injected into the plant’s gas network for use in various stages of steel
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production [50]. The industrial area of Linz is home also to a “Chemiepark” that houses 3 different
chemicals plants and a large logistics centre, while it is also a port in the Danube river.
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Figure 3-3: The industrial area of Linz, Austria

3.4 Selecting the types of industries

3.4.1 Hydrogen producers of the system
Judging from the industrial areas above refineries and chemicals are the majority of heavy industrial
players in these areas.

Refineries are present in many of the major European ports, such as Antwerp, Rotterdam, Hamburg and
Elefsina, taking advantage of the ease of delivery from the sea through oil tankers. Qil refining is not only
a consumer of large quantities of hydrogen but a possible future adopter of P2H because of the stricter
emission rules for the industry.

The presence of chemicals production sites is also clear, however because some of these chemical
production sites might have no need for hydrogen or cover their needs through hydrogen that occurs as
byproduct in processes like olefin production or chloralkali process. In addition there is not enough data
regarding the hydrogen production and consumption for these plants, a refinery was chosen to represent
the the hydrogen producer in the system.

3.4.2 Hydrogen consumers of the system
Due to the presence of a steel manufacturer in Elefsina (Xalivourgiki) and the adoption of P2H from
Voestalpine in Austria, choosing a steel mill for the model is a reasonable choice.

The model will also include a floating glass industry, although the areas above shown above do not include
one. This choice was a result of the electronics/semiconductors manufacturers having on average similar
consumptions to the steel mills (750kg/day). Using a glass factory with a consumption of 300 kg/day, will
allow for the model to include and study a smaller hydrogen consumption plant.
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3.4.3 Hydrogen adopters of the system

Logistics providers have significant presence in industrial areas, sometimes constituting even the majority
of companies there and will serve as consumers of centrally produced hydrogen since their needs can be
very small and a capital intensive investment like on-site electrolysis might be prohibitive.

Forklifts are a likely early adopter of hydrogen fuel cells along with commercial vehicles. Internal
combustion forklifts are out of the scope of this study and only electric forklifts are considered, since fuel
cell alternatives have been manufactured and have been commercially used only for them.

Fleets of vans and trucks are also a pillar of the logistics sector, while zero emission vehicles for deliveries
might very soon be a necessary, should internal combustion starts being prohibited from certain cities
[51]. In this model a company that owns a fleet of trucks and vans was included, separately from the
logistics warehouse (forklifts). This choice was made for two reasons:
1. Not every logistics provider owns the trucks/vans it uses to deliver its products; outsourcing is a
popular choice, especially for smaller companies.
2. A more accurate mapping of the costs required to convert a fleet of non-passenger road vehicles
to hydrogen. The same model can be potentially used, for example, for a bus terminal if different
input data is used.

The categories of businesses of the system and their characteristics, are summarized in Table 3-1.

Table 3-1: Categories of businesses in industrial areas and their characteristics

Hydrogen producers ‘ Refinery

e Heavy industry plant

e Requires hydrogen in large quantities (tonnes/day) for its production processes.
e Currently produces H; on-site using SMR

Hydrogen consumers ‘ Glass, Metallurgy

e Require hydrogen in medium quantities

e Purchase hydrogen in bulk from vendors

e Daily needs of 300-1000 kg per day

Small consumers ‘ Material handling vehicles, Truck, Vans

e Logistics sector

e Hydrogen as fuel, (pressurized dispensing necessary)

e Hydrogen needs can greatly vary depending the fleet size, generally < 200 kg per day

3.5 Size of the system and its current energy needs

3.5.1 Hydrogen producers: Qil refinery

Depending on a refinery’s complexity, by-product hydrogen from the catalytic reforming process can
provide a large portion of the net hydrogen demand of the refinery. However, this by-product hydrogen
has to be supplemented by in-house production, derived by steam methane reforming. The range of net
hydrogen consumption according to [47] is 20-300 tonnes per day but can reach up to 800 tonnes in cases
of very large and complex refineries. The hydrogen production and net demand of a typical French and
German refinery is shown Table 3-2 according to [52].

41



Table 3-2: Hydrogen demand and production of a typical French and German refinery (tonnes/day)

Refinery process H, demand \ H, production Net H, demand
France Germany France Germany France Germany

Hydrocracking 604 896 0 0 0 0

Vacuum distillate

desulfurisation 80 61 0 0 0 0

Middle distillate

desulfurisation 134 178 0 0 0 0

Naphtha

desulfurisation 59 101 0 0 0 0

FCC cracker | 0 0 0 0 0 0

Catalytic

reformer 0 0 435 843 0 0

Total ‘ 877 1239 435 0 442 396

The refinery in the model will have a daily net demand of 388 tonnes per day, assumed to be covered by
a SMR unit. This sizing of the model’s refinery is done based on the HELPE's refinery of Elefsina that has a
refining capacity of 100 kbpd [53].

The plants sizes and hydrogen needs are summarised in Table 3-3

3.5.2 Hydrogen consumers: Glass and Metal industries

According to [47] a typical glass manufacturing site requires 300 kg of hydrogen every day and therefore
this will be used in the model. A metal processing plant needs 0.1-2 tonnes of hydrogen per day for iron
reducing [47]. This range matches the 6 MW electrolyser that was installed in the steel mill in Linz that is
able to produce around 2 tonnes per day.® The metallurgy plant in the model was assumed to have on
average, a daily consumption of 1.05 tonnes per day.

These businesses are assumed to purchase their hydrogen from a vendor and have it delivered by tube
trailer, which carries 200 kg at 200 bar storage pressure. This delivery form has been chosen in order to
use the prices consolidated in [54] for different industries and compare them to the results of the semi-
centralised production scheme.

Table 3-3: Hz needs of the model's industrial area

Range of daily needs Value chosen for model

| B
R (tonnes/day) (tonnes/day) RECEICL
. 19.7-295 HELPE's Elefsina
A (up to 790 for some cases) 388 refinery
Glass 0.3 0.3 Average of range
Metal 0.1-2 1.05 Average of range

3 Most electrolyser are able to produce 16 kgxz/hour when continuous operation is assumed.
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3.5.3 Logistics

Forklifts

The model assumes a warehouse operating a fleet of 10, Class 1 electric forklifts that operate for 3 shifts
every day without necessarily being the whole fleet of the company. According to the questionnaires
handed to industry representatives, only a portion of the total forklifts operate throught the day for all 3
shifts. However these lifts’ operation is significantly more expensive because of the increased capital and
operational expenses. The needs of the electric forklifts are calculated using data from [34] as well as [55].

The lifts are assumed to be powered by a 50 kWh battery with an effective (usable) charge of 35 kWh per
shift, since the battery can only be operated between 20 % and 90 % of the available charge [55]. It is also
assumed that the batteries have enough capacity for the 8 hour shift [34] [55]. It should be noted that the
model’s forklifts are assumed to operate under regular temperatures; as [35] notes the capacity of a
forklifts battery can drop by 25% in freezing temperatures.

The electricity demand is calculated using the efficiencies of the battery chargers (84%) and according to
these assumptions a logistics warehouse requires 42 kWh of electricity per forklift per shift for charging,
reaching a total of 456,250 kWh per year for the modelled fleet (assuming 365 working days per year).

Each battery takes 8 hours to charge and 8 hours to cool down [fuel cell early markets]. As a result, lifts
operating 3 shifts per day, 1 battery for every shift needs to be purchased, so they can be charged, cooled
and used in rotation.

The battery changing times for battery electric forklifts can vary, however, the literature suggests an
average time of 15 minutes including travel time and queuing [34] [55] [35].

Trucks & Vans

A fleet of 50 vans and 50 trucks (>7.5 tonnes) was assumed in the model. For the trucks of the system,
Dixons South Europe data (acquired through questionnaire) was used. The company’s trucks have daily
trips of 250 km and use approximately 50 L of diesel each per day resulting in a 20 L/100 km fuel
consumption. Because there was no input through the questionnaires for light commercial vehicles, to
simulate the needs of a van fleet (<7.5 tonnes), for last mile delivery needs, Hyundai’s H350 will be used,
since the particular model has also been converted to an FCV by the company and a more accurate
comparison can be made. Hyundai reports a consumption of 9.2 L/100 km for the diesel version [56]. The
vans are assumed to do 100 km every day.

Table 3-4: Energy needs for small consumers/logistics

Fleet type Size Workload Required energy
(No. of vehicles) (per day/vehicle) (per day/vehicle)
Class | electric 50 3 shifts (8 hours) 126 kWh
forklifts
Trucks 10 250 km 50 L (diesel)
(>7.5 tonnes)
Vans 10 100 km 9.2 L (diesel)
(< 7.5 tonnes)
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Figure 3-4 shows graphically the different businesses of the system, their energy needs in terms of
electricity, hydrogen or diesel, as well as their current sources.

Figure 3-4: Components of the system and their energy needs
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4  Economic modelling of the system
4.1 Introduction

In this chapter the economic modelling of the industrial system is described. First the different scenarios
for the system are presented, explaining the changes in the operational structure that take place in each
business type. Then the methodology used to evaluate the different investments and to compare them is
described along with its mathematical formulation and the economic assumptions made, together with a
description of the technical aspects for every case.

4.2 Scenarios
4.2.1 Base case scenario

This scenario covers the conventional hydrogen production and supply methods currently used by the
industry (Figure 4-1).

a) Inthe case of the oil refinery, hydrogen is assumed to be produced on-site, using steam methane
reforming.

b) Steel and glass industries receive delivery of the necessary amounts of hydrogen through tube
trailer delivery. The hydrogen is in gaseous form, pressurized at 200 bar and it is assumed to be
produced by SMR. The vendor is considered a third-party, outside the system.

c) The warehouse (forklifts) and transportation company (vans/trucks), in the base case scenario are
modelled after their current operations and therefore do not consume any hydrogen. The forklifts
use batteries and the vans/trucks have diesel ICE.
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Figure 4-1: Base case scenario system

4.2.2 On-site production scenario

In this scenario hydrogen is produced through electrolysis at the sites of consumption. Two technological
options are investigated regarding the electrolyser, alkaline and PEM, to opt for the most cost effective
option. A schematic depiction of the hydrogen flow in this scenario can be seen in Figure 4-2.

a) The hydrogen producer covers part of its hydrogen needs using electrolysis, reducing the
consumption of reformed methane hydrogen.

b) Inthe case of hydrogen consumers, there is no more delivery of hydrogen; an electrolyser is installed
to cover all the needs of the site.

c) Hydrogen adopters, exchange the battery electric and ICE vehicles for fuel cell powered equivalents.
The hydrogen needed is produced on-site through electrolysis.
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Figure 4-2: On-site (decentralised) production system

4.2.3 Semi-centralised hydrogen production scenario.

Finally, the third scenario examined, investigates the case where a large electrolyser is installed at the
hydrogen producer’s facility, with the aim to cover feedstock needs but also to sell hydrogen to the rest
of the companies of the system.

In this scenario:

a) The hydrogen producer adds to the on-site production scenario a filling skid to compress hydrogen
into tube trailers and a refuelling station.

b) Hydrogen consumers return to tube trailer delivery, however this time hydrogen originates from
within the industrial system, and it is produced through electrolysis.

c) Hydrogen adopters still operate fuel cell vehicles, however, the hydrogen comes from the systems
producer (oil refinery) in pressurized tanks via road delivery.
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Figure 4-3: Semi-centralised production system

4.3 Methodology

To compare the scenarios with respect to their economic viability and their relative profitability, the Net
Present Value (NPV) method was used. This method takes into account all of the investment’s cash flows
over its lifetime and discounts them to their present day value. Given the long term nature of these
investments, it was deemed necessary to take into account the time value of money, and thus a method
like the payback period method was deemed insufficient.

The NPV method requires both the cash inflows and outflows that occur during the lifetime of the
investment. However, cash inflows that result from the normal operations of the companies of the system
are out of the scope of this study, since it was assumed that these operations would not be affected by
the origin of the hydrogen, be it electricity or methane. Assuming then, that the usage of electrolytic
hydrogen in production processes or as vehicle fuel, is not producing any new income, the base case and
on-site scenarios have no cash inflows in their NPV estimations.

Only exception to this, is the case of the refinery in the semi-centralised scenario. P2H in this instance
produces new income, as hydrogen is sold to the other companies and these cash inflows will be taken
under consideration.

After estimating the NPVs for all the scenarios, a comparison is made between them to determine the
most profitable case.

The schematic flow of the methodological process can be seen in Figure 4-4.
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Figure 4-4: Flowchart of the methodology used

4.4 H2 Production Configurations

441 Base case

Refinery

For the base case of the refinery, the conditioning of the hydrogen was treated as a black box; the specifics
of the process were not analysed and it was assumed that they were common across all scenarios. The
production process as shown in Figure 4-5, includes only the steam methane reformer (SMR), after which
the evaluation of the hydrogen cost is done.
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Figure 4-5: Refinery's hydrogen production process configuration
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Glass and steel industries

For the glass/steel industries base case, it was assumed that tube trailers unload hydrogen in the
company’s storage by pressure difference only and no compressors are used in between the trailers and
the on-site storage tanks. The storage was sized to accommodate the daily hydrogen needs only. The
economics of the base case are calculated based on the price of the hydrogen, “at the gate” and the capital
and operational costs of storage are added to it. Figure 4-6 depicts the system described.

H, cost “
evaluation

point

|

Figure 4-6: Glass and steel base case hydrogen process configuration

Crzissisin

Logistics — Forklifts

For the base case, the warehouse was assumed to invest in a new fleet of conventional Class | battery
electric forklifts along with all the equipment and infrastructure necessary for their operation.

For the capital costs, only the costs of the electric powertrain — the batteries — were considered, because
the rest of the forklift (the bare forklift) is the same for either fuel cells or battery electric lifts. The charging
of the batteries, requires specialised chargers and a dedicated room within the warehouse. Replacing the
heavy batteries also requires dedicated battery swapping infrastructure.

n_M

- +

Figure 4-7: Forklifts base case operations configuration

The operational costs considered, apart from the electricity drawn from the grid, include the maintenance
costs of the batteries, as well as the labour costs for the time consuming battery changing.

Logistics — Vans and Trucks

For the transportation company’s base case scenario, like in the case of the warehouse, it was assumed
that the company invests in a new fleet of vans and trucks with diesel ICEs. Unlike the case of the forklifts,
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the capital costs include only the purchase costs of the vehicles, while the operational costs consist of the

o

fuel and maintenance needs of the vans and trucks.

Fl-
Diesel o~

Figure 4-8: Vans and trucks base case operations configuration

4.4.2 On-site production

Refinery

For the on-site scenario it was assumed that the refinery replaces 10% of its SMR production with a P2H
system. The electrolyser was assumed to be installed in order to replace only part of the hydrogen
production. That is because current electrolyser technologies (PEM and ALK) have never been scaled to
capacities that even approach the necessary ones for a complete replacement of the whole hydrogen
production. In addition, it would be unrealistic to expect hydrogen produced by electricity to match the
cost of hydrogen directly produced by methane, given the current electrolyser efficiencies as well as the
electricity and natural gas prices throughout Europe.

Two different cases were made, based on the technology of the electrolyser, either PEM or Alkaline.
Although the sizing of the equipment needed differs between the two, the processes are otherwise
identical.

The production process includes the electrolytic hydrogen production system, which will be referred to
only as electrolyser, even though it includes components such as hydrogen and oxygen managing system,
water delivery managing equipment, thermal management equipment etc. The compression stage,
includes only the compressor setup that increases the pressure to the storage tank pressure. The storage
serves only as a buffer, helping with small increments in demand that might occur and is not sized to
maintain back up quantities for cases of electrolyser shutdown (failures or maintenance). This is done
because hydrogen storage occupies significant space and storing large quantities of pressurised hydrogen
in the refinery grounds is difficult from a safety point of view. Since it was assumed that the SMR is still
operational and the refinery’s needs can be covered with it when needed the storage size was kept at a
minimum.
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Figure 4-9: On-site production scenario’s hydrogen production configuration for the refinery
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Glass and steel

For the glass and steel industries, the on-site production scenario is similar to the refinery, with the
exception of the size of the storage. The P2H system only replaces the hydrogen deliveries, while the
necessary compression and storage equipment remains in place, only the production step was considered
in this scenario calculations.
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Figure 4-10: On-site production scenario’s hydrogen production configuration for the glass and steel
industries

Logistics — Forklifts

The on-site production scenario for the forklifts features a replacement of almost every part of the forklift
operation process. In addition to the other cases, the operation of fuel cell forklifts now includes a
dispensing step. This is essentially a small hydrogen refuelling station. Figure 4-11 presents the hydrogen
system configuration for the warehouse.
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Figure 4-11: Forklifts on-site scenario hydrogen production and operations configuration

Compression

Logistics — Vans/Trucks

For the transportation company, the on-site production scenario is identical to the forklifts case. As seen
in Figure 4-12, the operations of fuel cell vehicles requires production, compression, storage and
dispensing of the hydrogen within the premises of the company.

Production Compression

Storage w ‘ Dispensing

Figure 4-12: Vans and trucks on-site scenario hydrogen production and operations configuration
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4.4.3 Semi-centralised production scenario

Refinery

The refinery, in the semi-centralised production scenario, while producing hydrogen to cover part of its
own needs, it also acts as the provider of hydrogen for all the other players of the industrial complex. In
addition to the on-site production scenario, a hydrogen refuelling station is added as well as a filling skid,
to fill tube trailers. These trailers transport the hydrogen to the clients. The refuelling station and filling
skid, resemble the dispensing process used in the forklifts and vans/trucks in the on-site scenario. They
also include a cascade compressor and storage, only they are sized differently. The configuration is
depicted in Figure 4-13.
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Figure 4-13: Refinery's hydrogen production and sales configuration for the semi-centralised scenario

Glass and steel

The glass and steel companies, in the semi-centralised scenario, have no difference from the base case,
since they still purchase hydrogen and have it delivered by tube trailers, only in this case, it originates
from the refinery, as shown in Figure 4-14.
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Figure 4-14: Glass and steel industry's operations configuration

Logistics — Forklifts

The production step can be omitted in this case, as the warehouse purchases the hydrogen from the
refinery. The compression step remains, however, the compressor is sized differently since the hydrogen
is already pressurized at 200 bar. In fact, it was assumed that the compressor only starts working after a
certain pressure drop. Until then, hydrogen is transferred only by the pressure difference between the
tube trailer and the storage. For the storage, it was assumed that the warehouse doesn’t need to keep
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hydrogen back up, like in the case of the on-site production; instead the producer (refinery) takes that
into account. The tanks are sized then, to only accommodate a bit over the daily needs.
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Figure 4-15: Forklift hydrogen and operations configuration for the semi-centralised scenario

Logistics — Vans and trucks

The other logistics company, follows a different operating procedure. Hydrogen is not delivered to the
site, instead the refuelling happens at the hydrogen station, located at the refinery.

HRS

o =

h
1
—1 i
jinn
| EE
il mn-

Refinery
Figure 4-16: Vans and trucks operations configuration in the semi-centralised scenario

4.5 Mathematical Formulation

4.5.1 General definitions

4.5.1.1 Net Present Value

NPV is a measure of the profitability of an investment that is calculated by subtracting the present values
of cash outflows, including the upfront capital costs, from the present values of cash inflows over a period
of time. The present value of positive and negative cash flows is calculated using a discount rate, dictated
by the market. The NPV is then, the sum of all the discounted cash flows.

Each net cash flow’s present value is calculated using the following equation:

PV = Rini - Rlouti
1+t
where
i: the time of the cash flow (year)
r: the discount rate
Rin: the cash inflow for the period t

Rout: the cash outflows for the period t

The Net Present Value takes then the following form:

NPV = Z fNing — Rout; outl R
(1+7)t 0

where Rp is the initial costs.
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4.5.2 Cost equations and breakdown
Refinery

Base case
For the base case, the initial capital costs Co were calculated using the costs of purchasing the equipment,

installation and other one-time, non-equipment costs. The literature suggests costs for steam reformers
based on their capacity and the equation is morphed in a way that reflects that.

CO =P x CsMR + Cinstall + Cnon—equipment (1)
Where:
P: daily production in kg
CsMR: cost of (uninstalled) steam methane reformer per kg of H, produced per day
Cinstall: the cost of installing the SMR

Chon-equipment: Non-equipment related costs, like engineering, commissioning and start up, licencing
etc.

The operational costs consist of the SMR hydrogen production costs, the costs of the emissions allowances
from the ETS and the reformer maintenance. Regarding the production costs, the calculations are
performed based on a total cost per kg of H, pulled from the literature instead of using the cost of
methane used. This way, other variable costs (e.g. for heating or the catalyst) are included in the
calculations. For the costs of ETS allowances, an average carbon market price was used and multiplied
with the emissions associated with SMR as noted in the literature review. These yield the following
equation for estimating the SMR annual costs:

(2)

Routi = @ Chz smr * P + Rers + Raintenance

where:
P: daily production in kg
Ch2 smr: cost of hydrogen per kg for SMR
Rgrs: Costs of allowances based on an average price and the emissions of SMR per kg of H,

Ruaintenance: Annual maintenance costs of SMR

The specific costs used in these equations are further described below in Steam methane reforming

On-site production

For the on-site production scenario the initial capital costs include the costs for purchasing the
electrolyser, the compressors and the necessary storage equipment as well as all the installation and non-
equipment costs. These costs are further described below, in Electrolysers and Compressors.
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CO = (Celectrolyser + Ccompressors + Cstorage) + Cinstall + Cnon—equipment (3)

The operational costs of these components are related to the electricity and maintenance costs for the
electrolysers and the labour costs.

Rout = Relectricity + Rmaintenance + Rlabour (4)

Semi-centralised scenarios

For the semi-centralised production scenarios, the capital costs include the filling site infrastructure, as
well as the equipment for transporting the hydrogen to the consumers (tube trailers, tractors, etc.). Then,
in the case of a central HRS, the associated capital and operational costs are also included.

CO = Cproduction + Cconditioning + Cfilling site + Ctrasporting + Cother + Cdispensin (5)

The cash outflows include, as before, electricity, maintenance and labour costs, not only for the
production part, but for the filling and transporting of the hydrogen as well.

Rout = Relectricity + Rmaintenance + Rlabour + Rtransporting (6)

In this scenario there is also a cash influx thanks to the sales of hydrogen to the different business in the
system. This cash inflow consists of the sales of hydrogen the logistics company, the glass and steel
produces and the

Rin = Rggles = Rlogistics + Rglass/steel + Rygs (7)

For the sales of hydrogen no taxes were assumed. Although this might seem strange, it is true in many
cases were new technologies are adopted, and governments indirectly incentivize them by reducing or
eliminating taxes. This is also the case for hydrogen refuelling stations for FCEVs in Europe currently and
it therefore safe to assume that at least for the beginning of such projects the same policy will apply.

Glass and steel

Base case

The base case of the glass and steel industries has capital costs related to the storage tanks and the
compressor that aids the transfer from the tube trailers to them.

CO = Cstorage + Ccompressor + Cinstall + Cnon equipment (8)

The yearly cash outflows consist only of the purchase cost of the hydrogen delivered to them by the third
party vendor.

Routi = + Celectricity + Cmaintenance (9)

C

Hz2 vendor
where:
Chiavendor : the cost of purchasing H, from a vendor

Celectricity: the cost of electricity for the compressor

Cmaintenance: the costs of maintenance for compressor and storage
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No ETS emissions allowances were considered, since there is no methane reforming on-site and therefore
no emissions from hydrogen production (the vendor of the hydrogen is burdened with these emissions
costs). These cash outflows remain the same for every year.

Routi+1 = Routi (10)

On-site production

For the on-site production scenario the initial capital costs include the costs for purchasing all the
necessary production, conditioning and storage equipment and installation costs

CO = Cproduction + Cconditioning + Cstorage + Cinstall + Cnon equipment (11)

The operational costs of these components are related to the electricity, maintenance costs and the
labour costs.

Rout = Relectricity + Rmaintenance + Rlabour (12)

Semi-centralised scenario

The glass and steel industries’ semi-centralised scenario, is identical to the base case. The only exception
is the price used for the calculation of the hydrogen purchasing costs, which was defined by the refinery’s
selling price and not by the third party vendor.

CO = Cstorage + Ccompressor + Cnon equipment (13)

Routi = H2 yendor +Celectricity + Cmaintenance (14)

Forklifts

Base Case

For the base case scenario, the capital costs were divided into the costs for purchasing the powertrain of
the forklifts and the charging equipment, the cost of the floor space needed and any additional installation
and civil works costs.

CO = CEV forklifts + Ccharging + Cfloorspace + Cinstall + Cnon equipment (15)

The annual cash outflows assumed, stem from the operational costs and they consist of the electricity
costs for charging, the maintenance of the forklifts and the necessary labour costs.

Routi = Rcharging + Rmaintenance + Rlabour (16)

It is important to note here, that the labour costs in this case refer to the costs of the forklift drivers only.
No personnel was assumed to be needed for the operation of the electrolyser, as systems of this scale are
sold as complete and automated solutions.

On-site production scenario

The capital costs, like the other companies include production and conditioning equipment. For the case
of fuel cell forklifts though, the costs of the fuel cell powertrain of the lifts and the dispensing equipment
necessary for refuelling were also considered.
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CO = CFC forklifts + Cproduction + Cconditioning + Cstorage + Cdispensing + Cinstall (17)

+ Cnon equipment
The fuel cells of the forklift powertrain are not included in the installation costs calculations.

The cash outflows were calculated using the annual operational costs that include the electricity costs for
the production and conditioning of the hydrogen, the maintenance of all the equipment and the labour
costs of the lift operators.

Routi = Relectricity + Rmaintenance + Rlabour (18)

Semi-centralised scenario

In the semi-centralised scenario, there is no hydrogen production infrastructure. The capital costs consist
only forklifts powertrain and conditioning, storing and dispensing equipment for hydrogen.

CO = CFC forklifts + Cconditioning + Cstorage + Cdispensing (19)

Cash outflows, include the purchasing costs of hydrogen from the refinery, and as previously, electricity
costsand maintenance for all the equipment used to store and condition hydrogen as well as the FC stacks
of the forklifts, as well as the labour of the forklifts operators.

Routi = Rhydrogen costs; + Relectricity + Rmaintenance + Rlabour (20)
Vans and trucks

Base Case

The structure of the NPV of the transportation company of the system, is less complicated than the
forklifts NPV, since instead of in-house charging, the diesel ICE vehicles can refuel at a conventional petrol
station. As a result, no capital costs for refuelling infrastructure or other capital costs, related to
installation costs or civil work are considered.

Co = Cyenicles (21)

The operating costs that constitute the cash outflows, consist of the diesel costs, the maintenance of the
vehicles. No labour was assumed, as this costs would be exactly the same for the FCVs, given the similar
refuelling times and otherwise similar operation.

Routi = Rdiesel + Rmaintenance (22)

It could be argued that additional costs, like vehicle registration costs, insurance costs or road tax costs
are also part of the costs (capital or operational) of a commercial vehicle. However, these costs have a
small impact on the total cost of ownership and will probably be the same for FCVs and diesel ICE
vans/trucks.

On-site production scenario

The on-site production is very similar to the forklifts case. The initial costs required are for the acquisition
of the vehicles, the purchase of the production, conditioning dispensing equipment as well as the costs
for installation and other work.
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CO = CFC vehicles + Cproduction + Cconditioning + Cstorage + Cdispensing + Cinstall (23)

+ Cnon equipment

The annual cash outflows were determined by the annual costs of electricity and the maintenance of the
vehicles and the infrastructure. Again, no labour was included, as explained above and the cash inflows
are only the revenues.

Routi = Relectricity + Rmaintenance (24)
Rini = Rrevenues,- (25)

Semi-centralised scenario

For the semi-centralised scenarios, the capital costs seem similar to the base case scenario with only the
cost of the vehicles burdening the company.

Co = Crc vehicles (26)
The cash outflows then, are:

Routi = Rhydrogen costs; + Rmaintenance (27)

4.6 Cost Assumptions and Considerations

General cost assumptions
Some cost assumptions that were used in all the scenarios are presented below, including installations
costs and other non-equipment costs

Installation costs:

The installation costs for the different pieces of equipment were calculated on a per cent basis of the
capital costs and were meant to account for the one-time labour costs. In the different scenarios, these
costs are thought to amount to 12% of the total equipment purchase costs.

Non-equipment costs:

As with the installation costs, the non-equipment costs are calculated on a per cent basis of the total
purchase costs. For these costs, an additional 20% of the total equipment purchase costs. These costs
include permits, start-up costs and any other costs arise as onetime expenses during the building phase.

Steam methane reforming

According to [57] and [58] the price for a reformer of 3.2 tonnesy,/day was set to about 5200 S/kg,/day
or 4230 €/kg/day. This cost is assumed to include the (uninstalled) cost of compressors and Pressure Swing
Adsorber that may be needed for the SMR.
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Delivered H; average prices

Table 4-1 shows the average prices of delivered hydrogen for different EU countries according to an FCH-
JU study [47]. These prices are sourced from a survey, and the reasons behind the differences among
countries and industries are not well documented.

Most notably, Germany seems to be an outlier when compared to the other three countries, and has been
excluded from the average price calculations used in the calculations of the model. Also, the price
differences among the industries seem counterintuitive at first; metallurgy shows higher average prices
than glass, on all countries even though their demand is generally greater. One possible explanation could
be that the large metallurgical plants are more isolated and therefore the transportation costs (a major
cost component) is much higher. In the calculations the average for every industry will be used for the
base case scenarios.

Table 4-1: Hydrogen prices (€/kg) for 200kg tube trailer delivery (@200 bar)

d e e De 3 Average
FatandOils | 32 | 41 | 85 | 87 |55 103 79| 85 |63 | 7.9 71
Electronics 3 | 30| 81| 83 [s53|o98| 75| 81 [60]| 75 6.8

specialty 36 | 46 | 96 | 98 |62|116| 88| 96 |71| 89 8.0
Chemicals
Average 38 | 49 | 102 | 104 |66 |123] 94 | 102 |75 | 95 8.5

Utility Power 4.8 6 12.9 13.2 8.4 [15.6 | 11.9 12.9 9.5 11.9 10.7

Fuel Cell

5.4 7 14.4 14.7 94 | 17.4| 133 14.4 10.6 13.4 12.0
Transport

Electrolysers
Capital costs

To model the costs for the electrolysers, data from [54] was used to produce an equation capable of
returning the capital cost per installed electrolyser capacity. The resulting equations are presented below
in Figure 4-17.
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Figure 4-17: Cost functions of electrolyser technologies per installed kW

The trend lines yield the following equations:

y = 1489.3 x~%075  (PEM) (28)
y =1157.8 x7%15%  (ALK) (29)

where x is the electrolyser capacity in MW. Please note that the costs are presented per kW of installed
capacity, as this is the industry standard.

Although increasing the installed capacity results in lower per kW capital costs, the rate of cost reduction
is decreasing, and should be zero for very large installations after 35 MW.

1136.9 = Capacity %> for Capacity < 35 MW

_ 30

€/kWyrk { 650 for Capacity > 35 MW (30)
1489.3 = Capacity %75 for Capacity < 35MW

_ 31

€/kWpgn { 1120 for Capacity > 35 MW 31

In Chapter 2 the efficiency ranges for both ALK and PEM were presented. For the model’s electrolysers
efficiencies of 65% for ALK and 55 % for PEM were assumed resulting in consumptions of 50.7 and 60
kWh/kgn, respectively. The output pressures were rated at 5 bar for ALK and 20 bar for PEM.

Table 4-2: Efficiencies and output pressures of electrolysers

ALK PEM
Efficiency 65 % 55%
Output Pressure 5 bar 20 bar

The required capacity was calculated by taking into account the efficiencies of each electrolyser type using
the following equation:
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_ n (32)
¢ =oa+1000 "9 Y

e (= capacity of electrolyser (MW)
e n = efficiency (kWh/kgu2)

e (Q=daily production

e (¢ = capacity factor

Therefore the electrolyser is sized to produce the daily needs when working all day long at 75% of its
maximum capacity.

Operational Costs

The electricity consumption of the electrolyser was calculated using the following equation:

E =Cx*Cs*tyy (33)

e E =consumption of electricity (kWh)

e (= electrolysers or compressor capacity (kW)
e (¢ = capacity factor (75%)

e t,, =time operating

The capacity factor denotes the ratio of the actual capacity to the maximum capacity the electrolyzing
unit is capable of. The capacity factor for the considered electrolysers will be 75%.

A fixed OPEX of 1.5% of the CAPEX was also assumed to account for various maintenance of minor parts
that might need replacement. Although electrolyser systems are designed for a 20 year lifetime, the
electrolysing stack can degrade much faster. Accounting for that, a replacement at 10 years of operation
was considered. According to [58] the cost of the stack accounts for 47% of the initial cost of the
electrolyser. However to account for the future reductions in stack costs, a more optimistic 30% of the
initial stack cost was considered.

Additional labour:

One additional worker for each of the three shifts was included in the cases of P2H production in the
refinery. As experienced from other P2H projects, these systems require little oversight. The electrolyser
might also be monitored remotely from the manufacturer, with actual intervention only when required
or during the scheduled maintenance.

Compressors

Capital costs

The CAPEX required for the compressors is calculated by the following equation as described in [54]:

0.66

H, Flow rate) (34)

CAPEX compressor = 100,000( =
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Where the ref stands for a compression system used for reference, with 50 kg/h flow rate, 30 and 200 bar
input and output pressure.

Operational costs

Tractebel and Hinicio’s study [54] provided only electricity consumptions for specific inlet and outlet
pressures. Thus, to estimate the consumption of electricity for a wider range of compressions setup, the
more detailed equation 35 from [58] was used.
k-1
k )[(Pressureout>stt 1 (35)
k — 17"\ Pressure;,

Pen = mZRT; Ny (
where:

e Py, =theoretical power requirement

e m=mass flow rate

e Z=compressibility factor

e R=gas constant

e T, =linlet gas temperature

e N number of compression stages

e k= heat capacity ratio (1.4 for hydrogen)
e p; =outlet pressure

p1 = inlet pressure

The real power of the compressor required is found by taking into account the isotropic efficiency of the
compressor, which is assumed in this analysis to be 88%. Therefore:

Pep,

Pream = 088 (36)

The electricity consumed by the compressor was then calculated based on the hours that the compressor
operates.
E = Preg * top (37)

where:

e E =consumption of electricity (kWh)

e t,, =time operating
The storage compressors connected to an electrolyser, operate simultaneously with the electrolyser.
Storage compressors fed with hydrogen from tube trailers, operate only during every delivery and only
when compression is needed. The time then was calculated based on the hydrogen mass compressed and
the flow rate of the compressor.

To size the compressors the following assumptions were made:
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1. For storage compressors, the hydrogen is fed directly from the electrolyser to the compressor at
the electrolyser’s output pressure and with a flow rate equal to the hydrogen production rate of
the electrolyser.

2. For compressors used in the cascade filling systems, the compressor draws hydrogen from the
storage, after every refuelling event. The flow rate was set to the peak flowrate of the system.
The compressor power, is directly related to the electricity consumption of the site, an important
cost factor. To accurately size the compressor, an analysis of the usage pattern should have been
made, especially for the cases where vehicle refuelling takes place and significant changes in traffic
in the refuelling station occur. However, this falls out of the scope of this study, and the refuelling
is supposed to be evenly spread out, throughout the day.

3. The hydrogen is compressed to the storage’s pressure through 1 compression stage.

Based on these assumptions, for each electrolyser type a different storage compressor had to be
modelled, with 5 and 20 bar inlet pressures for ALK and PEM electrolysers respectively. Therefore the
following equations apply to the storage compressor design:

Pelectrolyserout = Pcompressorin (38)
Peompressoryy, = 50 bar (39)
Meompressor = Melectrolyser (40)

where:
e P:the pressure
e m: mass of hydrogen refuelled
e m: the mass flow rate

Forklifts

Since this study aims to show the differences of the economics when investing in hydrogen forklifts
instead of battery electric ones, and the bare forklifts (forklift without the power supply unit — battery or
fuel cell stacks) are the same in both cases [54] [34], the capital cost of acquiring and the operational costs
of maintaining the bare lifts were not taken into account in the calculations.

Capital costs

The default forklifts used in this scenario are assumed to be Class | electric forklifts (1-6 tons) and therefore
all the related costs are calculated for this lift type. This assumption was made, since Class | forklifts have
more time consuming battery changes and can be more likely to require a battery change at the end of
the shift, because of their higher energy demands.

Battery powered electric forklifts use lead acid batteries that need to be charged and cooled down before
use these batteries require 8 hours for charging and another 8 hours for cooling down and are, on average,
able to last for an 8 hour shift. The cost of each battery was assumed at €5000, using the estimates from
[35]. Replacements for these batteries is also taken into account since literature indicated that the battery
lifetime is 5 years [54] [34]. The batteries also require specialised chargers and every charger can accept
a new battery as soon as it is free from the previous one. Therefore, one charger is required for every
forklift operating 3 shifts per day. The lifetime of the chargers is on average 7.5 years according to [34]
and their cost was assumed to be €2500 per unit.

Floor space occupied by the charging infrastructure is also a significant cost that is taken into account,
because it reflects loss of storing capacity for the warehouse. The authors of [54] reports that the battery
room costs €356 per lift and that battery changing equipment for up to 40 battery changes per day, costs
€8100.
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All these costs are summarised in Table 4-3:

Table 4-3: Capital costs of battery electric forklifts

Units needed

FEPUIES, per forklift
Battery 4,500 3
Chargers 2,500 1
Changing equipment 8,438 0.08
Battery room cost 356 -

For the hydrogen powered forklifts, the fuel cell system essentially replaces the battery. Prices for the fuel
cell module range from €27,000-€29,700 per unit with a lifetime of 10 years [54] [34]; 28,000 € per FC
module was used in the calculations.

Operational costs

According to [54] the energy requirement of a Class | forklift per shift is 26.7 kWh. To obtain that, bearing
in mind that the efficiency of the electrical powertrain is 76% and the discharging of the battery is 80%
efficient, a battery capacity of 44 kWh is needed. To charge this battery for every shift, 52.3 kWh of
electricity have to be drawn from the grid, since the charging process is only 84% efficient. The energy
flow is presented in Figure 4-18.

41.8 kWh 35.1kWh 26.7 kWh

Grid Charger Battery Powertrain Forklift

84% 76%

Figure 4-18: Battery charging flowchart - Energy drawn from the grid per battery

Hydrogen forklifts have on-board hydrogen tanks with a capacity of 1.8 kg. Given that hydrogen has an
energy density of 33 kWh/kgu,, this translates into 59.4 kWh worth of energy. Assuming a powertrain
efficiency of 48% [54], to deliver the 26.7 kWh necessary per shift, 1.68 kg of hydrogen are consumed.
The energy flow from refuelling to wheels is presented in Figure 4-18. This does not include the energy
flow for production and conditioning of the hydrogen.

59.4 kWh 59.4 kWh 26.7 kWh

From

100% 76%

Figure 4-19: Hydrogen refuelling flowchart — From storage to forklift, not including production

Labour costs from the battery changing or refuelling of the forklifts was also taken into account. For the
electric forklifts, battery changes consume 10-20 minutes per change [54] [59] [34] [55]. An average time
of 15 minutes was assumed in this study. Regarding the hydrogen fuel cell lifts, as shown above, the tank
of the hydrogen forklifts is almost empty when refuelling takes place at the end/start of a shift and 1.8 kg
of hydrogen need to be dispensed. The refuelling equipment was sized for 5 minute refuellings. In both
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occasions travelling time was excluded, as it was assumed it would not be altered by the addition of fuel
cells

Table 4-4: Battery changing and H; refuelling times (Class 1) — excluding travel time

Battery changing time (minutes) H, refuelling (minutes)
15 5

The maintenance cost of the batteries is estimated according to [fuel cell early] at 1620 €/year/battery.
For the fuel cells, a maintenance cost of €2,000 per fuel cell module was assumed [tco nrel][fuel cell early
markets]

Annual maintenance was also considered for both types of forklifts.

Maintenance (€/year/lift) Source
Battery Fuel Cell
913 450 [55]
1620 1944 [34]
3240 648 [59]

Table 4-5: Operational expenses (OPEX) for battery electric forklifts (base case scenario)

Operation Expenses (€/year/lift)

Battery maintenance 16,87
Electricity (consumption + installed power fee) 3,555
Labour (battery changing) 7,650

Total 12,892 €

Since this study aims to show the differences of the economics when investing in hydrogen forklifts
instead of battery electric ones, and the bare forklifts (forklift without the power supply unit — battery or
fuel cell stacks) are the same in both cases [34] [35], the capital cost of acquiring and the operational costs
of maintaining the bare lifts were not taken into account in the calculations.

Vans/trucks

The vans have been modelled after the Hyundai H350, a light commercial vehicle used for goods
deliveries, a hydrogen powered variant of which was recently introduced by the company. For the trucks,
although only a few examples have been showcased until now, the ESORO-COOP truck mentioned in the
previous chapter, possibly fits the needs of European companies. Therefore, the cost assumptions and
were made after its diesel and hydrogen variants.

Capital costs

For the capital costs of the base case, costs of €34,000 per van and €80,000 per truck were assumed.
These are the prices for the diesel Hyundai H350 [56] as well as the diesel MAN TGS truck. For the fuel cell
vehicles, a cost of three times that of the diesel was used based on a costs comparison of diesel and fuel
cell buses.

Table 4-6: Capital costs of vehicles of a tranportation company

Capital costs



Capital cost - Diesel Capital costs - Fuel cell

(€/vehicle) (€/vehicle)
Vans 34,000 102,000
Trucks 80,000 240,000

Any additional equipment contributing to upfront capital costs, was assumed to be necessary both in
cases of diesel and fuel cell powered vehicles and therefore it was not included in our comparative
analysis.

Operational Costs

To estimate the operational costs, the maintenance and fuel costs of a van/truck fleet were calculated.
More specifically, a price of 1.2 €/L was assumed for the diesel fuel needs. For the vans, a fuel consumption
of 10 L/100km was used, which is close to the official figures Hyundai claims for the H350 while for the
truck a consumption of 35 L/100 km was assumed based on [60] [61].

For the maintenance, a cost of 0.06 and 0.09 €/km for vans and trucks respectively was used. Average
daily trips of 100 and 250 km were assumed for the vans and trucks respectively, based on the
guestionnaires collected from logistic centres in Athens, Greece.

Table 4-7: Annual operational costs

Fuel Consumption

L/100km Total Cost (k€/year/fleet)
Diesel Vans 35 148.8
Truck 10 212.5
Maintenance Vans 0.06 20.4
Trucks 0.09 153.0
Total 534.6

Electricity Costs

For the construction of the on-site production and semi-centralised scenarios, the electricity costs were
perhaps the most important factor in the cost estimation of the produced hydrogen, since both the
production and conditioning processes are electricity intensive.

The authors of [62] report that an average price of 0.0843 €/kWh for flat glass manufacturers in the EU.

For the steel industry, according to [63], in Germany and Austria the prices of electricity are between
0.060-0.065 €/kWh, including any electricity self-generation within the site, while in Italy the cost per
reaches 0.110 €/kWh. The authors claim, that an average plant requires approximately 1600 GWh of
electricity, only 10% of which (160 GWh) are purchased from the grid. Taking also into account the prices
reported in [64] for similar customers, a price of 0.065 €/kWh was used in the steel mill.

For the refinery, data from the large consumers category described in [64] was used and the cost of
electricity for these companies was set at 0.050 €/kWh.

Based on the questionnaires collected from logistic centres in Athens, Greece, a warehouse has an
electricity cost less than 0.07 €/kWh and an electricity consumption of 550-950 MWh/year.
Acknowledging the fact that electricity prices in Europe are higher as shown in [64], a more representative
average of 0.072 €/kWh was chosen based on this annual consumption as well as the projected



consumption of the electrolyser, that would significantly change the customer profile of an otherwise
smaller consumer. Storage

The low pressure storage units were assumed to be in place for most of the cases, to assume that
operations resume as normal in case of an electrolyser breakdown or during the required maintenance.
This storage tank is a low pressure tank where the hydrogen is kept at 50 bar, and has a cost of 400 €/kg
[early business cases].

Dispensing

The dispensing process includes the compression of the stored hydrogen (from 50 bar), to the banks of
the cascade storage, and the filling of the on board tanks through the dispenser. This process is the same
for all the scenarios and cases.

The high, medium and low pressure tanks of the cascade storage system contain hydrogen at pressures
of 480, 320 and 140 bar respectively. The cascade storage is used to dispense hydrogen to the on board
hydrogen tanks of forklifts and vans/trucks at 350 bar, usually without further compression in between
using only the pressure difference between cascade and on board storage. The cylinders are utilized in
ascending order of pressure (low, to medium, to high). Because the refuelling in this system is always for
350 bar on-board storage, there is no need for precooling the hydrogen prior to refuelling.

Capital costs

The costs of the cascade storage can reach up to 1000 €/kg according to [h2a], because of the higher
pressures it is designed for. It was assumed that the compressors used in the dispensing process were
different from the ones used in conditioning, only in size and therefore the equation 34 34343434was
used to calculate their cost as well.

A dispenser is also needed, and its cost was estimated at €100,000 for every 400 kg/day [58]. The
dispenser is placed indoors and covers no more than 8 m? per unit, including a zone around the dispenser
that can’t be used, for safety reasons and to enable the flow of forklifts when refuelling [65].

Operational costs

Again, the power of the compressors was calculated first, using equations 35 and 36 and setting the
variables according to the following:

Pcompressorl-n = 50 bar (41)
480
Pcompressorout =1320 bar (42)
140
. m d
Mcompressor = % (43)

European Emissions Trading System (ETS)

The intent behind hydrogen production using electrolysis, is the decreasing of the emissions associated
with its usage that derive from the methane used as feedstock in SMR. However, as shown above, the
emissions associated with every kWh of electricity on average in the European Union, result in electrolyser
that produce hydrogen that is less environmentally friendly that its SMR counterpart. For this reason, in
this study the purchase of Guarantees of Origin (GoO or GOs) were taken under consideration for the
production of hydrogen through electrolysis in the cases of on-site and semi-centralised production. These
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GoO according to EU legislation, prove that one MWh of electricity was produced using renewable energy
sources [66]. Data from [67] was used to assess the added cost to the electricity prices from the GOs. An
extra 0.30 €/MWh was considered for the purchase of green electricity.

A share of the hydrogen produced by grid electricity, is renewable. To determine this share, the average
share of electricity from renewable energy sources in the country of the hydrogen production or the
European Union might be used, according to the Renewables Energy Directive Il, article 25c. In either case,
an equivalent amount of GOs must be cancelled. In this study, because the model created was meant to
be generally applicable to most European countries, GOs for all the MWh of electricity used were assumed
to be purchased, even though it probably doesn’t help in further increasing the share of renewable
hydrogen produced. However, this helps conditioning the model to account for any electricity mix. And
because of the very low cost of those GOs, it is the author’s belief that it is safe to assume that the impact
on the economics is negligible.

However it should be made clear at this point, that the lower carbon footprint of the hydrogen cannot be
used for in calculations of the upstream emissions reduction from the refineries, as it is explicitly stated
in the Guidance Note [68].

The savings on emissions were calculated using data from [69], where the authors report that every
kilogram of SMR hydrogen releases 11,888 gcoa.

Sales of hydrogen

The supply of hydrogen in gaseous form was assumed to take place using tube trailers. The trailers used
currently, transport hydrogen at 200 bar with payloads of up to 368 kg. The authors of [54] report a price
of 200,000€ including the pressure valves and the chassis. The latter cost was used for the calculations, as
well as a capacity factor of 0.75, meaning that only 75% of the hydrogen carried is actually delivered, since
the tubes cannot be completely emptied. Therefore the effective payload used in the calculations was
312.8 kg of hydrogen delivered per tube trailer. The trailers are carried by a tractor which was assumed
to cost the same cost as a diesel truck, at €80,000.

The tube trailers are filled using a filling skid comprising mostly of compressors. The CAPEX of the filling
skid was calculated according to [54].

H, Flow rate\’®
CAPEX¢ijing skia = 550,000 (T>
Pressuregy\\ % 1
+300.000 (H2 Flow T'Clte>0.66 (Wure:l) (PressureOut)O-“ (44)
| >0 (@) 200
30

To calculate the operational and capital expenditures of the compressors of the skid, the equations
provided in Compressors were used.

The trucks were assumed to travel from the filling site to the client, unload and return. For the delivery
costs the fuel needed to transport the tube trailers was estimated using an average consumption of 30 L
/100 km for the tractors with a diesel price of 1.20 €/L. The labour costs for every delivery comprise of the
time it takes to travel at an average speed of 15 km/h to the destination, empty the hydrogen to the
client’s storage and return to the filling site. The trip time obviously depends on the distance of the client
from the filling site, but the filling, loading/unloading of the trailer requires a fixed amount of time which
was assumed to be 1.5 hours. The time required to fill the hydrogen tubes is not accounted for in the
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labour costs of the deliver, as it was taken under consideration in the operational expenditures of the
filling site.

Logistics of hydrogen delivery
To assess the number of tube trailers and tractors needed, the following equation was used:

t:D-
T:Zl L~

e (45)

where:

e t;=the total time required for the tractor to load the tube trailer, drive to the destination, unload
the hydrogen and drive back for every client per delivery.

e D, = Daily deliveries to the client.

e T= the number of trucks (tube trailer + tractor) needed. This number is then round up to the
closest integer to get the minimum amount of trucks needed.

To calculate trucks needed, the worst case scenario was considered, where all the clients require delivery
in the same day. A hydrogen supplier might be able to overcome this “delivery overloading” by planning
the schedule of the trucks, factoring in the amount of storage a client might own; this, however, falls out
of the scope of the current study. As seen in equation 45 the total time needed is divided by 16, as it was
assumed that the trucks would run on two 8-hour shifts.

Additional labour was assumed to be required for the filling site. One operator for every shift was included
in the calculations. Given the filling skid’s and tube trailer’s assumed design, a 3 hour filling time was used.
The filling site operates for 16 hours every day and 2 trucks with tube trailers are needed to facilitate the
necessary deliveries.

5 Results

5.1 Introduction

In chapter 5 the results of for every scenario and type of company are presented. For every case, the
values for the capital and operational expenses are first shown, followed by a breakdown of the hydrogen
cost per kilogram. Then the evaluation of the net present value of each investment is analysed and
compared with the other scenarios.
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5.2 Base case scenario
5.2.1 Refinery

Capital Costs
For the base case of the refinery the capital costs for the purchasing and installing the steam reformer are

presented in Table 5-1.

Table 5-1: Capital costs of the refinery for the base case scenario (SMR)

Cost | Per unit Total
Reformer cost €4230/kgn./day € 13,536,000
Installation 12% of equipment costs €1,624,320
Non-equipment 20 % of equipment costs € 2,707,200
Total €17,867,520
CAPEX Breakdown

m Reformer

m Installation
costs

= Non
equipment
costs

Figure 5-1: Upfront capital costs breakdown for the refinery — base case

The major part of the cost stems from the cost of the SMR equipment with the installation and other non-
equipment costs contributing only to a minor extent.

In the case of the SMR, no major repaires/replacements are taken into consideration, like in the case of
the electrolysers (that have degrading stacks). The annual maintenance cots (see Table 5-2) includes any
necessary repairs that might come up

Operational costs

The operational costs consist of the costs associated with feedstock of the SMR (eg. natural gas for
feedstock), its maintenance as well as the costs of the emissions from the hydrogen production from
participating in the Emissions Trading System (ETS). The annual OPEX is presented in table.




Table 5-2: Annual operational costs of the refinery for the base case scenario (SMR)

Annual operational costs (€)

Production costs 1.5€/kg €1,752,000
SMR maintenance 5 % of CAPEX € 338,400
ETS 5.56 € per tonne CO; €77,202

Total € 2,167,602

m Feedstock
costs

mETS

= SMR
Maintenance

Figure 5-2: Refinery base case OPEX breakdown

The feedstock cost for the H, production is the major operational expense at 1.5 €/kg. Maintenance of
the reformer is a significant part of the costs at 16%, while the cost for the Emissions Trading System is
only a fraction of the total cost, at 3%.

Total hydrogen cost per kg
Total cost of hydrogen in the case of SMR production amounts to 2.62 €/kg. The breakdown of costs is

presented in Figure 5-3 below:
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As expected most of the costs of hydrogen derive from the feedstock costs (natural gas), and the reformer

cost.

SMR Hydrogen Cost Breakdown

€2.62

0.29

5.2.2 Glass and steel plants

Capital Costs

The capital costs for the glass and steel plants in the base case scenario are the result of the hydrogen
storage and its relevant costs (installation and non-equipment costs). As previously explained, in the base
case there is no compressor between the truck that delivers the hydrogen and the site storage; hydrogen
transfer is a result of the pressure difference and therefore compression costs do not burden the base
case scenario. The storage is sized to cover the day to day needs at 400 kg, and 1400 kgu, for the glass

and steel plants and no backup hydrogen storage is considered.

SMR Maintenance
M ETS
B Feedstock costs

Non equipment costs
H Installation costs

m Reformer

Figure 5-3: Refinery Base case (SMR) H2 cost breakdown

Table 5-3 presents the results for the base case scenario of glass and steel plants.

Table 5-3: Capital costs of the glass and steel for the base case scenario (Delivered H2)

Cost | Per unit | Glass Steel
Storage cost €400/kgn; stored € 160,000 € 560,000
Installation 12% of equipment costs €19,200 €67,200
Non-equipment 20 % of equipment costs € 64,000 € 224,000
Total € 243,200 € 851,200
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m Storage

® |nstallation

= Non equipment costs

Figure 5-4: Upfront capital costs breakdown for the glass and steel industries — base case

The breakdown of the capital costs is exctly the same for both the glass and steel industries in the base
case; the components are exactly the same, different only in size and no economies of scale effect applies
to them.

Operational costs:

Using the average price of delivered hydrogen, daily and annual costs for hydrogen supply were calculated
and presented in Table 5-4. It is reminded that these values represent the costs “at the gate”, before any
conditioning and storage of the hydrogen.

Table 5-4: Annaul operational costs of the glass and steel industries for the base case scenario

Annual operation costs (€/year)

Glass Steel

Storage Maintenance 1,600 5,600
Cost of H, delivered 721,331 3,248,044
Total 722,931 2,787,612

The operational costs are almost completely comprised of the cost of the hydrogen purchasing from the
third party vendor.

Total hydrogen cost per kg

Total cost of hydrogen per kg in the case of delivery for glass and steel plants amounts to 6.71 €/kg and
8.57 €/kg, with the major cost being the purchasing cost of hydrogen from the third party vendor.
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5.2.3 Forklifts
Capital costs

For the base case scenario of forklifts, the capital costs consist of the the first power units for the lifts —in
this case, batteries — along with the chagring and changing equipment necessary.

Table 5-5: Upfront capital costs for the base case scenario of forklifts — 50 battery electric Class I forklifts

Per unit (€) Units needed Total CAPEX for (€)
Battery 5,000 150 750,000
Chargers 2,500 50 125,000
Changing equipment 8,100 4 32,400
Instal!atlon costcs 21288
(excluding batteries)
Battery room 356 €/lift | 1 17,800
Non-equipment costs 40% of equipment cost 370,080
Total 1,316,304
Per lift 26,326

As seen in the table above the capital costs are dominated by the costs of the batteries, representing 68%
of the total costs. These are only the upfront battery costs, not including the purchasing of further
batteries as replacements that are included in the OPEX analysis below, as they take place further down
the life of the project.

74



m Batteries

m Chargers

m Changing
equipment

m Battery room
2% cost
1%
2%

m Installation costs

= Non equipment
costs

Figure 5-5: Upfront capital costs breakdown for the forklifts fleet — base case

Operational costs

The operational costs only consist of the charging of the batteries, the regular maintenance and the labour
costs associated with their changing throughout the day. Also, their replacement costs are included as
cash outflows, every five years.

Table 5-6: Annual operational expenses of the forklift fleet for the base case (battery electric)

Annual operational costs (€)

Cost per unit Total
Battery maintenance 1,620 €/year/battery €243,000
Electricity cons.umption 0.070 €/kWh £€130,536
(battery charging only)
Labour (battery changing) 17.57 €/hour €228,600
Total € 602,136
Per lift €12,042
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Figure 5-6: Operational costs of the forklifts breakdown for the base case scenario

Infrastructure replacement costs

Infrastructure replacement costs occur every 5 for the batteries and every 10 years for the chargers. No
components of the bare forklifts or the changing equipment were taken into account.

Table 5-7: Replacement costs for the battery electric forklift case

Replacement costs

Period (years) Cost for every Total over
replacement investment’s lifetime
Batteries 5 €750,000 €1,500,000
Chargers 10 €25,000 €125,000
Total - €1,625,000
Per lift - €32,500

These costs however must be discounted to their present value since they take place over a rather long

period of time to be correctly evaluated. This is discount is included in the net present value calculations,
presented later on.
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5.2.4 Vans and trucks

Capital costs

The transportation company’s capital cost for the base case, includes the costs of acquiring the vehicles
without any further equipment, since the refuelling is not done on-site, but rather in a conventional fuel
station. Any other capital costs, are thought to be common between fuel cell and internal combustion
vehicles, and therefore not considered. The costs for purchasing the ICE vehicles are presented in Table
5-8.

Table 5-8: Capital costs, base case scenario for vans and trucks

Per unit (€) Vehicles Total CAPEX (€)
Vans 34,000 50 1,700,00
Trucks 80,000 50 4,000,000
Total 5,700,000

Of course the most expensive part of the capital costs is the purchase of the heavy trucks with more than
double the capital costs of the vans.

m Vans

® Trucks

Figure 5-7: Upfront capital costs breakdown for the vans and trucks fleet — base case:

Operational Costs
To calculate the operational costs for vans and trucks, the maintenance costs were taken into account and
of course the fuel costs for the 100 km and 250 km per day trips of the vans and trucks, respectively.

77



Table 5-9: Annual diesel costs for vans and truck

Diesel Consumption

L/100km Total Cost (€/year/fleet)
Vans 10 204,000
Truck 36 1,836,000
Total 2,040,000

Table 5-10: Annual maintenance costs for diesel vans and trucks

\ Maintenance

\ Cost (€/km) Total Cost (€/year/fleet)
Vans 0.06 102,000
Trucks 0.09 382,500
Total 484,500

Fuel costs contribute the most in the operational expenses and specifically the costs to refuel the trucks.
As shown in Figure 5-8, 73% of the annual expenses are just for the refuelling of the trucks.

Maintenance ™ Trucks

o Vans

Fuel Costs ™ Trucks

= Vans

Figure 5-8: Operational costs of the vans and trucks breakdown for the base case scenario

Infrastructure replacement costs

It was assumed that the vehicles are replaced every 10 years and therefore only one replacement for both
types occurs during the analysed period. The replacements costs are at 100% of the original CAPEX since
no cost reduction were assumed in the following years for the already technologically mature internal
combustion vehicles.
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Replacement costs (€)

Table 5-11: Replacement costs for the diesel trucks and vans case

Period (years) Cost for every Total over

replacement investment’s lifetime
Vans 10 1,700,000 1,700,000
Trucks 10 4,000,000 4,000,000
Total 5,700,000

5.3 On-site production scenario

5.3.1 Refinery
Capital Costs

For the refinery costs, in the on-site scenario, are distinguished between ALK and PEM scenarios.

Table 5-12: Upfront capital expenses of the refinery for the on-site scenarios

Capital cost for refinery (€)

PEM ALK

Installed Capacity (MW) 10.67 9.07

Electrolvser € per kW 1,247 826
y Total 13,301,749 7,487,501

Storage Compressor 0 651,046

Storage Tank 384,000 1,200,000
Installation 1,642,290 1,022,706
Non-equipment 5,474,299 3,409,018
Total 20,802,339 12,954,271
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The values of Table 5-12, show significantly increased costs of the PEM technology electrolyser, with about
60% additional costs over the ALK case. However, the contribution to the costs is rather similar in both
cases, evident from the charts of Figure 5-9.

On-site PEM CAPEX On-site ALK CAPEX
m Electrolyser

m Storage
Compressor

m Storage

|

m |nstallation

Figure 5-9: Upfront capital costs breakdown for refinery: PEM and ALK electrolysers

The PEM electrolyser has higher capital costs due to the higher specific cost (€/kW), as it is an inherently
more expensive technology and it is still in early commercial stages. The big advantage of PEM electrolysis,
electrochemical pressurisation of the produced hydrogen, resulting in greater output pressure and
reducing the need for mechanical compression, apparently is not enough to offset the high capital costs.

Operational Costs
The operational costs consist mainly of the electricity costs, used by the compressor and the electrolyser
and also of the maintenance costs of these components and the labour costs involved in their operation.

Table 5-13: Annual operational expenses of the oil refinery for the on-site production scenarios

PEM ALK

Compressor 0 38,664

Maintenance Electrolyser 665,087 372,501

Storage 3,840 12,000

Electricity Storage Compressor 0 164,265
Electrolyser 3,525,024 2,982,713

Labour 99,763 99,763
Total 4,359,739 4,212,217
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Overall, the operational costs of the PEM electrolyser are only slightly higher than the equivalent costs of
an ALK electrolyser, unlike the massive difference in capital costs. These cost lead to a cost of 4.61 €/kg

for the PEM electrolyser and 3.63 €/kg for the ALK.
ALK

Figure 5-10: Operational costs of the refinery breakdown for the on-site scenarios

PEM OPEX

L

= Maintenance

m Electricity

= Labour

Replacement costs
The electrolyser stacks needs replacement after 10 years and they were assumed to cost 30% of the

original CAPEX of the electrolyser.

Therefore in year 10, an additional cash outflow occurs, that has to be considered in the calculation of the

discounted costs of the investment.

Table 5-14: Refinery’s replacement costs of electrolysers for on-site scenarios

Replacement costs

Period (years) Cost for every
replacement (€)
PEM 3,990,525
Electrolyser stacks 10 ALK 2,246,250
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Hydrogen cost breakdown

To better understand these costs, the produced hydrogen cost is broken down to its basic components. It
can be seen in Figure 5-11 that electricity in both cases is the most important factor to the final cost.

€5.00 461

€4.50

€4.00 M Labour

013
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B Storage - Maintenance
€3.50 Electrolyser - Maintenance
013 ¥
€3.00 0.32 Compressor - Maintenance
M Electrolyser - Electricity
€2.50
W Storage Compressor
€2.00 = Non equipment costs
H Installation
€1.50
W Storage
€1.00 B Storage Compressor
M Electrolyser
€0.50
€ -
PEM ALK

Figure 5-11: Hydrogen cost breakdown per kilo of PEM and ALK
for on-site production in the model’s refinery

The hydrogen costs are mainly driven up by the electricity required by the electrolyser, making the PEM
hydrogen significantly more expensive, because of the PEM’s lower efficiency. These results also state the
importance of efficiency, since these electrolysers are fed with low-cost electricity and still from the
electric energy consumed alone the costs are almost double than the equivalent SMR.

Comparison with the base case scenario

Comparing the on-site production by electrolysis to the base case scenario, shows that the marginal cost
of P2H hydrogen, is 1.5-2 times more expensive than methane hydrogen and therefore the only major
cost factor that needs to be reduced, is the price of electricity.

The present value of the costs of the different investments for the P2H cases, show the same trend, with
the investment in PEM electrolyser essentially a loss of more than 50 million.
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Table 5-15: Net Present Values of investing in PEM or ALK electrolysers - refinery

Net Present Values of costs in € (millions)

Discount rate: 5.00% \ Base Case PEM
NPV 44.8 77.3 59.5
Cost difference from base case - +72.33% +32.52%

The savings from ETS (Emissions Trading System) calculated above were obviously not enough to mediate
the very high costs of production, especially the electricity costs from the electrolysers operation.
5.3.2 Glass and steel

Capital Costs
Glass and steel industries follow the cost structure of the refinery. The costs of the two investment options
for each type of company are shown in tables Table 5-16 Table 5-17.

Table 5-16: Steel industry’s electrolyser costs (for ALK & PEM)

Capital cost for steel (€)

PEM ALK
Installed Capacity (MW) 3.50 2.98
Electrolvser € per kW 1,356 956
y Total 4,745,097 2,843,969
Storage Compressor 0 312,031
Storage Tank 1,120,000 1,120,000
Installation 703,812 513,120
Non-equipment costs 2,346,039 1,710,400
Total 8,914,948 6,499,519

Table 5-17: Glass industry’s electrolyser costs (for ALK & PEM)

Capital cost for glass (€)

PEM ALK

Installed Capacity (MW) 1.00 0.96

Electrolvser € per kW 1,489 1,168
¥ Total 1,489,300 985,891
Storage Compressor 0 136,494
Storage Tank 320,000 320,000
Installation 217,116 173,086
Non-equipment costs 723,720 576,954

Total 2,750,136 2,192,425
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As with the refinery, the PEM option requires higher capital costs in both steel and glass manufacturing.
In fact investment in PEM electrolysers costs about 25% more than ALK in upfront capital for the glass
industry and 37% more for the steel industry. Considering also the 60% difference between PEM and ALK
in the refinery case, it can be concluded that the gap between the two electrolyzing technologies becomes
larger as the daily production increases.

PEM CAPEX ALK CAPEX

® Electrolyser

= Storage
Compressor

m Storage CAPEX
Installation

= Non equipment

costs

Figure 5-12: Glass - Cost breakdown of upfront capital costs for on-site scenarios
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Figure 5-13: Steel - Cost breakdown of upfront capital costs for on-site scenarios

Operational costs

The operational costs consist of the electricity costs for the compressor and electrolyser operation and

the maintenance for these components and labour involved in their operation.

Table 5-18: Glass plant’s annual OPEX per category and electrolyser type

Annual operation expenses (€/year)

PEM ALK
Compressor 0 6,825
Maintenance Electrolyser 74,465 49,295
Storage 3,200 3,200
Electricity Compressor 0 10,881
Electrolyser 555,822 469,182
Total 633,487 626,022
Table 5-19: Steel plant’s annual OPEX per category and electrolyser type
Annual operation expenses (€/year)
PEM ALK
Compressor 0 15,620
Maintenance Electrolyser 237,255 142,198
Storage 11,200 11,200
Electricity Compressor 0 33,608
Electrolyser 1,501,574 1,276,337
Total 1,750,028 1,704,181
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Again, the ALK electrolyser proves to be more economical, although the cost differences are minor
between the two. The lower electricity costs from the improved efficiency of the ALK are almost
diminished from the added costs of compression.

Hydrogen cost breakdown

Figure 5-14 and Figure 5-15 present the hydrogen cost breakdown for glass and steel companies and show
the same trend as in the case of the refinery, where the electricity demand of the electrolyser is the main
contributor to the cost of hydrogen.
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Figure 5-14: Glass - hydrogen cost breakdown per kg
for on-site scenarios
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Figure 5-15: Steel - hydrogen cost breakdown per kg
for on-site scenarios

Comparison with the base case scenario

When comparing the hydrogen cost per kg for the three scenarios so far, on first sight the on-site
production seems to be a good investment for both industries, especially for the ALK type electrolysers.
The costs/kg are greatly reduced in the case of the steel industry, however to accurately compare, the
discounted cash flows for lifetime of the projects must be taken into account
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Figure 5-16: Hydrogen cost per kg comparison - base case and on-site scenarios

Tables Table 5-20 Table 5-21 below present the net present value of all costs throughout the 20 years of
the projects, taking into account the replacements of the stacks of the electrolysers in Year 10.

Table 5-20: Net Present Values of investing in PEM or ALK electrolysers - glass

Net Present Values of costs in € (millions)

Discount rate: 5.00% Base Case PEM
NPV €9.2 11.0 1.2
Cost difference from base case - +20% +11%

Table 5-21: Net Present Values of investing in PEM or ALK electrolysers - steel

Net Present Values of costs in € (millions)

Discount rate: 5.00% \ Base Case PEM
NPV 41.3 32.0 28.5
Cost difference from base case - -23% -31%
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Glass manufacturers (or in fact any industry) with hydrogen demands close to 300 kg/day, will not in fact
have financial benefits from installing an electrolyser on their site, however the cost in the case of the
ALK electrolyser, is not prohibiting, especially if some costs reductions in electricity or non-equipment
costs are made. For larger demands however, like the case of the systems steel manufacturer, the benefits
of installing electrolysis units are obvious with a reduction in costs of up to 31% over 10 years.

5.3.1 Forklifts

Capital Costs

The costs of hydrogen production (electrolyser, compression) and dispensing needs (cascade compressor,
cascade storage, dispenser) as well as the purchase of the fuel cell stacks for the forklifts were calculated
based on the fleet size and its energy needs. The upfront capital costs, are presented in table Table 5-22.

Table 5-22: Capital cost for the forklift fleet, on-site production scenario

Upfront capital costs — forklifts (€)

PEM ALK
Installed Capacity (MW) 0.90 0.77
Fuel cell modules 1,400,000
Electrolyser € per kW 1,501 1,186
Total 1,351,004 907,573
Compressor Low pressure 112,938 151,230
Cascade 234,898 382,555
Storage Low pressure 288,000
Cascade 21,600
Dispenser 90,000
Installation 251,813 198,601
Non-equipment costs 839,376 662,004
Total 4,628,911 4,183,638
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The upfront capital costs are greatly increased in the case of both PEM and ALK scenarios due to the cost
of the electrolysers and the fuel cell modules for the forklifts, resulting in 3.5 and 3 times higher upfront

costs compared to the base case.
ALK
0

Figure 5-17: Cost breakdown of upfront capital costs of the forklifts for on-site scenarios

PEM

m Fuel cell modules

m Electrolyser

|

m Compressor

m Storage

= Dispenser

= Non equipment
costs

As shown in Figure 5-17 the non-equipment costs and installation costs are also an important factor,
besides the obvious costs of equipment (electrolyser and fuel cells)

Operational costs

The operational costs in the cases of on-site production as with the glass and steel examples, consist
mainly of the electricity cost for the hydrogen production, with the maintenance of the fuel cell module
coming second.

Table 5-23: Annual operational expenses of forklift fleet for the on-site production scenarios

Annual operational costs (€)

PEM ALK
FC modules 100,000
Maintenance | COMPressors 18,684 20,599
(both)
Electrolyser 67,550 45,379
Compressors
6,911 12,632
Electricity (both)
Electrolyser 272,160 231,336
Labour (refuelling) 76,200
Total 541,506 486,145
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Figure 5-18: Operational costs of the forklifts breakdown for the on-site scenarios

Hydrogen cost breakdown

The hydrogen cost presented in Figure 5-19 was calculated using only the upfront capital and annual
operational costs associated with the production of the hydrogen, and as such, does not include the costs
of the fuel cell modules for the forklifts, or future replacement costs for fuel cells or electrolysers.

91



6.34
B Non equipment costs

—
7.0€
B Dispenser
50€
Installation costs
40€ m Storage
B Compressor
3.0¢€ M Electrolyser
4.31 B Maintenance
20€ 3.76
M Electricity
1.0€
0.0€
PEM ALK

Figure 5-19: Hydrogen cost per kg breakdown for on-site scenarios for forklifts

Comparison with the base case

In Table 5-24 the net present values of all the costs are presented for the forklifts fleet for the base case
and on-site production scenarios. All the cash flows during the 20 year lifetime of the project are
considered in these calculations.

Table 5-24: Comparison with the base case scenario - Forklifts

Net Present Values of costs in € (millions)

Discount rate: 5.00% \ Base Case PEM
NPV 13.0 12.6 11.1
Cost difference from base case - -2% -13%

As shown above, both P2H scenarios result in overall cost reductions for the logistics company, with the
ALK scenario reaching 15% saving over 20 years.
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Figure 5-20: Net present values of all cash flows over 20 years for forklift scenarios

5.3.2 Vans and trucks

Capital costs
The transportation company’s capital cost for the on-site scenarios case, includes the costs of acquiring

the fuel cell vehicles as well as hydrogen production, storage and dispensing equipment, since the
refuelling is done on-site. The costs for purchasing the FCEVs and related equipment are presented in
Table 5-8.

The costs for acquiring a fleet of identical carrying capacity triples from the base case scenario, as no
external government funding is considered.

Table 5-25: Capital costs for both on-site scenarios for vans and trucks

Upfront capital costs — vans and trucks (€)

2\ AVH ¢
Installed Capacity (MW) 0.90 0.77
Vans 5,100,000
Trucks 12,000,000
Electrolyser € per kW 1,353 951
Total 4,884,969 3,347,761
Compressor Low pressure 282,571 378,376
Cascade 587,714
Storage Low pressure 198,588
Cascade 60,000
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Dispenser(s) 270,000
Installation 754,061 581,093
Non-equipment costs 2,513,537 1,936,976
Total 26,651,439 24,460,508

= Vans

® Trucks

= Electrolyser

m Storage

m Compressor

Figure 5-21: Upfront capital costs breakdown for the vans and trucks fleet — on-site production scenarios

Infrastructure replacement costs

It was assumed that the vehicles are replaced after 10 years and therefore only one replacement for both
types occurs during the analysed period. The replacements costs for the vehicles are at 50% of their
original value, as it is expected that the costs will be brought down by that time. For the electrolysers, the
same assumptions made for the other industries are used.

Table 5-26: Replacement costs for the diesel trucks and vans case

Replacement costs (€)
PEM ALK
Vehicles 8,550,000
Electrolyser 1,465,491 ] 1,004,328

Operational Costs
To calculate the operational costs for vans and trucks, the maintenance costs were taken into account and

of course the fuel costs for the 100 km and 250 km per day trips of the vans and trucks, respectively.

Table 5-27: Annual operational costs of the vans and trucks for the on-site scenarios

Annual operational costs (€)

PEM ALK

Maintenance Vans and Trucks 161,500
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Compressors (both) 244,248 167,388
Electrolyser 67,550 45,379
Storage (both) 2,586
Electricit Compressors (both) 49,018 81,537
y Electrolyser 1,547,238 1,315,152
Labour (refuelling) 76,200
Total 2,048,104 | 1,776,468

The electrolyser electricity costs overshadow every other cost as has been the case with the other
businesses. Overall the difference between the two electrolysis technologies is not that significant for the
case of a van/truck fleet.

Hydrogen cost breakdown
The hydrogen costs presented in Figure 5-22 display the importance of the electricity costs once more to

the viability of on-site hydrogen production scenarios.

8

7.57 €
0.20
| [T
6.26 € B Replacement costs
0.66
6 =
m Other
s 0.45
1.30 0.45
Electrolyser
w4 maintenance
S~
™)
3 Electrolyser
2 .
Non equipment
costs
1
® Electrolyser
0 electricity

On-site PEM On-site ALK

Figure 5-22: Hydrogen cost per kg breakdown for on-site scenarios for vans and trucks

5.4  Semi-centralised scenario
5.4.1 Refinery

Capital Costs
Using the data and assumptions noted in Electrolysers, Compressors and Sales of hydrogen, the following

CAPEX was calculated. The capital expenditure for the production of the hydrogen is not identical to the
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on-site production case; the electrolyser needs to be increased in size to accommodate the additional
needs by the system other industries.

For the semi-centralised scenario only an alkaline electrolyser was considered, as it is the one that can
provide lower costs. In addition in such large facility with continuous operation the advantages of the PEM
electrolyser would not be as significant as in smaller plants.

Table 5-28: Upfront capital costs of the refinery (for the production part) for the semi-centralised
production case

Capital cost for refinery (€)

Semi-central (ALK)

Installed Capacity (MW) 10.67
Electrolyser € per kw €736
Total 11,960,390
Storage Compressor 957,052
Storage Tank 384,000
Installation 1,596,173
Non-equipment costs 5,959,046
Total 20,856,661

m Electrolyser

m Compressor

m Storage

m |nstallation

= Non equipment costs
2%

Figure 5-23: Upfront capital cost breakdown of hydrogen production for the semi-centralised scenario

As with all the other P2H scenarios the electrolyser is the most expensive part of the capital costs.

The filling site was assumed to have a capacity of 5 tube trailers per day, which corresponds to a 90 kg/h
filling site. The storage is sized for 2 days of additional backup; that means operations can continue
normally for 2 days even if the electrolyser is down due to maintenance or unexpected breakdown. One
truck and one tube trailer was assumed.
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Table 5-29: Capital costs required for H sales (filling skid, tube trailers, storage)

Filling site and delivery vehicle capital costs

Cost (million €)

Storage 1,833,041
Filling skid 1,279,672
Tube trailer and trucks 280,000
Installation and non-equipment 373,526
costs
Total 3,766,239
2%

® Truck cost
” ® Trailer cost

= Filling skid
m Storage

m Installation and non
equipment

Figure 5-24: Upfront capital cost breakdown the filling site for the semi-centralised scenario

The storage tanks of the filling site are the most important cost factor, as they need to accommodate for
the daily needs of all the clients in the system as well as 2 day backup in this scenario.

As described in Chapter 4, the trucks and vans from the logistics company of the system will refuel at an
Hydrogen Refuelling Station (HRS), that is built and operated by the refinery, in its grounds. The station
has a capacity of 1,084 kg of hydrogen per day, assuming that 30% of the vehicles refuel during a 1 hour
peak during the day. The capital costs of that station are presented below:

Upfront capital costs of the HRS (€)

Cascade Compressor 1,074,084

Cascade storage 240,000
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Dispensers

360,000

Installation costs 200,890
Non equipment costs 1,167,058
Pipeline 223,796
Storage 1,019,765
Total HRS CAPEX 4,285,592

In the case of the HRS the cascade compressor is the major cost component, because of the need to
provide not only high pressures (350 bar) but high flowrates, to accommodate for the rush hour demand.

Operational costs:

The operational costs structure remains the same with the decentralised case for the hydrogen production
part of the investment, in terms of hydrogen production. Also, the annual operating expense of the filling

site and the HRs were calculated and presented below.

The annual operational costs breakdown of the filling site, are presented in the following table:

Table 5-30: Annual operational expenses of hydrogen production for the semi-centralised scenario

Annual expenses in €

PEM
Compressor 47,852
Maintenance Electrolyser 598,019
Storage 3,840
Electricit Storage Compressor 123,713
4 Electrolyser 5,371,539
Labour 146,304
Total 6,291,268

Table 5-31: Annual Operational costs of H: filling skid

Annual expenses in €

Maintenance Filling skid

47,852

98



Storage 3,840

Electricity Filling skid 28,474
Labour 120,523
Total 231,311

As shown in Figure 5-25 foth filling site the most important factor in OPEX is the cost of labour, even
though the filling site only operates for 13 hours every day, or 1.6, 8-hour shifts.

= Maintenance
m Electricity

= Labour

Figure 5-25: Operational cost breakdown of the filling site for the semi-centralised scenario

The HRS has as total of annual expenses of 121,000 €, almost equally distributed to electricity and
maintenance costs of the storage and compressor.

Hydrogen cost breakdown

For the production cost of hydrogen the cost structure of the semi-centralised scenario, resembles the
on-site scenarios. Figure 5-26, shows the contribution of each cost to the final cost of hydrogen per kg.
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Figure 5-26: Hydrogen cost per kg breakdown for on-site scenarios for forklifts

As it was expected the cost is slightly lower than the corresponding alkaline electrolyser from the on-site
scenario, due to the larger capacity of the electrolyser and the lower specific cost per MW.

The price of hydrogen for the glass and steel industries as well as the forklifts, that receive deliveries of
from the refinery, is 7.41 €/kg. The price of hydrogen at the pump of the HRS, for the vans and trucks, is
6.6 €/kg; significantly lower, as it is not burdened with any delivery costs. These prices include
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Figure 5-27: Hydrogen cost per kg breakdown for tube trailer delivery and at the pump of the HRS - semi-
centralised scenario

Comparison with the base case and on-site scenario

As with the on-site production scenario, in the semi-centralised production the refinery are able to save
on ETS allowances for carbon emissions. In addition, the earnings from the hydrogen delivery and sales
from the HRS, provide additional income. All of the cash flows, including any additional future expenses
like infrastructure replacements (eg. Electrolyser stacks) and revenues, are discounted to the present day,
and the results are presented in Table 5-32:

Table 5-32: Net Present Values comparison for the refinery for every hydrogen production system

Net present values of all costs in millions €
Semi-central (including

Base Case On-site
revenues from sales )
SMR PEM ALK ALK
NPV 44.9 77.3 59.5 38.9
Difference from base case - 723 % 32.5% -13.3%
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Table 5-32 shows that due to the sales of hydrogen in the semi-centralised scenario, the investment in
P2H not only comes does not come at a cost to the refinery, in fact it produces a small income, and it is
the best way for a refinery to adopt green hydrogen in its production and reduce its emissions.

5.4.2 Glass and steel industries
As shown in Chapter 4, there is no new investment in infrastructure for the glass and steel manufacturers.
The upfront capital cost are exactly the same with base case scenario.

Comparison with the base case and on-site scenario
To compare with the other cases, the NPV values of the two cases are compared in Table 5-33 and Table
5-34:

Table 5-33: Net Present Values comparison for the glass plant for every hydrogen production system

d e prese d e O O O
Base Case 0 e e entra
NPV 9.52 11.07 10.27 10.37
Difference from base case - 20% 11% 12%

Table 5-34: Net Present Values comparison for the steel plant for every hydrogen production system

Base Case Semi-central

NPV 41.4 32.08 28.55 36.32

Difference from base
case

- -23 % -31% -12 %

For the glass industry, no green hydrogen scenarios prove to be profitable, however the in site scenarios
show encouraging results, with the case of the ALK adding only 11 % to the total costs. The semi-
centralised scenario, provides practically no additional costs to the ALK scenario.

The steel industry shows significant benefits from the installation of an electrolyser, especially from an
alkaline one. Thanks to the increased daily demand of the plant, the electrolysers are scaled up enough
to provide benefits, especially when the high hydrogen price of the base case scenario is considered as
well.

For the glass and steel industries —and generally businesses that normally buy hydrogen with tube trailer
delivery — the semi-centralised scenario, provides a risk free and worry free option; no infrastructure
installing and operating is required. These businesses would simply change hydrogen suppliers.
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Figure 5-28: Net present value of all costs for all refinery scenarios
(sales included in the semi-central scenario)

5.4.3 Forklifts

Capital costs:
Table 5-35_summarises the capital costs for the semi-centralised case for the forklifts and trucks/vans

fleets. Note that in the case of vans and trucks there is no refuelling infrastructure on the site of the
company; vehicles refuel at the refinery owned hydrogen station.

Table 5-35: Capital cost for the forklift fleet, semi-centralised scenario

‘ Forklifts

Specific cost
(per/kw)

Total cost -

Electrolyser

Compressor (storage) -

Cascade compressor 260,742
Storage (low pressure and cascade) 194,400
Dispenser 90,000
Non-equipment costs 218,056
Installation costs 65,417
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Forklifts (Fuel cell stacks only)
FC Vans/Trucks 1,400,00
Total CAPEX 2,228,616

Semi-centralised CAPEX

é

m Fuel cell modules
m Electrolyser

m Compressor

m Storage

m Dispenser

= Non equipment costs

Figure 5-29: Cost breakdown of upfront capital costs of the forklifts for the semi-centralised scenario

In this case the fuel cells for the forklifts are the basic upfront component, as there is no electrolyser. As
with the cases of the glass and steel industries, the upfront capital costs are significantly reduced. In the
case of the forklifts, this reduction amounts to almost 50%.

Operational Costs

In this case there is no electricity costs ramping up the annual operational expenses, however, the forklifts
operator must purchase hydrogen from the refinery. The overall annual expenses are about 40% higher
than the ALK on-site scenario.

Table 5-36: Annual operational expenses of forklift fleet for the semi-centralised scenarios

Warehouse (Forklifts) - Annual operation expenses (€/year)

Maintenance Fuel cell stacks 100,00
Cascade (both) 12,037

Electricity Compressor 5,518
H2 from producer cost 480,360
Labour (3 min refuel) 76,200
Total 675,115
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Figure 5-30: Operational costs of the forklifts breakdown for the on-site scenarios

Hydrogen cost breakdown

The cost of the hydrogen is driven almost exclusively from the price that the refinery can offer to the
logistics company, as the storage and dispensing only equipment add only a small amount to the final
cost.
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Figure 5-31: Hydrogen cost per kg breakdown for the semi-centralised scenario for forklifts

Comparison with base case and on-site scenario

The semi-centralised case results in lower costs than the base case, as with the on-site scenarios.
Specifically, the semi-centralised scenario is only 1% more expensive that the ALK on-site case. As a result
this hydrogen production configuration results in almost identically low costs as the ALK case, with the
added benefit of reduced upfront CAPEX.

Table 5-37: Net Present Values comparison for the forklifts for every hydrogen production system

Net present value of costs in € (millions)
Base Case On-site Semi-central

NPV 13.0 12.7 11.4 11.6

Difference from base
case

- -2% -12% -11%
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5.4.4 Vans and trucks

Capital costs
The transportation company’s capital cost for the semi-centralised scenario, resembles the base case; the
operator only purchases vehicles and no further equipment. The costs for purchasing the FCEVs Table

5-38.

Table 5-38: Capital costs of the semi-centralised scenario for vans and trucks

Upfront capital costs —
vans and trucks (€)

Semi-central
Installed Capacity (MW) 0.90
Vans 5,100,000
Trucks 12,000,000
Total 17,100,000

® Vans

® Trucks

Figure 5-32: Upfront capital costs breakdown for the vans and trucks fleet — semi-centralised scenario

As expected the cost allocation is identical to the base case, only this time the costs are 3x higher, due to
the greater cost of FCEVs.

Operational Costs
The operational costs are identical to the other P2H scenarios in terms of the vehicles. Only difference is

the lack of hydrogen infrastructure operation and maintenance.
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Annual operational costs (€)

Table 5-39: Annual operational costs of the vans and trucks for the semi-centralised and base case

Semi-central Base case
Maintenance Vans 34,000 102,000
Trucks 127,500 382,500
Vans 187,237 204,000

H2 cost
costs Trucks 2,242,354 1,836,000
Total 2,591,090 2,524,500

The overall annual costs for FCVEs are almost identical to the costs of diesel vehicles. The fuel cell vehicles
are have significantly reduced maintenance costs and their refuelling at 6.6 €/kg of hydrogen is, in total,
lower.

Infrastructure replacement costs
The vehicles are replace as in on-site scenarios; every 10 years, or once in the lifetime of the project. The
cost of the vehicles, was assumed, to have dropped by that time.

Table 5-40: Replacement costs for the diesel trucks and vans case

Replacement costs (€)

PEM

Vehicles 8,550,000

Hydrogen cost breakdown

The hydrogen costs presented in Figure 5-33 show that by refuelling in the HRS at the refinery, the
company operating the vehicle fleet can purchase hydrogen at a slightly higher price, compared to the
ALK on-site scenario.
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Figure 5-33: Hydrogen cost per kg breakdown for on-site scenarios for vans and trucks

Comparison with base case and on-site scenario
The semi-centralised case results in higher costs over 20 years than the base case. However, at 15%, the

additional expenses are not completely prohibiting, for converting a whole fleet to zero-emissions. It is
also reminded that the costs of purchasing the FCEVs at Year 1 is completely funded by the buyer and no

government incentives are included.

Table 5-41: Net Present Values comparison for the steel plant for every hydrogen production system

Net present value of costs in € (millions)
Base Case On-site Semi-central

NPV 42.6 61.7 55.7 49.0
Difference from base i 45% 31% 15%
case
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6 Sensitivity analysis

6.1 Introduction

In this chapter, the author investigates the effect of various economic considerations on the present value
of costs. First, the effect of the discount rate is investigated. Hydrogen and fuel cell technologies are
relatively new, which means that the discount rate, namely the investment risk, is subject to uncertainty.

Then, looking into each separate industry, the author identifies the biggest cost contributors and
investigates the effect of a variation of these contributors to the final present value of costs.

6.2 General Parameters

6.2.1 Discount rate

The discount rate greatly affects the NPV of any investment as it determines the time value of money. For
a discount rate of zero, the cash flows over the investment horizon will be worth the same in the NPV
calculations; €1 earned in year 10 would be the same as €1 earned in year 2. On the other hand, as the
discount rate increases, revenues (or expenses) in the future are valued less than cash flows taking place
today. Due to this effect, higher discount rates, will decrease the impact of OPEX in NPV calculations and
therefore, favour OPEX intense business cases. Taking into account that all of the scenarios in this analysis
were made for a rather large timeframe of 20 years, it was imperative to explore the impact of the
discount rate. It is also important to notice that the discount rate for the exact same investment might
differ between different companies as it lies upon the analyst to choose the rate that best reflects the
reality of the project.

Table 6-1: Discount rate sensitivity analysis

Parameter ‘ Range ‘
Default \ Minimum Maximum \ Reason
Discount Greatly affects the evaluation of an investment by
8% 5% 10% changing the importance of future cash flows in
rate )
the PV calculation
Refinery

For the on-site production cases (both PEM and ALK), an increase in the discount rate returns a significant
reduction in the Present Value (PV) of costs and its difference from the base case. This is due to the high
OPEX of the investment, that is discounted more when the rates are higher, resulting in lower PV cost.
The semi-centralised scenario behaves differently; the PV of the costs increases and finally overcomes the
base case scenario as the discount rate gets higher. This is caused by the decreased PV of future cash
inflows from the sales of hydrogen. As these values become less important with a discount rate increase,
they are not enough to balance the increased upfront costs.

Figure 6-1 shows the NPVs of the costs for the refinery, including the sales in the case of the semi-
centralised scenario, as the discount rate varies from 5% to 10%.
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Figure 6-1: Net Present Values of all costs (including sales for semi-central) compared to
the base case scenario - discount rate sensitivity for the refinery case

Below in Table 6-2, the internal rate or return (IRR) is shown for the different scenarios.

Table 6-2: Discount rates necessary to breakeven with the base case — refinery

Scenario \ IRR
On-site PEM -oo
On-site ALK 30.38%

Semi-centralised 10. 69%

The PV of costs of the on-site PEM scenario cannot, under any discount rate consideration, match the
base case scenario, while for the on-site ALK scenario hydrogen production would require a discount rate
of 30.38% or greater to match the costs of the SMR production. That of course is a non-realistic discount
rate, since in most analyses, even high rates do not exceed 15%. The semi-centralised case however is a
sensible option for discount rates up to 10.69%.

Glass and metallurgy industries

The behaviour of the glass and metallurgy industries to the discount rate changes, is opposite to the
refinery, as the expenses are allocated differently. Contrary to the refinery, the on-site production
scenarios, have a higher than the base case CAPEX investment, that significantly reduces the OPEX for the
next 20 years. As a result, an increase to the discount rate, diminishes this advantage by devaluing the
future cost reductions. This behaviour is shown in Figure 6-2 and Figure 6-3 below. The charts also show
a constant difference between base case and semi-centralised scenarios regardless of the discount rate.
This happens in these industries specifically, due to the similarity between the cost structures; both the
base case and semi-central models have identical CAPEX and the OPEX consists only of steady cash
outflows from the purchasing of the delivered hydrogen. Therefore, the discount rate affects both cases
in the same way, and the gap between them remains constant.
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Figure 6-2: Glass industry - PV of total costs and difference from the base case for different discount rates
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Figure 6-3: Metallurgy industry - PV of total costs and difference from the base case for the
different discount rates

As Table 6-3 shows, P2H scenarios cannot match the costs of the base case scenario for any discount rate
for the case of the glass industry. For the steel industry, for discount rates below 15.22% and 24.3% the
PEM and ALK are, repectively attractive investment options, while the semi-centralised scenario
difference from the base case is not affected by the discount rate. These results are also presented in

Figure 6-4 and Figure 6-5.

112



Table 6-3: Discount rates necessary to breakeven with the base case — glass and metallurgy

Scenario Default discount rate used IRR
Glass Steel
On-site PEM - 15.22%
On-site ALK 5.00% - 24.3%
Semi-centralised oo oo

As shown below, in Figure 6-2 and Figure 6-3, in the case of the glass industry, for projects using a discount
rate above 5%, the semi-centralised model is a more attractive option for green H; adoption, although it
can never compete with the base case. For the steel plant, on-site P2H is an attractive option even for a
discount rate as high as 10%. The cost advantages, however, quickly diminish as the rate increases. This
of course happens due to the smaller value of the future cash savings when high discount rates are used.
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Figure 6-4: Difference of PV of costs of P2H scenarios from base case vs the discount rate for glass
industry
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Figure 6-5: Difference of PV of costs of P2H scenarios from base case against the discount rate for
metallurgy industry

Forklifts

Forklifts display similar behaviour to the glass/metallurgy industries; the semi-centralised scenario’s
difference from the base case remains almost steady, while the on-site scenarios become less favourable
with increased discount rates. The results are shown in Figure 6-6.
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Figure 6-6: Forklifts - PV of total costs and difference from the base case for the different discount
rates

On-site hydrogen production using an alkaline electrolyser is the most economically viable option for the
assumed warehouse for discount rates below 5.75 %; beyond that, the semi-centralised case is the most

profitable.

Table 6-4: Discount rates necessary to breakeven with the base case — forklifts

Scenario Default discount rate used IRR
On-site PEM 7.78 %
On-site ALK 5.00% 18.58 %

Semi-centralised -

As Figure 6-7 shows, the semi centralised scenario has a very small discount rate elasticity; the same case
cannot be made for the on-site production scenarios, where a 5% increase of the discount rate can
increase by an additional 8% and 9% the PEM and ALK cases —compared to 0.09% for the semi-centralised

scenario.
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Figure 6-7: Difference of NPVs of P2H scenarios from base case against the discount rate for the
forklifts fleet

Vans/Trucks

For the transportation company P2H costs do not match the base case scenario regardless of the assumed
discount rate. As with the case of forklifts, an increase of the discount rate follows an increase of the
difference between on-site P2H scenarios and base case. Unlike the before however, the cost difference
between semi-centralised scenario and base case does not remain constant; it also increases.

The base case scenario for the vans/trucks is OPEX intensive; most of the costs are due to annual expenses
for fuel and maintenance. For on-site production scenarios, CAPEX is the main contributor to the overall
costs throughout the lifespan of the investment. As before, increasing the discount rate favours the OPEX
intense investments (as their impact on PV evaluation is less important) and as a result the base case
scenario becomes more attractive with higher rates. This behaviour is presented in Figure 6-8.
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Figure 6-8: Vans/trucks - PV of total costs and difference from the base case for different discount
rates

Although the semi-centralised model also becomes more costly as the discount rate increases, it displays
a higher resilience with only a 9% cost increase from the base case at the extreme 10% discount rate; on-
site scenarios shoot up by 19% and 18%. This is represented by the slope of the semi-central scenario cost
curve in Figure 6-9 below.
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Figure 6-9: Difference of NPVs of P2H scenarios from base case against the discount rate for the
vans/trucks fleet
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The on-site ALK scenario exceeds the costs of the semi-central scenario for discount rates over 8 % but
never breakeven with the base case.

6.3 Sensitivity on specific factors

6.3.1 Refinery
In the case of the refinery the most important cost parameters along with their sensitivity analysis limits
are described in

Table 6-5.
Table 6-5: Sensitivity analyses performed for the refinery
Expense \ Range
Parameter
type Default \ Min \ Max Reason
(As % of uninstalled
Non equipment CAPEX) Uncertainty of value —
CAPEX c‘lst': 20% 60% Highly variable
20% for SMR between sites
40% for P2H
Aff h le of
Maintenance of 5% of electrolyser ected .by the scale o
electrolyser uninstalled CAPEX 3% 7% the site, greatly
Y affecting OPEX
Dail f Id | i
aily demand o 3,200 kg/day 1,200 6,200 Could lead to increased
hydrogen revenues.
Future increase due to
5.56 €/tonne CO; 5.56 30 regulation change —
OPEX ET
> cost emitted (SMR only) €/tonne | €/tonne | Severe increase of SMR
H, costs
Greatest cost
- parameter of P2H
EI?;:::IZ;:&TS 0.0500 €/kWh 2/?3/83 2/?((/8:1) scenarios, possible cost
reductions from SPOT
market participation

Non equipment cost
Because of a significant amount of uncertainty around the % of the CAPEX that should be used for the P2H
scenarios, a sensitivity analysis was carried out. The costs varied from 20% to 60%.

As shown below in, Figure 6-10, the semi-centralised scenario is the most affected by such a variation.
The non-equipment costs for the base case were assumed to be 20% of the SMR CAPEX and are not varied
in this analysis. This large variation is due to the fact that these costs affect both the production part, as
well as the filling site and the Hydrogen Refuelling Station (HRS) of the semi-centralised scenario.
Therefore the difference between base case and P2H scenarios, increases, with different rates for on-site
and semi-central scenarios.
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Figure 6-10: PV of costs versus cost of non-equipment costs for the refinery

Electrolyser maintenance

The 5% of the electrolyser’s CAPEX that was assumed as the annual expenses of the electrolyser
maintenance, are a significant cash outflow and especially for the refinery this percentage might be
different than what the literature suggests, due the very large scale.
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Figure 6-11: NPV of all the scenarios for various annual electrolyser maintenance costs (as % of
electrolyser CAPEX)

As Figure 6-11 shows, a change in the annual costs of maintenance affects the profitability of the semi-
centralised case over the base case scenario. A 2% decrease in the annual maintenance of the electrolyser
results in 4% lower overall costs over the lifetime of the investment.
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Electrolyser stack replacement costs
Due to the fact that electrolyser technology is relatively new, the cost of the replacement of the stacks
might differ from what was assumed, depending on the progress of the cost reductions that are expected.

The replacement of the stacks that typically occurs after 10 years shows little to no difference in the
overall costs of the P2H scenarios. Since it is a one-time future expense, it does not impact greatly the
overall performance of the investment. Especially for the case of the semi-centralised system, the
difference is negligible, due to the small share of the stack replacement costs to the overall costs.
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Figure 6-12: PV of all the scenarios for various non-equipment costs for the refinery

Electricity costs

The electricity costs are the most important factor in the production of hydrogen through electrolysis. It
is possible that the electricity costs can be reduced even further from participation in the intra-day
electricity markets as shown in [70]. It should be noted that this electricity price sensitivity refers to the
base price of the electricity, excluding the costs of the guarantees of origin, because of their very small
contribution to the overall electricity costs.
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Figure 6-13: PV of all the scenarios for various electricity (base) prices for the refinery

Figure 6-13 shows that changes in electricity price, can drive the NPV of the costs for the different P2H
scenarios to the extremes.

A decrease of the electricity price to 0.03 €/kWh decreases the costs by 39%, 34% and 30% for the PEM,
ALK and semi centralised scenarios.

Table 6-6: Cost of electricity for P2H scenarios to breakeven

Breakeven costs of electricity

PEM 12.8 €/MWh
ALK 30.8 £/ MWh
Semi-central 57.9 €/MWh

ETS

The price of a tonne of CO, emitted from the production of hydrogen using SMR, increases the annual
OPEX and therefore affects the NPV of the costs for the base case. The gap between the costs of the P2H
scenarios and the SMR case, steadily decreases for the ALK and PEM cases and increases for the semi-
centralised scenario. Therefore, an increased emissions price in the ETS, can make the ALK on-site case
profitable, but only for prices of €100/tonneco; and above.
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Figure 6-14: PV of all costs for all scenarios for various costs of CO, emissions (€/tonnecoz)

Daily demand of the refinery

For the default scenario 3,200 kg of hydrogen were assumed to be replaced by the P2H installation,
reflecting a 10% replacement of the daily demand by electrolytic hydrogen. As shown in Figure 6-15, an
increase of the daily demand, and subsequently the electrolyser’s size, results in a closing of the gap for
the on-site scenarios. As shown, both ALK and PEM scenarios, improve by about 3% for every additional
tonne of daily production. This improvement, caused by the scaling up of the electrolyser, fades as daily
production increases, in accordance to Figure 4-17.
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Figure 6-15: PV of all costs for all scenarios for various daily demands of the refinery
(other companies’ demand unchanged)
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The opposite behaviour is exhibited by the semi-centralised model. The main driver of profitability for
the semi centralised scenario, is the sales of hydrogen to other companies which ensures adequate
income to overhaul the high cost of production of electrolytic hydrogen. As these sales represent a smaller
share of the overall cash flows for larger daily refinery needs, the semi-centralised scenario approaches
the on-site ALK scenario. On the other hand, for smaller refinery demands, the semi-centralised scenario,
approaches a gas vendor business model. In this case most of the hydrogen is sold to the other companies,
and the additional cost of green hydrogen production of the refinery is almost entirely covered from the
sales of hydrogen.

To identify how much hydrogen needs to be sold to make the investment to the semi-centralised
production system worthwhile, the ratio of kgu, sold to other business to kg, consumed from the refinery
was plotted against the difference of the NPV of the semi-centralised case from the base case. The results
are presented in Figure 6-16.
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Figure 6-16: Difference of PV of all costs when varying the ratio of H2 sold/H2 consumed for semi-
centralised scenario

As shown, more kg sold for every kg consumed, results in an increase in profit or the refinery. The ratio
has to be at least 0.52 kg sold for every kg consumed, for the semi-centralised case to provide any
economic advantages over the base case. For this model, this means that the refinery could consume up
to 5,200 kg/day, (or 22 MW of installed electrolyser capacity) given the sales volume it currently has. Any
further increases in its consumption, would result in a net loss, unless sales to other businesses increase.
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6.3.2 Glass/Steel

Table 6-7: Sensitivity analyses performed for the glass and metallurgy industries

Expense Parameter \ Range
type Default \ Min Max CENely)
Glass: Glass: Glass: Include larger or
CAPEX Daily needs 300 kg/day 200 kg/day 400 kg/day smaller industries
Steel: Steel: Steel: in stud
1050 kg/day 650 kg/day 1450 kg/day y
Glass: Glass: Glass: Greatest cost
Electricity costs 0.084 €/kWh 0.04 €/kWh 0.12 €/kWh parameter of P2H
OPEX . .
(base costs) Steel: Steel: Steel: scenarios, possible
0.065 €/kWh 0.03 €/kWh 0.09 €/kWh cost reductions

Daily hydrogen demand

A sensitivity analysis was run to test the effects of the daily demand of the industry. As shown in Figure
6-17, the cost difference between on-site electrolysis and the base case closes for larger daily needs, due
to scaling up of the electrolyser. However, it is not enough to make on-site electrolysis an attractive
investment option for the glass industry. The semi-centralised scenario costs are increasing
proportionately to the daily demand, at the same rate as the base case and therefore the difference
between the two remains constant. At higher consumptions, a very small decrease (<1%) takes place due
to the minor scale up in the refinery.
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Daily H2 needs (kg)

M Base case H PEM = ALK B Semi-central

Figure 6-17: PV of all costs for all scenarios for various daily demands for the glass industry

The same behaviour is exhibited in the steel industry. Here however, the semi-centralised scenario shows
again a small, but noticeable decrease in costs when the daily hydrogen needs increase. Increasing the
demand by 400 kg/day at the steel plant, significantly affects the refinery’s P2H production scale. As
shown in 6.3.1, scale up reduces the costs at the refinery.
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Figure 6-18: PV of all costs for all scenarios for various daily demands for the steel industry

Again the on-site ALK is the most profitable scenario. As shown in chapter 5, the OPEX is much lower
compared to the base and semi-centralised case and that contributes to the very low overall costs.

Electricity costs
As with the case of the refinery, the electricity cost is the most important factor to hydrogen production.

Here, the base and semi-centralised NPVs remain the same, since no electricity costs are considered.
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Figure 6-19: PV of all costs for all scenarios for various electricity prices for the glass industry
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Figure 6-20: PV of all costs for all scenarios for various electricity prices for the steel industry

For both the glass and steel industries the semi-centralised model becomes more attractive for higher
electricity price rises, since the price of hydrogen from the refinery remains the same while the costs of

on-site production increase.

Table 6-8 shows the electricity prices for which the different P2H scenarios breakeven with the base case
for the glass and steel industry.

Table 6-8: Cost of electricity for P2H scenarios to breakeven

Breakeven costs of electricity

Glass Steel
PEM 62 €/MWh 97 €/MWh
ALK 72 €/MWh 108 €/MWh

Again, no breakeven electricity price was calculated for the semi-centralised system since its costs are
(mostly) not affected by the electricity prices.

6.3.3 Forklifts
For the fleet of forklifts, one of the parameters considered was the cost of the fuel cell module that

replaces the battery, because of the spread of values in literature as well the potential it has to reduce
over the years. Then, we considered the electricity cost, since it still one of the most important factors of
the operational expenses. Finally the impact of the size of the fleet was calculated by changing the amount
of forklifts operating in the warehouse.
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Table 6-9: Sensitivity analyses performed for the forklift fleet

Category Parameter \Range
Default " Min Max Why?
Greatest share of
Fuel cell stack €30,000 per upfront costs.
CAPEX forklift €20,000 €40,000 Large variation in

cost .
literature Costs of stacks

are dropping.

Electricity costs 35 105 Greatest cost parameter
OPEX (base co!ts) 70 €/MWh €/MWh | €/MWh |of P2H  scenarios,
(-50%) (+50%) possible cost reductions
Relevant to scale of
Other Fleet size 100 forklifts 50 200 equipment and
therefore total costs per
forklift.
Fuel cell module cost
» €14 1 6%
c 0% -3% _»o0
L €12 A 7% -10%-10% 4%
S -17%17%
@ €10 -
S
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©
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Figure 6-21: PV of all costs for all scenarios for various fuel cell module costs

The fuel cell modules cost is the most important cost factor for the case of the forklifts, even surpassing
the cost of the electrolyser for the PEM and ALK scenarios.

A reduction of about 30%, to 20 k€/module, makes the fuel cell forklifts more profitable than the battery
electric variants. A 30% change in the costs of the modules, changes the NPV by 8% on all P2H scenarios,
showing the importance of this parameter as it is a large cash flow taking place in Year 0 and therefore it
is undiscounted.

Electricity costs
As before, the electricity costs are an important sensitivity analysis as they represent the cost of feedstock
in P2H scenarios.
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Figure 6-22: PV of all costs for all scenarios for various electricity prices for the forklifts

As shown in Figure 6-22, the fuel cell forklifts with on-site hydrogen production using an ALK electrolyser,
prove to be a more profitable investment than the battery electric ones for low electricity prices. In
particular, as shown in Table 6-10, electricity price must be below 150 €/MWh for FC forklifts with ALK
electrolysis to be an attractive investment for a warehouse operator. The cost difference from the base
case, decreases for the semi-centralised scenario as the electricity prices rise.

Table 6-10: Breakeven prices for P2H scenarios for forklifts

Electricity price to breakeven with the base case

Scenario
PEM 80 €/MWh
ALK 150 €/MWh
Semi-central -€/MWh
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Forklifts fleet size

The scale of operations affects the size of the electrolyser, as well as the costs of hydrogen production per
kg. Figure 6-23 shows that the P2H scenarios become more profitable compared to the base case as the
amount of forklifts increases.

€60 -
€50 A -7%
€40 A

€30 -

€20 -

PV of all costs (Millions)

2% -11%

_190
€10 - 12%

€0 -

50

1 2
Forklifts |:9eor shift 00

M Base case m PEM ALK B Semi-central

Figure 6-23: PV of all costs for all scenarios for various fleet sizes for the forklifts

As the number of forklifts in the fleet increases the on-site scenarios reduce their relevant costs much
more than the semi-centralised scenario. The PEM scenario becomes unprofitable for less than 35 lifts,
the ALK for less than 15 and the semi-centralised, for less than 8.

6.4 Vans/trucks

For the vans and trucks fleets of the system the main cost parameter was the cost of the vehicles that was
assumed to be 3 times the cost of the diesel equivalent vehicle. A sensitivity analysis was performed for
both the initial purchase of vehicles and for their replacement after 10 years as there is large uncertainty
about this cost.

Table 6-11: Sensitivity analyses performed for the vans/trucks fleet

Expense Parameter Range

type Default Min ‘ Max Why?
Greatest share of

[0)
CAPEX Cost of vehicles 3.OOA) of the 100% 300% upfront costs.
diesel variant Costs of stacks are

dropping.

OPEX Diesel cost 1.2 €/L 1.0€/L | 15€/L Most important OPEX in
the base case
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Vehicle purchase cost

The most important cost in the case of the vans and trucks is the upfront costs of the vehicles. For the
default scenario, a price 3 times higher than a diesel equivalent vehicle was assumed and for the sensitivity
analysis the CAPEX was changed again with respect to that.
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Figure 6-24: PV of all costs for all scenarios for various FCV costs (% of diesel vehicles CAPEX)

Figure 6-24 shows how the vans/trucks CAPEX affects the investment. Note that this includes the
replacement costs after 10 years. In the most extreme case, where the cost for a fuel cell vehicle is the
same with a diesel vehicle, on-site production using an alkaline electrolyser is 9% more cost effective than
the base case, while the semi-centralised scenario saves about 11% from the base case. The breakeven
vehicles costs are presented in Table 6 -6-12.

Table 6 -6-12: Breakeven vehicles costs for the different scenarios

Relative cost price to diesel Price
vehicles Vans Trucks
Base case — Diesel 0% 34,000 € 80,000 €
PEM 73 % 24,723 € 58,171 €
ALK 144 % 49,029 € 115,363 €
Semi-central 114 % 38,928 % 91,595 €

Diesel costs
The fuel costs contribute the most to the annual OPEX and therefore reduction would negatively affect
the fuel cell vehicle scenarios.
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Figure 6-25: PV of all costs for all scenarios for various diesel prices — vans/trucks

Indeed as shown in Figure 6-25, a decrease of the diesel price by 0.1 €/L increases the relative losses of
the P2H scenarios by about 6-7% sfor all the scenarios. An equivalent increase has of course the exact
opposite result, but the fuel cell commercial vehicles case are still not profitable. Together with the
sensitivity analysis for the FCV CAPEX, it is then easy to draw the conclusion that the fuel costs, although
important, are not the major factor in the profitability of the hydrogen vans and trucks. Breakeven prices
are presented in Table 6-13.

Table 6-13: Diesel price for P2H scenarios to breakeven with base case

Diesel price (€/L)
PEM 2.10
ALK 1.82
Semi-central 1.50

We need a conclusion section here with a collective table showing all your conclusions. For all cases, for
all sensitivities (if one factor was proven not to affect the results then you can emit it).

Spend some time and though on this. It is important.

6.5 Conclusions
Below, the conclusions of the sensitivity analysis are presented in for every industry. Certain parameters
that proved to be of lesser importance have been omitted.
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Refinery

Table 6-14: Sensitivity analysis conclusions for every industry

Discount rate

High impact over economics of investment. Lower rates favour the semi-
centralised model over the base case which breaks even at =10%.

Electrolyser
maintenance

Despite being an important part of the total costs of the investment, for values
within the range that literature suggests, semi-central scenario remains the most
profitable P2H scenario

Electricity price

Lower prices reduce overall costs and gap between each scenario and base case.
Breakeven prices:

e PEM: 12.8 €/MWh

e ALK:30.8 €/MWh

e Semi-central : 57.9 €/MWh

ETS

Small changes (+20 €/tonne) have a major impact on results, however, prices
above 100€ are necessary for an on-site scenario (no H2 sales) to show profitability
over the base case.

Daily hydrogen
needs

Higher demands reduce cost difference between base case and ALK/PEM
scenarios. For the semi-centralised model, sales must increase on-par with the
refinery's consumption, to retain the cost soldnz/consumedy; ratio above 0.52.

Glass and steel industries:

Daily hydrogen

needs

Higher daily demands, favour all of the P2H scenarios.

Electricity costs

On-site P2H installation profitable only for very low (<28 €/MWh) electricity prices
in glass. Semi-central costs are unaffected by the by electricity prices at the
glass/steel plant.

Forklifts

Fuel cell module
cost

Important parameter of profitability. Breakeven costs at 27k€ and 18k€ per module
for ALK and semi-central scenarios respectively.

Electricity costs

Most crucial in determining forklift propulsion (FC vs battery) and also hydrogen
production method (semi-central vs on-site).

e <70€/MWh = FC with ALK

e >70€/MWh = FC with semi-central delivery

Vans and trucks

Vehicle purchase
cost

Most important cost factor. ALK and semi-central break even only if final cost of FC
vehciles is less than 150% their diesel variant.

Diesel fuel cost

Higher diesel prices improve the economics of P2H.
Costs reduction of 5-6% per 10 ct€/L increase. Breakeven (ALK and semi-central)
for prices <=1.9 €/L.
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7 Conclusions and future work

7.1 Conclusions

In this study an economic evaluation was performed regarding the application of Power-to-Hydrogen
(P2H) technology in an industrial region, consisting of different types of industrial plants (oil refinery, glass
and metallurgy plants) and logistics companies (warehouse with forklifts and van/truck fleet). Two
different hydrogen supply methods were modelled — on-site electrolysis and semi-centralised electrolysis.
Then these were compared to a base case scenario that simulates the current economy of such an
industrial area.

7.1.1 Cost comparison for each industry type
Refinery:

For the case of the refinery, the analysis showed that on-site generation and consumption of hydrogen
using P2H is an unattractive option for expanding the hydrogen production capacity of the plant. The costs
over the lifetime of the investment exceeded 70% and 30% if PEM or alkaline electrolysers are used
respectively.

In the case of the semi-centralised system, the refinery also produces the hydrogen required by all the
other companies in the system. If the sales of this additional hydrogen are taken into account, the
refinery’s overall costs are 13% lower compared to the base case scenario. Moreover, because renewable
refinery is used to produce hydrogen instead of reforming of natural gas, the refinery’s emissions are
reduced by 277,000 tonnes of CO; over the 20 years of the investment. In a favourable electricity price
environment, with costs of electricity at 30 €/MWh (instead of 50 €/MWh assumed as default), the overall
costs could be reduced by almost 50% compared to the base case scenario.

Glass and steel industries:

The glass industry, as modelled in this study, cannot benefit economically from the adoption of P2H as
the costs are increased by 20% and 11% in the cases of on-site electrolysis using a PEM or alkaline
electrolyser respectively. The semi-centralised model results in 12% higher costs for the glass, providing
a viable option for adopting green hydrogen if a company is willing to bear some extra costs

The steel plant assumed in this study, does however see benefits from integrating green hydrogen in its
production. On-site generation of hydrogen using a PEM or alkaline electrolyser results in 23% and 31%
lower costs, respectively, over the lifetime of the investment, compared to the base case scenario.
Reductions in electricity prices reduce even further the costs with 47 and 56% cost reduction for PEM and
alkaline electrolysis, respectively. The semi-centralised model, has almost 12% higher costs than the base
case, regardless of the steel industry’s electricity prices.

Forklifts

The forklifts fleet, in the base case scenario use batteries, while in the hydrogen scenarios converts to fuel
cell electric forklifts. If the production of the hydrogen takes place on-site, the costs decrease by 2% and
11%, for PEM and alkaline electrolysis, while in the semi-central scenario the cost are 12% lower than the
base case scenario. For lower electricity prices than the ones assumed as default in this study (70 €/MWh)
the hydrogen forklift conversion along with on-site production becomes especially more attractive than,
while for higher electricity prices the semi-centralised model offers lower costs than all of the alternatives.
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Vans and trucks:

For the vans and trucks fleet, due to the lack of any available commercial examples an estimation of the
cost of fuel cell vehicles was made, at 3 times the cost of their diesel equivalents. Because of this very
large capital cost difference, a conversion of the fleet to hydrogen fuel cells, results in 45% or 31% cost
increase of the lifetime, if PEM or alkaline electrolysis is chosen, respectively. In the case of the semi-
centralised model, the costs are only 15% higher than the base case scenario. To make a business case
out of hydrogen fuel cell vehicles for light and heavy duty road transport, along a hydrogen production
cost decrease — mainly through electricity price reduction — the costs of the fuel cell vehicles would have
to approach those of diesel at approximately 1.5 times the cost of a similar diesel vehicle.

7.1.2 Overall comparison of different P2H investment scenario costs:

Table 7-1 presents the costs of the base case scenario in million € and the relative difference of the P2H
scenarios. This overview, shows that, the minimum costs for transitioning to renewable hydrogen in an
industrial area, are achieved when the hydrogen is produced through a semi-central production model,
although this might not seem like the optimal choice for individual investors.

By replacing hydrogen production from fossil fuels, diesel powered commercial vehicles and battery
electric forklifts the overall costs of the industrial area are reduced by 3.3%. For the system studied in this
analysis, this translates to almost 5 million € over 20 years.

Table 7-1: Costs of the base case scenario for every industry of the system and relative cost difference for
the P2H scenarios

Base case cost On-site costs Semi-central
(million €) PEM ALK costs
Refinery 42.1 +72% +32%
Glass 6.5 +20% +11% +12%
Steel 35.6
Forklifts 21.3
Vans/Trucks 42.6 +45% +31% +15%
System 148.2 +29% +9.6%

As a result of such a transition, the overall CO, emissions can be reduced by approximately 25,000
tonnes/year, or 500,000 tonnes over the lifetime of the investment, as presented in Figure 7-1.
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Figure 7-1: CO2 emissions (tonnes) avoided for every company of the industrial area per year and over
the investment lifetime

Furthermore, as the hydrogen is produced only at the refinery and the transportation costs are kept to a
minimum, in the case of more favourable electricity prices, the costs of electrolytic hydrogen reach very
low levels, slightly higher than those of a central methane reforming facility. Figure 7-2 shows the
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electrolysis costs per kg of hydrogen, for electricity prices of 30 €/MWh. In such a scenario the cost of
electrolysis approaches 2.6 €/kgus.
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Figure 7-2: Costs of semi-central electrolysis (for refinery electricity prices 30 €/MWh)

7.2 Future Work
In this study specific types of companies have modelled, using average values from the available literature
and creating a generic European industrial region.

To study more accurately the benefits of hydrogen in an industrial region and specifically the impact of a
semi-centralised model, dedicated case studies for each specific European industrial region would be
necessary. Also in this study, the companies considered, especially in the logistics sector (forklifts,
vans/trucks) had rather large fleet. A system with multiple smaller fleets should be examined as in many
industrial areas smaller logistics warehouses exist as well, and for these cases on-site hydrogen generation
would be economically unattractive due to very small scale.

For the analysis of the commercial road vehicles as well as the forklifts, the results and the sensitivity
analysis have shown that the cost of the fuel cell technology is critical to the profitability of renewable
hydrogen as fuel. Although future cost reductions in fuel cell technology were estimated and used
analysis, the author acknowledges that the eminent massive uptake of FC vehicles could potentially trigger
a more drastic cost reduction an efficiency improvement. In this respect, future work could include the
re-evaluation of specific components of this model, after the further experience with fuel cells is acquired,
especially, in the road transport industry.

As it was shown in many instances of this study, electricity was one of the most important cost parameters
for any company and any scenario. A promising way to reduce the cost of electricity is to participate in a
dynamic electricity market where the prices of electricity change multiple times within the day. Such a
system would require careful sizing of the electrolysers as well as an optimisation of their operation
schedule to meet both the necessary daily demand while operating only during the lowest electricity cost
periods.

The cost of electricity is also affected by the relevant regulatory framework that imposes taxes, fees or
levies on top of the actual cost of the commodity. Currently, to the author’s knowledge, renewable
hydrogen production through electrolysis, is not subject to any special electricity pricing or reduction.
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Changes in this respect will change the dynamics of the model and should be further studied, should they
occur.

Regulation can also increase the cost of polluting industrial activities through mechanisms like the ETS or
increased road taxes for diesel vehicles. As stricter laws are applied, a re-evaluation of the cost of P2H for
industrial applications would be necessary.

7.3 Recommendations

7.3.1 Recommendations to industries

According to the results of this study, a transition to renewable hydrogen production is not a prohibitively
costly investment under certain circumstances. It is advised, that industries create a local network where
a large producer takes over the hydrogen supply of a whole area. Possibly under the form of a consortium
of companies, this network will help alleviate the increased high costs for early adopters as well as reduce
the risks associated with new, innovative investments, while greatly reducing their carbon footprint.

It is also advised that logistics companies seeking to reduce the costs of labour while increasing the
available space in their warehouses, look into the conversion of their battery forklift fleets to hydrogen
fuel cells. Especially, companies with low priced electricity available (<60 €/MWh), should further research
the prospective of installing an electrolyser on-site. Companies with increased costs of battery charging
due to high electricity prices (<100 €/Mwh), could join other local enterprises in consortiums, as described
above, to create a semi-centralised green hydrogen system.

7.3.2 Recommendations to regulators
It is essential that the regulatory framework changes in order for electrolysis and semi-central production
models to function.

First and foremost, electricity intended for the production of renewable fuel or feedstock must be
governed by a specific rule set, that partially reduces or completely removes taxes and fees that burden
the final price.

Furthermore, regulators should move forward with the establishment of a certification process for green
hydrogen. Although this effort has been initiated with the CertifHy project, it is imperative that to make
it a requirement for green hydrogen production facilities. The creation of a market for guarantees of origin
(GoO) for green hydrogen, would not only create additional revenues for the producer but also detach
the “renewable” character of hydrogen from the actual product. As a result, the “renewable nature” of
hydrogen would be sold separately from the actual product, leading to potential customers outside the
industrial area, where the transportation of green hydrogen would be uneconomical.

It is also very important, that this type of investments, that deal with the creation of whole local
economies, rather than small individual cost saving investments, are incentivised through funding,
tax/fees reduction and bureaucratic support. As descried in the previous chapters, CAPEX is a very
important part of the investment and organisations like the Fuel Cells and Hydrogen Joint Undertaking
(FCH-JU) that fund such projects, should starting dealing with regional projects involving different types
of industries.
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7.3.3 Recommendations to Toyota

Toyota has already launched products for the logistics industry, in the form of fuel cell modules for forklifts
as well as a working prototype of a hydrogen fuel cell heavy truck. The results of this study, show the cost
objectives for these products, to make them competitive alternatives to mainstream forklifts and trucks.

Fuel cell modules for forklifts should be brought to a final cost around 20 k€/module to ensure that
hydrogen as a forklift fuel is an attractive option for warehouse operators. Heavy and light commercial
vehicles cost targets should be below 2x the cost of their diesel equivalents or below 50k€ for FC vans and
115ke€ for trucks, in order for early adopters to face a reasonable additional cost. Promoting such products
in areas of high industrial activity either though targeted marketing or forming consortiums with relevant
companies, would kick-start a large demand for hydrogen fuel, further motivating third party production
and refuelling infrastructure development.
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