NATIONAL TECHNICAL UNIVERSITY OF ATHENS
School of Naval Architecture & Marine Engineering

Division of Ship Design and Maritime Transport

A life cycle approach for the use of hydrogen as
a marine fuel: Analysis and results
Diploma Thesis

Antonis Gargalakos

Thesis Committee:

Supervisor:

Nikolaos P. Ventikos, Professor NTUA
Members:

Dimitrios Konovesis, Associate Professor NTUA

Eleftheria Eliopoulou, Special Lab. Teaching Staff NTUA

ATHENS 2024



Acknowledgements

First of all, | would like to thank my Supervisor Nikolaos P. Ventikos for his
support and for giving me the chance to work on such an interesting and

challenging diploma thesis.

Secondly, | would like to express special thanks to PhD candidate
Panagiotis Sotiralis for our remarkable cooperation. Without his support and his

guidance, the present thesis would not be reachable.

Moreover, | owe my gratitude to the whole staff of the School of Naval
Architecture and Marine Engineering, who provided me with special knowledge

during my five years studies.

Afterwards, | want to thank my friends and colleagues for their continuous

support during my academic years.

Finally, | would like to thank my family for loving me and inspiring me to hit

my targets throughout my whole life.



Table of Contents

S o] i = {U T £ TSP 5
LiST Of tADLES ettt ettt et et et e e e 7
ADDIEVIATIONS ...ceniiie ettt et ettt e ea e 8
I E=70 17, o111 o O O PPRPN 10
ADSTFACT ettt et et et e b et e s eaaa e 13
1) LILErAtUIE FEVIEW .. uu i iiii ittt et e te e et et eeesee st st eansenssassassensensansensennnnns 15
2) Shipping Emissions and relative MeasUre.......cccuvivueiiieiiiieiineie e eeeeeneeens 19
2% D B a1 4 e To L8 o] (o] o IO PP PP PPPI 19
2.2) FOSSILTUELS BMISSIONS 1iuiiiiiiiiiiiii ettt e e e e et sansansansaneannens 20
2.3) MEaSUIreS frameEWOIK ... . cuu it e e e et s e san s e s e e anens 21
3) Hydrogen Fuel: Atheoretical background.........cccccviiiiiiiiiiiiiiiiiiiie e e 24
1 D I a1 d e Yo [E ] (o] o IR PP PPPI 24
3.2) Hydrogen production Methods ......ceeienieniiniiiiiiii e e e 24
3.2.1) Hydrogen production from fosSil fUElS ......oiuviuiiiiiiiiiiiiiin e 24
3.2.2) Hydrogen production from renewable SOUICEeS......ccccvvviiiiiiiiiiieiieiiienienanns 27

3.3) Hydrogen Categorization ........ce.vieeiieiiiiiiiiiiiie et ea e 28
3.4) HYArOZEN STOIAZE . euieniinieniiiieiie ittt et et e e ettt eee et renrensensensensnnsansensensensennens 29
3.5) Hydrogen LiqUefacCtion ......o.vee ittt e eeeeeee s e s e e e eas 30
3.6) Hydrogen DistribULion ......couiiiiiiii e e e e s e e e e e 31
3.7) Hydrogen combustion: The case of fuel CellS......cciueiviiiiiiiiiiiiiiiiiiiiceeee, 32

B TR0 I I 1 ) (o Yo [ 8T} o o 32
3.7.2) Main PrincCiples Of FUBLCELLS ...uuinieenieeee et 32
B.7.3) FUBLC I TYPES wneniieiiiiiie ettt e e e e e e e e e s ea e eaaeneaenaanes 33
3.7.4) General Discussion about FUELCELLS .....ccviiiviiiiiiiiiiire s 34

4) Methodology: Life cycle approaches (LCAand LCCA) ....ouuieniiiiiiiiiiiiieiieeeeeeeennen, 36
4.1) LCA (Life CyCle ASSESSIMENT) . ..iuuiiiiiiieiiriieeieeeeteettererertseneeneeneseesenrensensensenns 36
4.2) LCCA (Life Cycle COSt ASSESSIMENT) .evuivuiiniiiriniiiiiiriererereeeneeneeneeeererensensenaenns 38
L) I ML O72W=1 o o [ 0] 0% o o Vo Yo L1 A RN 40
LT ) I 074 ¢ 0T Yo [ PP 40
LI I O 0 AN 1 o To Yo [ Fo PP 46
6) Case studies: ANalysis and rESULLS .....cuiiiiiiiiiiiiir et eeerereeeneeneannas 51
6.1) Ship characteristics and operational data .......c..cceeviiiiiiiiiiiiiiiiniire e eeneens 51

LS I I A =TT UL € T PP 52
6.3) Results discussion and comparison with similar studies .........cccceeviiiiiiiiinnnnn.n. 56

3



7)  LCCA UNAEN UNCEIAINTY ivvniiiiiieiiieiiieitiettie ettt et et et et eeasseneeenssenssensennsennsenns 61

7.1) INErOAUCTION ettt et et et et et et e eaeeeesen e e e e ans 61
7.2) Methodology: The Anderson-Darling TESt ....vuviuiiiiiiiieiiiii i e 64
7.3) SIMULAtion @nd rESULES....vuiiiiiii et cr et et et easaesansaneanaannees 64
8) Conclusions and recommendations for further research ......ccc.ccoeevviiiiiiiieinennnenn. 73
REFEIENCES ..ottt st st s s e st s enaee 75
FaY o] o 1T g Vo |1 qy A VPP 80
T)ReESt Of ShIP TYPES FESULLS ivuiiiiiiiiiiii et e e e sesaeensan e e aannas 80
2)Grey and blue hydrogen Llife CYCLle rESULLS .....vuiiuiiiiiiiiii i e e 85
3) Rest of ship types uncertainty analySiS reSUIS .....c.ceuieiriiiriiriiiiiieeeeeeeeeeeennens 89



List of figures

Figure 1:Estimated CO 2 emissions in million tonnes per year (Sources: 2nd IMO GHG

study 2009 for emissions until 2007; MEPC 63/INF 2 for average scenario projections

2070-2050) -.eeeeueeeettneeeettie ettt e ettt e et e e tta e et taa e e tea e e ttn e eataa s eetanaeetenaans 19
Figure 2: distribution of global marine traffiC......c...coeiiiiiiiiiii e 20
Figure 3: IMO GHG Strategy . .cuuuieiruiiiinieiiieiiie ettt et eeeie e et eeene s etaeeeenesetnaserenesennanenen 22
Figure 4: Hydrogen CategOriEs .. cuu ettt eaaae 28
Figure 5: fuel cells annual market Srowth.......cc.ocoiiiiiiiiiiii e 32
Figure 6: Simple H2-0O2 fuel cell(source:Fuel Cells Funfamentals)........ccccceeveiiiiiniinnnns 33
Figure 7: The 4 phases Of LCA . ...u it s e s s e s e s e s e s e aans 37
Figure 8: LCCA framMEWOIK. . ..cuuiiuiiiie ittt iie e ee et ea et et sae et st sansensansansensanennns 38
Figure 9: considered options for reaching the operating temperature of a fuel cell........ 43
Figure 10: The 4 phases of breakdown analysis SteP....ccciuviiiiiiiiiiiiiiiiie e eaes 47
Figure 11: fuel cell system cost(source: DOE) .....cciviiiiiiiiiiiiiiirr e 48
Figure 12: RO-pax Ship LCA FESULLS ...uiuniiiiiiiiiiiiiiiiie et ee e eeee et eneansansansansanannns 52
Figure 13: RO-pax Ship LCCA r@SULLS ..cuuiiniiniiiiiieie e et et e ee e e eneeeeeeeeensensenaanns 53
Figure 14: Green hydrogen LCA FESULLS ..ceuieniieiiiii e e 54
Figure 15: Green hydrogen LCA results compared with LS-MGO .........ccceviiiiiiiieiiinnnennns 55
Figure 16: Green hydrogen LCCA reSUILS ...cuvvniiniiiiiriieiie e et et eee e e eneeeesenrensensenaanns 55
Figure 17: Green hydrogen LCCA results compared with LS-MGO.......cccceeeierenrinrennenns 56
Figure 18: Hydrogen emisSSioN faCtOrS ..o i ieniiiiiirii et e e e eeeereseneanns 57
Figure 19: Hydrogen fUBL COSTS cuuuiuiiiiiiiiiiiii ittt e e et e s aea s e e e aans 58
Figure 20: Grey hydrogen historical prices(source:BusinessAnalytiq).....cccceeeeeeiiiinnnnns 61
Figure 21: Blue hydrogen historical prices(source: BusinessAnalytiq) .......cccceeevviniinnnnns 62
Figure 22: Green hydrogen historical prices(source:BusinessAnalytiq) .....ccccceevvenrennenns 62
Figure 23: MGO historical prices(source: Ship&BUNKEr) ......ccuciiiiiiiiiiiiiiiiiiiiieeieeieenns 63
Figure 24: EU ETS historical prices(source:Ship&BUnNKEr) .......cccceeiiiiiiiiiiiiiiiiiiiieiieenns 63
Figure 25: MATLAB code for distribution fitting ......cceivieiiiii i 65
Figure 26: Green hydrogen price histogram along with best-fitting pdf.........c...cc..cccoceete 65
Figure 27: Random fuel prices production using the distributions of Table 11............... 67

Figure 28: Uncertainty analysis output for Containership's NPC (grey hydrogen case) ..67

Figure 29: Uncertainty analysis output for Containership's NPC(blue hydrogen case)...68

Figure 30: Uncertainty analysis output for containership's NPC(green hydrogen case)..69



Figure 31: Uncertainty analysis output for containership's NPC (LS-MGO case) ........... 70
Figure 32: Uncertainty analysis output for hydrogen-fueled Containership's AC (grey

Y AFOZEN CASE) ..t ettt et et et et e e e eneeeneeneensensenaanns 71
Figure 33: Uncertainty analysis output for hydrogen-fueled Containership AC (blue

Y AIOZEN CASE) . ittt ittt ettt e et e et et seeeansaneansansenssassassansensansansannnnns 72
Figure 34: Uncertainty analysis output for hydrogen-fueled Containership AC (green

Y AIOZEN CASE) . iuniiiiiiiiiiiiiii ettt tees e et eeesansaneanetnsensassassansensansensensnnns 72



List of tables

Table 1: Inventory list to produce 1 KW PEMFQC).....c.iiiiiiiiiiiiiiiir e eaes 41
Table 2: Representative emissions from machinery building inventory.........cc..ccceeeeaee 41

Table 3: Example ships with exponents to the power curve(source: MAN Energy

S Te 11T A Te] o 1<) I RO PR 42
Table 4: Main ship partiCULars ... et et et e eaes 51
Table 5: OperatioNal data .....c.ciiueiiiiiiiiiii ettt et st et s e s ee s eansaaneannns 52
Table 6: Summarized comparative life cycle results for the Ro-pax ship ......ccccceveennennis 53
Table 7: Liquified hydrogen EF analySiS....c.ciueiiiiiiiiiiiinii s eeee e aaes 57
Table 8: Compressed hydrogen EF analysSis .....oouiiiiiiiiiiiiiiiiiiir e eaes 57
Table 9: Liquified hydrogen COSt analySiS ......ciuiiiiiiiiiieiieiiiiee e e eeeeeeeeeeanaanns 59
Table 10: Compressed hydrogen CoSt analySiS....cccvviueiueiiiiiiieiiiiiiiiiieeie e eee e enes 59
Table 11: Best-fitting distributions for fuel and EU ETS prices....c..covivveuiiiiieiiiniiniiniennenns 66



Abbreviations

ABBREVIATIONS LIST

AD-Test | Anderson-Darling test

AFC Alkaline Fuel Cell

ATR Autothermal Reforming

BH Blue Hydrogen

CapEx Capital Expenses

CCS Carbon Capture Storage

CDF Cumulative Distribution Function
CH2 Compressed Hydrogen

CH4 Methane

(610) Carbon Monoxide

CO02 Carbon Dioxide

CO2eq CO2 Equivalent

COP Conference Of Parties

DOE Department Of Energy

EEDI Energy Efficiency Design Index

EF Emission Factor

EU European Union

EU ETS European Union Emissions Trading System
GHG Greenhouse Gas

GNH Green Hydrogen

GWP Global Warming Potential

IMO International Marine Organization
IRR Internal Rate of Return

ISO International Organization of Standarization
KPI Key Performance Indicator

LCA Life Cycle Assessment

LCCA Life Cycle Cost Assessment

LCI Life Cycle Inventory

LCIA Life Cycle Impact Assessment
LH2 Liquified Hydrogen

LNG Liquified Natural Gas

LS_MGO | Low Sulphur Marine Gas QOil
MCFC Molten Carbonate Fuel Cell

MDO Marine Diesel Oil

MEPC Marine Environment Protection Committee
NCV Net Calorific Value

NO2 Nitrogen dioxide

NOXx Nitrogen oxides




NPC Net Present Cost

NPV Net Present Value

OpEx Operational Expenses

PAFC Phosphoric Acid Fuel Cell

PEMFC Proton Exchange Membrane Fuel Cell
PM Particulate Matter

POX Partial Oxidation

PSA Pressure Swing Adsorption

SFC Specific Fuel Consumption

SLOC Specific Lubricant Oil Consumption
SMR Steam Methane Reforming

SOEC Solid Oxide Electrolysis Cells

SOFC Solid Oxide Fuel Cell

SOx Sulphur Oxides

SR Steam Reforming

WGS Water-Gas Swift

H2 Hydrogen

YSZ Yttria-Stabilized Zirconia




MepiAnyin

2KOTIOC TNC Tapovioac SIMAWMATIKAC epyaciag sivat n avdAuon KUKAoOU
dwnNc, TTIEPIBAANOVTLKN KCL OLKOVOULKH, TWV TIAOLWY TIOU XPNGCLHUOTIOL0UV UdPOYOVO
WC KAUOLHO yla TNV TIPOWOCT TOUC, XPNOLHOTIOLWVTAG TOUG OXETIKOUC KAVOVIGHOUG
Twv TpotUTIWY ISO yla tig amotipnoelg KUKAou {wng. H peAétn cupmeplhapBavet
OUYKPLON TWV aTOTEAECUATWY Yld TOug dladopoug TUTIOUG LIPOYOVOU(YKPL
VdpoYyOVo, UTTAE LDPOYOVO, TIPACLVO LBPOYOVO), KABWC Kal cUYKPLON AvAPEoa OE
UYPOTIOLNHEVO KAl CUUTILECHEVO agplo udpoyovo. ETmAgoy, yivetal cUykplon Pe ta
avtiotoa anoteAsopatTa TAOLWY TIOU XPNOLLOTIO VY CUHBATIKA KAUoLPa, KAaBwc
OTOXOC TNG HEAETNC eival va ekTipAoel Ta ieplBarloviikd odpEAN(n avtiotolxa tnv
OLKOVOULKN eTtiBdpuvon) Adyw Tng xprong udpoyovou. MNa tnv ekmAnpwon tng
gpyaciag kal Twyv anapaitnTwy UTIOAOYICHWY avamtuxbnkav mpoypdupdrta oe
tepBarovta Excel kat Matlab.

ApXIKd, YiveETal avacKoTnon TNG OXETIKAG e To BEpa BiBAloypadiag, £tot
WOTE O avayvwoTtng va amokTthoesl P mpwtn emadn PE TO TAAICO Twv
ATOTIHACEWYV KUKAOU (WA KAL TWV PEAETWY TIOU £XOUV YiVEL W TWPA YUPW arod
autec. Omwg eivat Aoyiko, n epdaon divetal oe PHEAETEC KUKAOU (WG OXETIKEC UE
TO LOPOYOVO WC KAUGLKO, OL OTIOiEC AVAAUOUV TIC EKTIOMTIEG VLA TOV TIARPN KUKAO
dWn¢ TOU KAUGIHOoU TIpLY TNV KAUON TOU o€ KArola pnxavn. EmumAgoy, mapatibetat
Ml oelpa amod PEAETEC OXETIKA PE TO ULOPOYOVO WE VAUTIALAKO KAUGLHUO Kat yivetat
Ml T(PWTIN oUVIOPN avAAucn Twyv amnoteAseopdtwy toug. To keddAalo tNg
BLBALOYpadIKAC avacKOTINoNnG TePAAUBAVEL ETUTTAEOV Pla ocUVTOUN avadopd otnv
avaivon apepaldtntag, n omoia amoteAsi emiong avrtikeipgevo tng mapouvoag
OUTAWHATIKACG Epyaoiac.

Katomw, n epyacia avadpepetat otnv mOoOTNTA TWV EKMOUTIWY OTN
BdAaocca taykoopiwe Kat teplypddel Ta KUPLA TTapayoeEVa AEpLa amo Tnv kavon
OPUKTWYV KAUCIHWY, KABWC Kal TIC CUVETIELEC TOUC TOOO yld TNV avOpwrTivn vyeia,
000 Kal yla to meplBAAov. ETumAgoy, yivetal emeénynon Twyv PBACLKWY HETPWYV
TIEPLOPLOPOU TWV EKTIOPTIWYV OTNV VAUTIALQ, TIou €xouv AndBei amd opyaviopoug
onwcg o IMO, n Eupwraik Evwon kat OHE. Mo cuykekplpéva, avaivetal 1o
xpovodiaypappatou IMO yla tnyv eniteuén pNOEVIKWY EKTIOUTIWY OTNV VAUTIAIA W
T0 2050, Kabwcg Kal n ToAtikf tne Evpwraikng Evwong yupw amod to B€pa twy
EKTIOUTIWY, ATIOTOKOC TNC oTtoiag eival N kablEpwaon Tou $OPOoU EKTIOUTIWY ATIO TO
2024. 210X0¢ TWV TIapamavw sivatl va Katavonoel 0 avayvwaotng Ty avaykn yua
EVEPYELOKN METABACN Kal UBETNoNn XPAONC E€VAAAKTIKWY KAUGCIHWY OTnVv
vauTiAia.

21n ouveéxela, n epyacia egBabuvel oto udpoyovo divoviag Ta Bactkotepa
otolxeia Tou BewpnTikoL ToL UTIORABPOU, WOTE O AvAYVWOTNG VA ATIOKTHOEL hla
TpwTtn enadn Pe évvoleg TTou Ba xpnotpototlnfouv otnv avalucn KUKAou JwrC.
‘Etol mepypdadovratl ol BaclkeEG apxEC ToU UOPOYOVOU WCE KAUGLIHO, VW Yivetal pla
oUVTOMN avaAuon Twv dU0o KUPLWY HEBOdWYV TTapaywyng Tou: Ttapaywyn He xprnon
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OPUKTWYV KAUGCIPWYVY Kal Ttapaywyn HE XPHon AvaveEWOoLHWY TINYWV EVEPYELAC.
ErumAéov, vyivetat ouvtoun avadpopd otic Olddopeg KaAtnyopieg TOU
vOpoYOVoU(HaU PO, YKPL, UTIAE, TIPACIVO KATT), EVW TIEPLANTITIKA TIEPLYPAPETAL KA
T0 ATNUA TNG AoBAKEUCNG Tou LOPOYOVOU. =exwpPLoTh avadopd yivetal otnv
vypoTIoinoNn Tou VdPOYOVOU Kal OTA TIAEOVEKTHUATA/UEIOVEKTAMATA TNE, KABWC
obpdwva pe ToAAoUC cuyypadeic sival amapaitntn Tpwv TNV Hetadopd Kat
amoBnKeuon Tou LBPOYOVOU o€ PeYAAEG TTOCOTNTEC. MNA TO KOPUATLTNG HeTadopdc
TOU LOPOYOVOU YIVETAL CUVOTITIKH TiEPlypadr TNC HETAPOPAG HECW AYWYWV 1 HE
xpron doptnywy, e€etaloviag TO00 TNV TEPITTWON LYPOTIOLNHEVOL LOPOYOVOU,
000 KAl TNV TEPITMTWON A€PLOU CUPTILEGHEVOU LOPOYOVOU . OL BaCIKEC ApXECYUPW
armd TNV Asttoupyia Twv KuPeAwv Kauvoipou avadEpovtal miong, Kabwe oto
TAaiolo Tng mapovoag epyaciag Bewpeital 6TL To LEPOYOVO KAlYETAL ATIOKAELOTIKA
oc KUWEAEC KaAUoiPou Kal OxL O MNXAVEC €OWTEPLKNG Kavong. Emopévweg,
TapatiBevratl ot KUpLoL TUTIOL KUPEAWY KAUGIHOoU, pe TIg KU EAeC TUTIoL PEMFC kat
SOFC va avaAvovtal tepLlocoTEPO, EVW YiveETal amapiBpunon Twy TAEOVEKTNHATWY
KAl TWV PELOVEKTNHATWY YUPW aTto T Xprnon KUYEAWY Kauoipou otn vauTiAia.

2Tn cuvexela tng epyaociag e€nyeital avaAutika to Aaiolo ebappoyng Twy
ATOTIUACE WY KUKAOU {WNC, TO OTolo UTTOdELKVUETAL ATIO OXETIKA Tpotuta ISO,
OMA KAl armo AAAEC OXETIKEG MEAETEC. Me BACN TO OCUYKEKPLPEVO TAQicLO
aAvarttUCOoETAL KATOTILY AVAAUTLKO UTEOAOYLOTIKO HOVTEAO yla TNV AKPLBN amotipnon
TOU KUKAOU JWwn¢ evog TAoiou pe udpoyovo, evw TTAPAAANAQ avarmtuooeTal Kat
avtioTolXo HMOVTEAO yld TIAOIO YE CUMBATIKA KAUGOLHA, TIPOKELKMEVOU va YivOouv oL
OXETIKEC ouyKpioelg. Ol e€lowoelg Twy dUO POVIEAWYV Ttapouactddovial avaAuTiKd
Kal Ttpogpyovtal amo tn debvr BiBAloypadia kal amod AAAeg oxeTIkEG HeAETeg. O
oeiktng amddoong(KPI) tou xpnotpotoleital yia tnv epBarioviikn avaiuon sival
o GWP;y0, TOU PETPA TNV UTtEPBEPUAvVON Tou TTAavATn og BABog 100 etwv Kat
METPLETAL OE povadeg tooduvapou do&ewdiov tou avBpaka(COyz.4). Ma tnv
OLKOVOUIKA avAAuon Tou KUKAOU WNAC, atto TNV AAAn, aBpoidovtal oAa ta kdéotn tou
KUKAOU C{wnC Tou TTAoIOU Kal yivetal avaywyr Toug oTo Tapov, HE Xpnon tng
peBodou NG kabBapng mapouvcag aiag(n kabBapo TAPOV KOOTOG OTnV
OUYKEKPLUEVN Tepimtwon). To mapamavw povteAo edappodetal TeAlkA oe 5
TIEPLTITWOELG TTAOIWV: eTRATNYO/OXNHATAYWYO, TTAoi0 peTadopdg Enpou popTtiou
X0dnv, TAolo petadpopdc  meTpeEAdiou  xudnv, TAolo petagopdc
EUTIOPELHATOKIBWTIWY Kal KpouallepoTtAolo. 2TOX0C TOu Tapamdavw eival va
damotwBel katd moéco o SladopeTIKOC TUTOC TAoiou emnpedadel ta TEAKKA
armoteAéopata TNG avaAuvong KUkAou Zwng. Ta amoteAéopata  Twyv
TIPOCOUOlWOoEWY Ttapouaotddovial og TIvakoTolnuevn popdn kat oxoAldlovtal
EKTEVWG, VW Yivetal kat oUyKplon TOUC HE AAAEC AVTIOTOILXEG HEAETEC TNG
BLBAoypadiac.

H peAétn meplAapBAvEL ETUTTAEOV PLA OLKOVOULKH avAAuon KUKAOUL whC UTIO
kabeotwcg aBeBaldtntag, otnv omoia AapBavetat uTtoWLy N HETABOAR TNC TIHAG TWV
Kauoigwy kKat tou ¢opou ekmouTwv(yla tnv mepintwon mAoiou pe cupBatika
kavowa). MNa tnv avdAucn auti XpNolUoTIoloUVTAL TIPAYHATIKEG TIHEC KAUGIHWY
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KAl EKTIOPTIWYV yla Ta Tpla mponyoupeva etn(ZemteépBplog 2021-ZemtePBpLog
2024).H pebodoloyia TOU ETUAEXTNKE ylA TNV EKTIPNON TWV KATAVOHWYV TIOU
LKavoTtololv kKaAutepa ta diadopa dedopeva eival to Anderson-Darling Test, 1o
Bewpntikd LTTOGRABPO Tou oTtoiov avaAvetal cuvoTtTtikd. H TiBavobew pnTikn auvtn
TIPOOEYYyloN OoTOXEUVEL OTNV EKTIPNGCN TNG KATAVOUNC TIou akoAouBei to Kabapo
TapoV KOOTOC, KABWCE Kal Twy TIOavoTATWY va gival TKEPODNC Yla eTEVOUCH O
TIA0{0 pe UOPOYOVO, GUYKPLTIKA TTAVTA UE TNV ETEVOUCN 0 CUHPATIKO TAoio. TEAOC,
avaAUovTal T CUHTIEPACHATA TOU GUVOAOU TNC HEAETNG KAL YivovTal TIPOTACELG yla
TEPAITEPW €peuva yUpw amo To BEpa tng avaAuonc KUKAou Jwhg TTAoIwV UE
vdpoyovo.

210 1° kedpdialo, peow tNg PBLBAOypadlkng avaokomnong, yivetal pua
€l0aywyn OTo TAAICLO TWV ATOTIHACEWY KUKAOU {WNC Kal avadEPOVTal OXETIKEC
HEAETEC AAMWYV CLYYpadEWY, KABWCE KAl TA BACIKA CUNTIEPACHATA OTA OTIOI0 AUTEC
KatéAn&av.

210 2° KepAAalo TtapatiBevtal oTATIOTIKA yid TIG EKTIOUTIEC 0TO BAAdoGLo
mepBAMov, avaAvovtal ol KUPLEC EKTOMPTIEC TWV OPUKTWYV KAUGCIHWYVY Kal ot
OUVETIELEC TOUC KAl avadeEpovTal Ta HETPA TwV dlapopwy OpyavioHwy yla Tov
TIEPLOPLOHO TWV AEPIWV EKTIOUTIWY OTNV VAUTIALC.

210 3° kepdAawo emefnyeitat to BewpnTikd uTIORBABPO YyUPW aATO TO
vdpoyovo, TNV Tapaywyrn tou Kat T dadopeg dlepyacieg tou. Ot KUPEAEC
Kauoipou emegnyouvtal emiong cuvtoua.

210 4° keddAalo meplypadetal avalutika to TAaiolo tou ISO yua TI¢
avaAvoelg KUKAou wNC.

210 5° keddaAalo Teplypadovtal avaAuTiKA TA UTTOAOYLOTIKA HMOVIEAA TNG
TMEPIBAMOVTIKAC KAl TNG OIKOVOULKAG avaAuong KukAou cwng. Ot
XpnolgoTmoloUpeveg ELOWOELG, KABWCE KAl OL TIHEG TTIOU eTUAEYOVTAL yia Ta dtddopa
HEYEDN, avadEpovTal avaAuTika.

210 6° KedpaAalo mepAapBdavovtal oL 5 TEPIMTTWOELG TTAOIWV OTIG OTtoleg
edappodletal to povréro. Ta anoteAéopata tng KABe epinmtwong mapouaotalovtal
AVAAUTIKA o€ Hopdn TIVAKWY Kal dlaypappAatwy, eVw yivetal cUYKPLon TOUC Kal JE
AMec avtiotolxeg peAéteg Tng BIBAoypadiac.

210 7° kedAAalo TePLAAUBAVETAL N OLKOVOULKNA avaAuon KUKAou {wWAC uTto
KaBeotwe apepaldtntag, yia tnv omoia Xpnolyotmololvial TPAYHATIKEG TIUEQ
Kauoipgwy amno tnv eupwTaikni ayopd.

210 8° kedpdAalo cuvoidovtal Ta BACIKA cUUTIEPACHATA TNG HEAETNC Kal
oupmeplAauBdavovtal TPoTACELG YA HEANOVTLKN €PEUVA.
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Abstract

The aim of the present thesis is to perform a Life Cycle Assessment (LCA)
and a Life Cycle Cost Assessment (LCCA) for hydrogen-fueled ships, using the
relative International Organization for Standardization (ISO) framework for Life
Cycle approaches. The results for the hydrogen-fueled ships are being compared
with equivalent results of ships using conventional fuels to precisely evaluate the
benefits due to the adoption of hydrogen as a marine fuel. The whole study has
been accomplished by using Excel and MATLAB softwares.

Initially, the most significant shipping emissions and their consequences
for the environment and human health are described. The measures framework
towards GHG emissions reduction is also briefly analyzed, so as to make clear the
need for transition to alternative and “cleaner” fuels. The study is then focusing
mainly on hydrogen as a fuel, describing shortly its basic principles and
production methods, as well as the main procedures needed before hydrogen is
combusted. The basic principles and types of fuel cells are also explained, since
the scenarios in this thesis assume that hydrogen is combusted only in fuel cells.
Additionally, the Life Cycle approaches (LCA,LCCA) framework is analyzed,
following the ISO guidelines, as well as other relative studies. Afterwards, the
equations used for the development of the LCA,LCCA models are thoroughly
presented. The model includes Life Cycle approaches for both hydrogen-fueled
and conventional-fueled ships, since the scope of the study is to compare the two
cases. The LCA,LCCA model is finally applied in five case studies: a Rop-ax ship,
a bulk carrier, a tanker, a containership and a cruise/passenger ship, so as to
determine whether the ship type influences the final results. Moreover, the thesis
includes a LCCA under uncertainty, in which the fluctuation of fuel and carbon
prices are taken into account. Aim of the uncertainty analysis is to estimate the
chance of a hydrogen-fueled ship investment to be economically beneficial
compared to a conventional-fueled ship. Finally, conclusions and
recommendations for further research are mentioned.

Chapter 1 includes the literature review, through which the guidelines for
Life Cycle Approaches are analyzed. Additionally, other Life Cycle studies focused
on hydrogen-fueled ships are mentioned.

Chapter 2 introduces the reader to the harmful effects of GHG emitted
from fossil fuels. The measures framework is analyzed, explaining briefly the
measures of IMO, European Union (EU) and United Nations (UN) towards GHG
limitation.

Chapter 3 is dedicated to the theoretical background of hydrogen,
analyzing the basic principles of hydrogen as a fuel and including also information
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aboutits production methods and the following procedures before its combustion
in a ship. Fuel cells are also briefly analyzed.

Chapter 4 describes the guidelines for two Life Cycle Approaches (LCA and
LCCA), given by the ISO framework.

Chapter 5 illustrates the LCA and LCCA simulation models for both
hydrogen and conventional-fueled ships. The equations used for the development
of the models are analytically mentioned in this chapter.

Chapter 6 describes the five case studies applied for the simulation. The
results of each case are analyzed and compared to other relative studies.

Chapter 7 is dedicated to performing a LCCA under uncertainty, using
actual market prices for the fuels.

Chapter 8 includes the final conclusions of the study, as well as
recommendations for further research.
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1) Literature review

The first chapter of this thesis is dedicated to the analysis of relative
literature. The historical background of life cycle approaches is initially given,
along with a number of studies carried out in the field. Since the thesis refers to
the life cycle analysis of hydrogen as a maritime fuel, the emphasis is mainly put
on LCA and LCCA studies carried out for hydrogen-fueled ships. Moreover,
uncertainty analysis and relative studies are briefly discussed, since chapter 7 is
fully dedicated to performing LCCA under uncertainty.

The idea of LCA was first conceived in the decade of 1960, when
environmentalissues started creating concerns. After stagnationin the 1970s, the
method was further developed in the 1980s and 1990s and started gaining ground
in the scientific community and the universities. Afterwards, the LCA
methodology was applied to a wide range of products and systems to measure
their environmental impact during their complete life cycle. Studies were
conducted by both governments or industry and the results were presented
through academic papers or government reports (Bjorn, 2018). Since 2006, the
LCA framework is standardized by ISO guidelines (ISO 14044, 2006), (1ISO14040,
2006). According to these guidelines, the LCA process is divided into four main
steps: Goal and scope definition, inventory analysis, impacts assessment and
interpretation. As far as the maritime sectoris concerned, the application record
of LCA is short so far, since the whole ship system is considered complex and
makes such analyses difficult. In 2010s ,however, the concept of LCA in shipping
started gaining interest, with several studies being conducted on the field. For
example, Chatzinikolaou and Ventikos conducted a LCA for the case of a Panamax
tanker, in which they calculated the life cycle emissions including the phases of
shipbuilding, operation, maintenance and recycling (Chatzinikolaou, 2015).
Diamantakis carried out a comparative LCA for LNG and Low Sulphur Oil using the
case study of a Ro-pax ship, in which he calculated the values of C0,,4, S04 and
PM,, for the ship’s life cycle and stated that $0,.,, PM,, are intensely reduced in
the case of LNG, whereas C0,,, was only slightly reduced (Diamantakis, 2014).

LCCA, on the other hand, was first developed in the 1930s, as a tool to
count the impacts on the production of goods due to the increasing prices and
limited energy resources (Panagiotopoulou, 2016). In principle, LCCA can be
defined as a procedure used to compare different alternatives for a system’s
design, considering its entire life cycle (Bui, 2021). The LCCA can be conducted
individually, however, in many studies it is carried out together with a LCA. The
LCCA framework follows generally the structure of the LCA framework, however,
the exact structure followed in this thesis is obtained from the study of Ventikos et
al. (Ventikos, 2023). In this study, the economic life cycle of a system is divided
into four phases: construction phase, operation phase, maintenance phase and
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disposal phase. In the aforementioned study, the authors examined the case of a
ship equipped with a foil thruster and tried to estimate the possible economic
benefits under uncertainty, as they also took into account the fluctuations of fuel
price, carbon tax, discount and inflation rate etc. Panagiotopoulou conducted a
LCCA study for the complete life cycle of a conventional marine engine, including
multiple fuel scenarios (Panagiotopoulou, 2016).

As far as hydrogen is concerned, the first environmental studies were
focused on estimating the emissions due to hydrogen production. Spath and
Mann conducted a LCA study to estimate the emissions of hydrogen production

Zeq
Py (Spath, 2000).

The approach included the emissions from natural gas production and
distribution, electricity generation, construction and decommissioning of the
plant and the production plant operation. The same authors conducted another
LCA study for hydrogen production via wind electrolysis (Mann, 2004). The study
included the stages of wind turbine production and operation, electrolysis
production and operation, as well as hydrogen compression and storage. The

via conventional SMR, ending up to a GWP equal to 11, 888

study concluded that GWP was only 0,97 %. Koroneos et al. studied the

hydrogen production LCA for SMR and electrolysis using energy from renewable

sources (Koroneos, 2004). The study’s result demonstrated a GWP equal to

£9%%¢q for SMR hydrogen, while hydrogen produced via wind

almost 10
kg H2

kg COz¢q
kg H2
conducted a comprehensive LCA study for various hydrogen production methods,
including SMR, Coal gasification, Water electrolysis via wind energy, Water
electrolysis via solar energy and Thermochemical water splitting via Cu-Cl cycle
(Cetinkaya, 2012). The boundaries for the SMR and the wind electrolysis case
respectively followed the structures of the studies of Spath and Mann. The GWP

kig 2¢d ¢or the SMR and 0,97 %f

water electrolysis via wind energy case. Hermesmann and Muller conducted a
LCA study for hydrogen production via SMR, SMR with CCS, Methane pyrolysis and
water electrolysis, using electricity from current German grid (Hermesmann,

2022). SMR resulted to a GWP equal to 11,57 "QC# while SMR with 90% CCS

electrolysis was found with a GWP equal to 0,96 . Cetinkaya et al.

value was calculated equal to 11,893

—k szeq that is 66% reduction compared to the SMR case.

Alghool et al. published a LCA for green hydrogen supply network pathways,
estimating the total emissions during the fuel’s well to wake phase, including
production, storage, liquefaction or compression and reconditioning (Alghool,
2024). The electrolysis was assumed to be completed with solar energy produced
from standard PV panels, PV-T collectors or CPV-T collectors. Between
compressed and liquified hydrogen, the authors observed a 28%-32% fewer
emissions in the compressed hydrogen case.

ended up with 3,97
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As far as hydrogen-fueled ships are concerned, several LCA and LCCA
studies have been conducted. Alkaner and Zhou were pioneers in hydrogen-
fueled ship LCAs, as they carried out a comparative LCA between a diesel engine
and Molten Carbon Fuel Cell(MCFC) using grey hydrogen (Alkaner, 2006). The
authors analyzed the complete life cycle of the two systems, including
manufacturing, operation, maintenance and recycling phases. The GWP (
kg COyeq/kWh)calculated was 1,06 for the MCFC case and 0,64 for the diesel
engine case, that is 65% increase of emissions when grey hydrogen is used. Percic
et al. performed a comparative LCA and LCCA study, which was applied in 3 small
ro-ro passenger ships equipped either with PEMFC or SOFC for their propulsion
(Perci¢, 2022). The cases of liquified grey, blue and green hydrogen were examined
and the results were compared with the case of diesel-powered ships. GWP
values were found to rise up to 53% for grey hydrogen, whereas a decrease of
almost 75% and 94% was observed for blue and green hydrogen respectively. It
should be noted that LCA boundaries include the manufacturing stage as well as
hydrogen production, liquefaction and transportation. The electricity needed for
the preheating of the fuel cell is also taken into account and, indeed, the authors
examine the cases of shore electricity or onboard batteries. NPC values, on the
other hand, were found to increase up to 95%, 125% and 227% for grey, blue and
green hydrogen respectively. The final NPC values calculated contain both CapEx
(PEMFC system and additional equipment cost) and OpEx (fuel cost, electricity
cost, maintenance and replacement costs). Guven and Kayalica conducted
another LCA study for hydrogen-powered ferries, in which they studied three types
of electrolysers (AEC,PEMEC,SOEC)and two types of fuel cells (PEMFC,SOFC)
and compared their life cycle results with MDO conventional marine engine
(Guven, 2024). Their case study was a ferry line in Marmara Sea and the scenarios
of three different electricity mixes were examined. The conventional MDO engine
was found to be the eco-friendlier option regarding the GWP value. Wang et al.
carried out a LCA and LCCA study, using a mainland ferry, a pelagic trawler, a large
tug ship and an interisland ferry as case studies (Wang, 2023). The study assumed
green hydrogen for the propulsion of ships and the results were compared directly
with the MDO case. According to their results, the adoption of hydrogen was found
environmentally as well as economically beneficial. Ateam of Spanish and British
researchers carried out a comparative LCA study, in which they estimated the
GWP/kWh for the cases of a Diesel ICE, a PEMFC and a H, ICE (Fernandez-Rios,
2022). The study resulted that SMR hydrogen combusted in a PEMFC would
increase GWP by 7% compared to the Diesel ICE, whereas blue hydrogen would
decrease GWP by 81%. The H, ICE was found to be much more environmentally
beneficial compared to the PEMFC, however, the authors mention that this
technology is hardly studied in the relative literature from an environmental point
of view. Another team of Korean researchers studied the LCA of a 170 GT
nearshore ferry, comparing MDO,LNG and grey hydrogen produced via SMR (Lee,
2022). Their results showed that grey hydrogen increased GWP by almost 10%
compared to MGO. Jang et al. applied a parametric LCA study to 1932 ships with
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500 GT or less, assumingvarious hydrogen production methods and fuel cell types
(Jang, 2022). Their goal was to correlate the life cycle GWP of a certain hydrogen
production method or a fuel cell type with the total power of the ship.

Uncertainty analysis was first found in engineering literature back in 1953,
when Kline and McKlintock proposed a framework for statistical interference to
estimate uncertainty in single-sample experiments (Kline, 1953). Over the years,
uncertainty analysis became popular in research experiments and was
established as a diagnostic tool for the development of experiments (Moffat,
1988). Uncertainty analysis was afterwards used in a wide range of applications,
including engineering design, quality control, environmental studies and
economics etc. The acceptance of uncertainty analysis method led to its
standardization by ISO, known as Guide to the Expression of Uncertainty in
Measurement (GUM), which aimed to provide a structured approach to estimating
and expressing uncertainty in measurement (ISO, 1993). Goodness of fit tests also
play animportant role in uncertainty analysis, as they assist modelling uncertainty
by deciding whether a sample of observed data fits a certain distribution. Popular
goodness-of-fit tests are Kolmogorov-Smirnov test, Chi-square-test and
Anderson-Darling test. In this thesis, Anderson-Darling test is used for the
analysis and its basic theoretical background is analyzed in Section 7.2.

Several uncertainty studies have been conducted on hydrogen costing
field. Yates et al. tried to estimate the Levelized Cost Of Hydrogen (LCOH) of
hydrogen electrolysis from off-grid stand-alone photovoltaics, using a Monte-
Carlo analysis (Yates, 2020). De Andrade et al. implemented a stochastic model
using Monte-Carlo simulation to evaluate green hydrogen investments in Brazil
and Germany (de Andrade, 2024). Lee et al. also used Monte-Carlo simulation
method to evaluate hydrogen production from high pressure PEM water
electrolysis (Lee, 2017). The authors took into account the price fluctuation in
hydrogen production equipment, construction, electricity and labor and
performed the simulation for various price range limits. Unfortunately, hydrogen-
fueled ships LCA,LCCA under uncertainty are rarely found in literature and hence
they are not mentioned in the present chapter.
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2) Shipping Emissions and relative measure

2.1) Introduction

Sea transportation represents the most significant portion of the
transportation sector with a 90% share of global trade (Deniz, 2016), while on the
other hand it is reported from IMO that shipping is responsible for only 2,89% of
global anthropogenic GHG emissions (Per¢ié, 2022). However, emissions from
shipping are expected to grow between 50% and 250% by 2050, since world
populationisincreasing, and global trading is expected to grow accordingly (Figure
1). This would potentially increase shipping’s emissions to up to 17% of the total
GHG emissions if no measures are taken (Timoleon, 2019). Hence, IMO MEPC 80
set the target of complete decarbonization of the shipping industry by 2050; a goal
that can only be accomplished by the adoption of alternative fuels with zero
environmental footprint. Carbon Dioxide (CO2) , Hydrocarbons i.e. Methane
(CH4), Carbon Monoxide (CO), Sulphur Oxides (SOx) ,Nitrogen Oxides (NOx) and
particulate matter (PM) are the most significant byproducts of fossil fuels
combustion in internal combustion engines. The task of this chapter is to analyze
the negative effects of these byproducts for the environment and human health,
which are even greater in regions near ports or close to busy trading routes(Figure
2). Moreover, the measures taken towards the decarbonization of shipping
industry are going to be summarized and briefly analyzed.
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Figure 1:Estimated CO 2 emissions in million tonnes per year (Sources: 2nd IMO GHG study 2009 for
emissions until 2007; MEPC 63/INF 2 for average scenario projections 2010-2050)
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Figure 2: distribution of global marine traffic

2.2) Fossil fuels emissions

Fossil fuels emissions are considered to be really harmful for the
environment and human health, while they are also responsible for the planet’s
overheating. This section is devoted to analyzing the main fossil fuels byproducts
and their consequences.

e (CO2isthe most significant GHG produced by fossil fuels combustion and
an increase of its concentration in the atmosphere is expected to
accelerate global warming (Perci¢, 2022). By 2018, the maritime sector
was responsible for 2,89% of global CO2 emissions, which meant 740
million tones in total. Besides all IMO measures for a lower carbon
footprint, such as EEDI, CO2 emissions of the shipping sector are expected
torise in the next years (IMO, 2020), making the need for stricter measures
even more intense.

e SOx are byproducts of maritime fuels, which contain sulphur, i.e. fuel oil
and diesel oil. SOx are harmful for the environment, as they cause acid
rain, but also for the human health, as they are related with problems in
the lungs (Diamantakis, 2014). Maritime fuels contain increased sulphurin
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comparison to other fuels and hence, IMO has implemented strict
measures to contain SOx emissions.

e NOx are produced by the operation of internal combustion engines in high
temperatures and pressures. The mayor nitrogen oxide is nitrogen dioxide
(NO2), which is considered responsible for the acid rain and smog
phenomena. ltis also harmful for the maintenance of ancient monuments
made of marble, because it is correlated with increased corrosion. As far
as health problems are concerned, NO2 is associated with lung’s
problems and asthma.

e CH4emissions are caused by imperfect combustion of fossil fuels in ship’s
engines. As far as shippingis concerned, CH4 emissions are mostly related
to LNG. CH4 is a greenhouse gas and has a significant implication in
greenhouse effect (Diamantakis, 2014).

e COis produced by imperfect combustion of hydrocarbons due to the lack
of oxygen. Although it is not observed in high concentrations, it is very
dangerous for people health, as it is toxic and its inhalation can even lead
human to death (Timoleon, 2019).

e PM is a mixture of solid and liquid particles found in the air, which is
produced by combustion of fossil fuels. Particle pollution includes PM10
(diameter 10 micrometers or smaller) and PM2,5 (diameter 2,5
micrometers or smaller). Increased concentration of PM in the atmosphere
can cause serious health problems, such as lung problems or even cancet,
while it is also associated with less serious consequences, such as smog
and reduced visibility (EPA, 2024).

2.3) Measures framework

This section is dedicated to analyzing the measures framework towards GHG
emissions reduction in the maritime sector. Measures have been taken from
various organizations, including the EU and UN except for IMO.

The UN climate change conference (COP21) , which took place in Paris in
2015, met an agreement about the clime and the efforts needed to reduce the
impacts of climate change. This agreement, mostly known as the Paris
agreement, is a legally binding international treaty on climate change, which
primary goal is to maintain the average global temperature increase to 1,5 °C by
the end of the century. To achieve this goal, GHG emissions should maximize
before 2025 and decline by 43% in 2030 (COP21, 2015).

IMO itself decided to set climate measures for the first time in 2011. Back then
IMOQO established EEDI, aiming to improve ship’s efficiency. By 2018 IMO decided
to take additional action to reduce shipping GHG emissions and adopted the
initial IMO GHG strategy. However, the acceleration of global warming and the
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increasing climate change impacts led to a revised IMO GHG Strategy, which was
adopted by MEPC 80 in July 2023 (

Figure 3).

The IMO 2023 GHG strategy set as a primary goal to reach net zero GHG
emissions in shipping by or around 2050. In the interval, the mid-term targets are
the following:

e 2030:40% reduction of CO2 per transport work and 20% reduction of total
annual GHG, striving for 30%.

e 2040: 70% reduction of total annual GHG, striving for 80% (IMO MEPC 80,
2023).
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Figure 3: IMO GHG strategy

The EU has implemented the EU Emissions Trading System (EU ETS) since
2005, which is the world’s first carbon market and requires the polluters to pay for
their greenhouse gas emissions. The EU ETS was first launched for sectors such
as electricity and heat generation or industrial manufacturing and operates in all
EU countries. From 2024 EU ETS is also applied in maritime transport. More
specifically, ship holders will have to pay for 50% of emissions for voyages starting
or ending outside of the EU and 100% of emissions for voyages between two EU
ports or for ships within EU ports. The ambition of the EU is to reach net zero GHG
emissions by 2050, while the mid-term target is to bring emissions down by 62%
by 2030, compared to 2005 levels.

The decision for a zero-carbon shipping until 2050 is surely going to provoke
major changes to the shipping sector. It is clear that net zero cannot be achieved
with fossil fuels being the main choice for the propulsion of the ships and, as a
result, alternative fuels should start playing an important role in the next years.
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According to a study contributed by Bouman (Bouman, 2017) the replacement of
fossil fuel by alternative ones may lead to a significant decline of GHG. Hydrogen
is considered to be one of the most eco-friendly alternative fuels and the analysis
of its environmental footprint will be the main object of this thesis.
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3) Hydrogen Fuel: A theoretical background

3.1) Introduction

Hydrogen is the first element of the periodic table with an atomic number
equal to 1. Although it is found in abundance in nature, it is hard to detect it free,
as it is usually found bonded with other chemical elements. It is mostly found in
water (bonded with oxygen) or in hydrocarbons (bonded with carbon), thus its
isolation requires chemical processes. Hydrogen is considered one of the
strongest candidates for being the fuel of the future, since its combustion is
carbon-free and doesn’t contribute to global warming. However, production of
hydrogen is not carbon-free at all, as around 96% of hydrogen today is produced
via hydrocarbons (coal, natural gas etc.) and from this point of view, the
production phase of hydrogen should be taken into consideration (FRANTZIS,
2022).The production methods of hydrogen will be briefly analyzed in this chapter,
along with issues such as hydrogen liquefaction, storage, distribution and
combustion.

3.2) Hydrogen production methods

In this section the main hydrogen production methods are going to be
presented. Hydrogen production methods are divided into two main categories:
hydrogen production from fossil fuels and hydrogen production from renewable
energy sources. It is noted that many hydrogen production technologies found in
relative literature are still in an experimental stage and are not going to be
mentioned in this thesis.

3.2.1) Hydrogen production from fossil fuels

Hydrogen is most commonly produced by fossil fuels, as nearly 96% of its
quantity worldwide is produced using natural gas, heavy oils and naphtha and
coal (48%,30% and 18% accordingly). Even though hydrogen production from
fossil fuels is not always environmentally friendly, these methods are dominantin
the hydrogen market, since the production price remains in acceptable levels
(Nikolaidis, 2017). The most common technologies used are reforming and
pyrolysis and will be shortly analyzed in the following paragraphs, with information
obtained from Nikolaidis and Poullikkas publication (Nikolaidis, 2017).
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In general, hydrocarbon reforming is a process that takes place in a suitable
reforming plant and converts hydrocarbon fuel into hydrogen, using different
reforming techniques. Except for the hydrocarbon, another reactantis also used,
which can be either steam or oxygen. The three main reforming methods are
considered to be Steam Reforming(SR), Partial Oxidation(POX) and Autothermal
Reforming(ATR).

SR is an endothermic reaction, which converts hydrocarbon and steam to
hydrogen and carbon oxides. SR method includes three main stages:

1.

Reforming or synthesis gas (syngas) generation

In this stage, the hydrocarbon reacts with water and produces hydrogen
and CO. The process takes place at high temperatures and pressures (up
to 3,5MPa) and with a steam to carbon ratio equal to 3,5, in order to avoid
the coking formation of the catalyst. Since the catalyst is usually made of
nickel, a desulphurization step has to be made prior to the reforming
reaction if the raw material contains sulphur, in order to prevent poisoning
of the catalyst.

Water-gas shift (WGS)

When the reforming stage is completed, the gas mixture heads to a WGS
reactor. The CO reacts with steam inside the reactor and produces
additional H2 and CO2. CO2 emissions produced at this point can be
restricted by the use of carbon capture and storage technologies (CCS),
which can capture even up to 90% of the CO2 emitted.

Methanation or gas purification

In this final stage of the SR process, the gas mixture passes through
methanation or pressure swing adsorption (PSA), leaving hydrogen of great
purity, which even approaches 100%.

The three stages of the SR method are described through the following
chemical reactions:

» Reformer: C,,H,, + nH,0 - nCO + (n + %m)Hz

> WGSreactor: CO + H,0 —» CO, + H,
» Methanator: CO + 3H2 - CH4 + H20

The most commonly used raw materials in a steam reforming method are
CH4, natural gas or other methane containing gases. Steam methane
reforming (SMR) is the most mature H2 production method, also suitable
for large-scale hydrogen production. SMR method is characterized by a
high efficiency of 74%-85% and high-quality hydrogen(99,999%), as PSA is
applied to separate hydrogen from the other components of the gas
mixture.
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Partial Oxidation Method involves the conversion of hydrocarbons along
with steam or oxygen into hydrogen and carbon oxides. The process can be
accomplished either using a catalyst(catalytic process) or without using a
catalyst(catalytic process). The catalytic process takes place in lower
temperatures and is more suitable for feedstock ranging from methane to
naphtha, while on the other hand, non-catalytic reaction can take place using
hydrocarbons like heavy oils and coal. The stages of the POX method are similar
to those discussed for the SR method and are described from the following
chemical reactions:

» Reformer: C,H,, + nH,0 - nCO + (n + %m)HZ (non-catalytic)
C,Hpy + %nOZ - nCo + %mHZ (catalytic)

> WGSreactor: CO + H,0 - CO, + H,
» Methanator: CO + 3H2 - CH4 + H20

The most commonly used raw materials in a POX method are heavy oil
residues and coal. When coal is used the process is mentioned as coal
gasification and constitutes a major hydrogen production method, which,
however, is considered to be harmful for the environment (analysis follows in next
chapters). Drawbacks of the method are the low H2/CO ratio in the syngas and the
high operating temperatures, which can even reach 1100-1500 °C in the non-
catalytic process (Carapellucci, 2020).

Autothermal reforming method(ATR) is a combination of both SR and POX
methods, using the exothermic partial oxidation to provide the heat and
endothermic steam reforming to increase hydrogen production. This reforming
process is described by the following chemical reaction:

1 1 1 1
C.H, + EnHZO + ZTI,OZ +nCO + (zn + Em)Hz

The process is thermally neutral, because the heat generated by the
exothermal reaction exactly meets the energy requirement of SMR. The average
system temperature is also lower in comparison with POX method (Carapellucci,
2020).This method has significant lower equipment cost than SMR and coal
gasification and leads to cheaper H2 production.

Hydrocarbons pyrolysis is a chemical process, in which hydrogen is
produced by the thermal decomposition of hydrocarbons. The process is
described through the following general reaction:

1
C,H,, - nC+ EmH2

CH4isthe main hydrocarbon used for pyrolysis and the whole process takes place
at above 800°C when nickel is used as a catalyst, whereas temperature rises at
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1000°C when no catalystis used (Schneider, 2020). Despite the fact that pyrolysis
of natural gas has not yet been commercialized as hydrogen production method,
it is very promising as it is considered less energy consuming and more cost-
efficient than SMR method (Nikolaidis, 2017). Moreover, the main product of the
process, except for hydrogen, is solid carbon, which is more advantageous over
gaseous CO2from SMR, asitcan be more easily disposedi.e. in former cole mines
(Schneider, 2020). The major drawbacks of the method are the obstacle of
separating the hydrogen due to low H2 partial pressures and the diminishing
durability of the membrane because of the high temperatures required (Nikolaidis,
2017).

3.2.2) Hydrogen production from renewable sources

As mentioned before, only a small share of the hydrogen market is
produced from renewable sources, since almost 96% of global hydrogen is
produced via fossil fuels. The use of renewable sources will, however, increase in
the near future and is expected to prevail in long term, if environmental measures
continue to exist. The major methods for producing hydrogen from renewable
sources are biomass processes or other processes based on water splitting
(Nikolaidis, 2017).

Biomass is a renewable energy source derived from dead animal and
plants materials. Biomass is organic matter, which stores the sun’s energy of sun
using photosynthesis. CO2 is emitted when biomass is utilized, however, the
quantity is negligible and is equal to the amount of hydrogen the organism
absorbed when it still was alive. As far as hydrogen is concerned, it can be
produced from biomass either via thermochemical methods or via biological
processes, which are considered to be more eco-friendly, while on the other hand
they are significantly slower and more expensive. Thermochemical methods
include mainly pyrolysis and gasification, whereas the main biological processes
are direct and indirect biophotolysis, photo and dark fermentations and
multistage or sequential dark and photo-fermentation. The production methods
mentioned above will not be further analyzed, as this would be out of the scope of
this thesis.

Water is an abundant raw material in earth and for this reason water-
splitting processes are considered ideal for hydrogen production. Electrolysis,
thermolysis and photo-electrolysis are the main water splitting methods, which
can be totally carbon-free, if the required energy input is produced from
renewable sources. Electrolysis is considered the most mature and effective
water-splitting method and will be analyzed further, as it is the most promising
method to produce carbon-free hydrogen.
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The electrolysis unit, called electrolyzer, consists of an anode and a
cathode. When electrical energy is applied, water splits and hydrogen is produced
in the cathode. The process is described through the following chemical reaction:

2H,0 - 2H, + 0,

The most common technologies for electrolysis are alkaline, Solid Oxide
Electrolysis Cells(SOEC) and Proton Exchange Membrane (PEM). In alkaline and
SOEC electrolyzers water is introduced in the cathode where it is splits and
produces hydrogen, whereas in PEM electrolyzer water is introduced in the anode
and splits into protons, which in their turn head to the cathode in order to form
hydrogen. Electrolysis in general is capable of producing the cleanest fuel of the
history, when the required energy is produced from renewable sources. The
drawback of electrolysis is the high electricity consumption, which makes the
cost much higher in comparison to other hydrogen production methods.

3.3) Hydrogen Categorization

In the previous section, the most well-known hydrogen production
methods were analyzed. However, in relative bibliography hydrogen is further
categorized depending on the source used for its production and the carbon
footprint. The categorization is shown in the figure below (Figure 4):

Terminology Technology Feedstock/ GHG
Electricity source footprint*

Wind | Solar | Hydro
Green Hydrogen Geothermal | Tidal
Minimal

Purple /Pink Hydrogen Electrolysis Nuclear

PRODUCTION
VIA ELECTRICITY

Mixed-origin grid energy Medium

Natural gas reforming + CCUS

Blue Hydrogen
ydrog Gasification + CCUS Natural gas | coal Low

Turquoise Hydrogen Pyrolysis :Sbo}'lri_c:) rc:(ﬁ:'?

Natural gas

(E-E'-_'\F';f[;bﬂ-j?@? Natural gas reforming Medium

PRODUCTION VIA
FOSSIL FUELS

Brown Hydrogen Brown coal (lignite)
Gasification High
Black Hydrogen Black coal

*GHG footprint given as a general guide but it is accepted that each category can be higher in some cases.

Figure 4: Hydrogen categories

The most significant hydrogen categories mentioned in literature are
black/brown hydrogen, grey hydrogen, blue hydrogen and green hydrogen. A brief
analysis of each hydrogen type is following:
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e Black hydrogen is produced by the gasification of black coal, whereas
brown hydrogen is produced by the gasification of lignite. Coal is the most
abundant fossil fuel on earth and coal fuels are predominant for
gasification. However, black/brown hydrogen is considered to be the most
harmful hydrogen type for the environment, as coal has the lowest
hydrogen to carbon ratio and therefore, more carbon is produced per mole
of hydrogen (Shoko, 2006). Emissions of black/brown hydrogen could be
reduced in the future, if carbon capture technologies are further
established.

e Grey hydrogen is mostly produced via SMR method using natural gas. Most
of the hydrogen produced today is considered to be “grey” and thus, its
production contributes to global warming. CCS technologies are expected
to reduce the environmental footprint in the future.

e Blue hydrogen is produced in the same way as grey hydrogen, with the
difference that blue hydrogen production involves CCS technologies. CO2
is captured and stored in geological sites and is not released in the
atmosphere and therefore blue hydrogen is often mentioned as low-
carbon hydrogen. Capture efficiencies range from 53% to 95%, while there
are hopes that efficiencies may increase if hydrogen demand gets higherin
the future (M. Hermesmann, 2022). The drawback of blue hydrogen is that
it requires fossil fuels for its production and cannot contribute to the net
zero target, however, it could be a transitional fuel for the reduction of
global CO2 emissions.

e Green hydrogen is produced via water electrolysis using renewable energy
sources, with the most significant being wind, solar and hydro power.
Green hydrogen is not dependent on fossil fuels and at a first glance it is
totally carbon free, as no GHG emissions are produced directly during its
production. However, the plant manufacturing, the infrastructure
development and the supply chains of water and electricity have an
environmental impact which should be taken under consideration (M.
Hermesmann, 2022). Although green hydrogen is an almost clean fuel,
there should be put great effort on reducing its price, as today it is
significantly more expensive than the other types of hydrogen.

3.4) Hydrogen Storage

There are three main methods to store hydrogen; compressed gaseous
hydrogen storage, liquid hydrogen storage and solid hydrogen storage. Although
more than 80% of hydrogen refueling stations by 2010 used gaseous compressed
hydrogen, liquid hydrogen storage is very promising, while solid hydrogen storage
is stillunder development and might be used in the following years. Compressed
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gas is the most simple and mature storage method, while another advantage is
the fast filling and discharging. Hydrogen is compressed at pressures up to 700
bar and then it is stored at ambient temperature in gaseous form in cylinders,
containers or underground cavities. On the other hand, liquid hydrogen has a
higher density, stores more energy and its storage costs is less than compressed
gas storage (Tarhan, 2021). However, liquid hydrogen storage tanks are facing
problems with heat leaks and therefore hydrogen evaporates after filling the tank.
To tackle this problem, insulation systems are necessary to protect the method’s
efficiency. The losses differ and depend on the quality, capacity and the shape of
the tank. The leaks can be minimized due to the use of suitable technologies, but
they cannot be totally avoided (Léon, 2009).Another issue is the liquefaction of
hydrogen, which should come before the storage and is a complex and energy
consuming process. More about the liquefaction of hydrogen is following in
section 2.5.

3.5) Hydrogen Liquefaction

According to relative literature, liquefaction is a good practice before hydrogen
transportation and storage (Wulf, 2018). The main reasons for hydrogen
liguefaction are the following (Liang, 2020):

e Liquified hydrogen storage and distribution is more feasible than gaseous
hydrogen considering technical and economic perspectives.

e Liquified hydrogen has a higher density in comparison to gaseous hydrogen
and thus it has higher energy content.

Normal hydrogen(mixture of hydrogen at room temperature) is a gas
composed of 75% ortho-hydrogen and 25% para-hydrogen, which are two
different isometric forms of hydrogen. During the liquefaction process,
temperature decreases to 20K and a slow conversion to 100% para-hydrogen
takes place via a reversible and exothermic reaction. After its liquefaction, the
density of hydrogen is increased to 80kg/m? at 4 bar, while gaseous hydrogen’s
density is around 20kg/m3 at 300 bar. Hence, liquified hydrogen requires much
lesser storage volume in comparison to compressed gaseous hydrogen, as one
liguid hydrogen container is equal 7-8 compressed gaseous hydrogen containers
(Léon, 2009). On the other hand, the problem with hydrogen liquefaction is that
the whole process takes place at low temperatures (20K) and the fact that
hydrogen must be cooled down to those temperatures requires a complex and
energy consuming process. The process of hydrogen liquefaction will not be
analyzed further, as it is out of the scope of this thesis.
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3.6) Hydrogen Distribution

Hydrogen distribution can be achieved either by road transport or by pipelines
network. A brief presentation of the main transportation methods is following,
with information obtained from Faye et al. publication (Faye, 2022).

Hydrogen can be distributed with trucks, depending on the quantity of
hydrogen needed. Trucks are able to carry either gaseous or liquid hydrogen. A
short analysis of each transportation method is following, so that their advantages
and disadvantages are understood.

e Gaseous hydrogen can be transported by trucks using compressed gas
containers with gas cylinders or tubes, where hydrogen is pressurized in a
range of 200-500 bar. This method is suitable for medium quantities of
hydrogen; for larger quantities pressurized gas cylinders or tubes are
usually attached to compressed gas hydrogen tube trailers. As far as the
quantity of hydrogen transported is concerned, a tube trailer with steel
cylinders can carry up to 420kg of hydrogen (25000L at 200 bar), while the
quantity could rise if lighter tank materials were used. Gaseous hydrogen
road transport is also considered cost-effective, with a cost of 1$/kg H2.
However, trucks are nowadays not an eco-friendly way of transportation,
and their emissions should be taken into consideration, while there are
also safety issues associated with hydrogen leakages or explosions.

e Liquid hydrogentransportationis an alternative for distributing hydrogen by
trucks. Liquified hydrogen can be transported in greater quantities than
gaseous hydrogen, however, the problems associated with the liquefaction
process (evaporation of hydrogen, leakages and energy losses) form an
important drawback. The cost of liquid hydrogen transportation is around
0,4$/kg H2, though, the liquefaction cost should be added in order to
compare with the cost of gaseous hydrogen transportation. A future
reduction of the liquefaction cost would undoubtedly make the cryogenic
liquid tankers even more efficient.

Pipelines, on the other hand, are the most cost-effective option for
transporting large quantities of hydrogen. Except for the cost, pipelines are more
eco-friendly than trucks, their lifetime lasts for several decades, and they are
safer, as they are buried underground. However, the infrastructure of the pipeline
network should undoubtedly be improved in the future, and this remains
challenging, as it requires investments of billions dollars. Another problem is the
need to compress hydrogen to high pressures up to 10-20 bars in order for its
delivery speed inside the pipe to increase. This step is necessary so as to contain
the losses of hydrogen inside the pipe, which might be greater in comparison with
other fuels (for instance with natural gas).
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3.7) Hydrogen combustion: The case of fuel cells

3.7.1) Introduction

Hydrogen can be used as a fuel either for internal combustion engines or
for fuel cells, where it is converted into electricity. The relative bibliography
focuses more on the use of fuel cells for hydrogen and thus, the next paragraphs
are dedicated to the analysis of fuel cells.

Fuel cell application has been tested for all transport types. Research and
development of fuel cells began back in the early 1800s, while the first operational
fuel cell was demonstrated in 1959 and was used the years after by NASA. As far
as shipping is concerned, fuel cells had few applications and were mostly used
for some submarine types. Fuel cells have nhowadays regained a lot of interest,
since they are the perfect platform for alternative fuels like hydrogen and they emit
zero carbon during their operation. According to market studies, fuel cells are
commercially available, and their market is expected to grow up to 42,3 billion
dollars by 2030; almost 10 times greater in comparison to 4,5 billion dollars of
2020 (Figure 5).

%“E"E"“ FUEL CELL MARKET SIZE, 2020 T0 2030 (USD BILLION)

$423

§7.03
$5.63

L 2022 | 2023 W 2024 W 2025 W 2026 W 2027 [ 2028 W 2029 W 2030 ]

Figure 5: fuel cells annual market growth

3.7.2) Main Principles of Fuel Cells

A fuel cellis an electrochemical device that converts chemical energy stored
in a gaseous or liquid fuel directly into electrical energy. The whole process in a
fuel cell differs from the classic thermomechanical energy conversion and does
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not obey to the Carnot principle (Timoleon, 2019). The hydrogen combustion
reactions occurring in a fuel cell are the following:

e H, o 2H"+2e”
« Z0,+2H* +2¢” & Hy0
The two reactions are spatially separated using an electrolyte, which allows

ions to flow, but no electrons. The fuel cells possess two electrodes, one for each
reaction that takes place (O'hayre, 2016).

i
Ha Qs
Figure 6: Simple H2-O2 fuel cell(source:Fuel Cells Funfamentals)

Figure 6 shows a simple H2-02 fuel cell, which consists of two dipped into
an electrolyte (sulfuric acid). Hydrogen is split into protons (H*) and electrons,
according to the first reactions written before. Protons flow through the
electrolyte, while the electrons flow from left to right through a piece of wire that
connects the two electrodes. After electrons reach the right electrode, they
recombine with protons and oxygen and form water, according to the second
chemical reaction written before. Electricity is finally produced when a load is
introduced along the path of the electrons and so the following electrons provide
power to the load (O'hayre, 2016).

3.7.3) Fuel Cell Types

There are basically five types of fuel cells (Surer, 2022):

e Proton exchange membrane fuel cell (PEMFC)
e Alkaline fuel cell (AFC)

33



e Phosphoric acid fuel cell (PAFC)
e Molten carbonate fuel cell (MCFC)
e Solid oxide fuel cell (SOFC)

PEMFC and SOFC are the most suitable for maritime applications and a brief
analysis of each type is following:

In PEMFCs athin polymer membrane is used as an electrolyte, which is usually
made by a material called Nafion. Protons are the ionic charge carrier inside the
PEMFC membrane (O'hayre, 2016). The reactions occurring inside the fuel cell are
the following:

o H,o 2H* +2e”
« Z0,+2H* +2¢” & Hy0

PEMFC are ahead of other fuel cells for marine applications, since they have
mature technology, cost partly less and can operate at lower temperatures.
Moreover, they have high power density and can deliver to load changes (Surer,
2022).

In SOFCs a thin ceramic membrane is used as an electrolyte, which is usually
made by a material called yttria-stabilized zirconia(YSZ). Oxygen ions (0%~ )are the
ionic charge carrier inside the PEMFC membrane (O'hayre, 2016). The reactions
occurring inside the fuel cell are the following:

e H,+ 0% o H,0+ 2e”
¢ 20,+2e © 0%

SOFCs are highly efficient and fuel flexible, however, they operate at high
temperatures over 600 °C and thus, a battery is usually used in order the SOFC to
be preheated and reach its operational temperature.

3.7.4) General Discussion about Fuel Cells

Hydrogen fuel cells are undoubtedly one of the strongest candidates for the
decarbonization of shipping. Their main advantages versus internal combustion
engines are the following (Surer, 2022):

e Zero carbon emissions: Fuel cells emissions during the ship’s operations
are practically negligible.

e High efficiency: Since fuel cells convert chemical energy directly to
electricity, they are characterized by high fuel efficiency.

e Low noise: Since fuel cells do not have moving parts like diesel engines,
they only create noise from the auxiliary equipment.
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Low maintenance cost: Fuel cells have no need for lubricant oil.
Goad part load performance: Fuel cells are more efficient in comparison
to diesel engines when they operate at partial loads.

Onthe other hand, fuel cells have various challenges to overcome before they
become fully applicable for ships. The most serious barriers of fuel cells are the
following:

Fuel cells include high capital and operating cost. More specifically, the
platinum-based catalysts used in fuel cells correspond to 56% of the total
capitaland thus, itis necessary that cheaper electrode materials are used,
in order the total cost to be reduced.

Fuel cells have lower durability than diesel engines. A possible
replacement of fuel cells after some years of operation would increase the
cost even more and make them unaffordable for the ship owner.

The logistics of hydrogen, which is the main fuel candidate to be
combusted in fuel cells, still face difficulties. Hydrogen storage is
problematic, as the two basic storage methods (gaseous and liquid
hydrogen) face their own difficulties and therefore, further research is
needed in order storage technologies to be improved. Moreover, fuel
supply is under is under question, since production and distribution of big
quantities of hydrogen might prove troublesome.
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4) Methodology: Life cycle approaches (LCA and
LCCA)

Life cycle approaches are becoming more and more popular in the shipping
industry, as they can estimate emissions and costs, even from early design stages.
Environmental impacts are examined through the LCA, which is a process
standardized under the ISO framework. On the other hand, LCCA is a tool for the
economic impact assessment, which evaluates various designs or alternatives
and chooses the most cost-effective option. It is worth noting that LCA and LCCA
are often conducted together and their results are combined for the determination
of the final design. Although life cycle approaches were firstly treated with
skepticismin the shippingindustry, as they were considered complex, their use is
nowadays gaining ground, focusing mostly on ship design, ship building, ship
maintenance and retrofitting technologies (Ventikos, 2022).

In this chapter, the basic principles and the framework of both LCA and LCCA
are going to be analyzed.

4.1) LCA (Life Cycle Assessment)

The increased awareness of the importance of environmental protection
and the further discussion about the impacts of some products manufacturing
and consumption has led to the development of methods, which can assist in a
more precise understanding and evaluation of those impacts. One of the most
used methodsis LCA, which is developed by two ISO standards (ISO 14044, 2006),
(1SO14040, 2006). LCA addresses the environmental aspects and the possible
environmental consequences throughout a product’s life cycle, starting from the
production’s phase and continuing with the use phase, the end-of-life treatment,
the recycling phase and the product’s final disposal. However, it is worth saying
that a LCA can only be used as a part of a more comprehensive decision process
and of course it is not suitable for all situations, as it does not address issues such
as cost or social aspects. Moreover, it is only possible to compare two different
LCA studies when the same assumptions are made, and their context is
equivalent.

According to ISO 14040 (1ISO14040, 2006), a LCA consists of four main
phases (Figure 7):

e Goal and scope definition phase: The scope of a LCA includes the system
boundaries and the level of detail and depends on the subject and the
intended use of the study. The depth and the breadth of a LCA varies,
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depending on its particular goal. In this stage, the basic parameters and
the functional units of the system should be determined.

e Inventory analysis phase (LCI): This second phase includes the inventory
of all the input/output data of the system being studied. This stage includes
the collection of the necessary data, as well as the quantification of all the
output data produced during the system’s life cycle. For example, such
output data could be gas emissions or solid waste.

e Impact assessment phase (LCIA): In this third stage of the LCA, the
purpose of LCIA is to provide additional information about a product’s or a
system’s results, so as to understand its environmental impact or its
impact on human’s health.

e Interpretation phase: In this final phase, the results of LCI and LCIA are
being summarized and discussed. This phase includes also conclusions,
recommendations for future research and decision making.

@
Inventory
T

Goal Life Cycle
and Scope | Use of the | Impact
Definition \ Product | Assess

nterpretatio
v

Figure 7: The 4 phases of LCA



4.2) LCCA (Life Cycle Cost Assessment)

The goal of a LCCA is to estimate the economic impacts of GHG emission

reduction technologies. The LCCA framework includes the whole system’s life,
starting from construction to end of life phase (disposal, recycling etc.). The LCCA
phases are shown in Figure 8:
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Problem definition: scope and objective definition
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F * .
Breakdown analysis: identification of cost elements
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w
r .
Cost modelling: Cost estimation method
Y - -
*
i "
Data collection: Access reliable data sources
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Cost estimates: Cost treatment (inflation etc.)
e -
. ¥
Evaluation: KPis, uncertainty and risk handling

Figure 8: LCCA framework

A brief analysis of each LCCA phase is following, with information adapted
from the work of Ventikos et al. (Ventikos, 2022):

Problem definition: The process of the LCCA framework begins with the
scope and the objective definition. The objective is usually cost
minimization in a life-cycle perspective, while the scope differs in each
case and is set by the nature of the system examined.
Breakdown analysis: The breakdown analysis phase includes the
separation of the entire life-cycle cost into individual cost elements. The
life-cycle cost can be divided into four main costs:

1. Construction costs

2. Operation costs

3. Maintenance costs

4. End of life-disposal costs
Adoption of this approach ensures a more accurate estimation of each
individual cost. The phases of construction, maintenance and disposal
share acommon basis of breakdown analysis, since they are driven by cost
elements defined by the system’s structure. On the other hand, the
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operation phase has a different analysis basis, as the main cost elements
include fuel and lubricant oil consumption.
Cost modelling: The costs analyzed in the breakdown analysis phase are
then estimated in the cost modelling phase. This estimation can be
achieved using three model categories:

» Analogy models

» Parametric models

» Engineering models

The most suitable method to be used is defined by the nature of the cost
element and the available data.

Data collection: Generally, data can be collected from literature
references, manufacturers, industry employees or other detailed sources.
Cost estimates: Since the LCCA framework examines the entire life cycle
of a system, the change of money value through the years should be
counted. Hence, cost treatment is vital and so the costs should be
considered in their present value. In some cases, inflation should also be
counted.

Evaluation: The evaluation phase includes the calculation of the KPls,
which evaluate the system’s economic efficiency. Such KPIls might be NPV
(Net Present Value), NPC (Net Present Cost) or IRR (Internal Rate of
Return).
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5) LCA and LCCA model

After the theoretical analysis, which took place in the previous chapter, this
chapter is dedicated to analyzing the model used, in order a LCA and a LCCA
simulation for a hydrogen-fueled ship to be conducted. Each life cycle approach
will be examined in the next sections.

5.1) LCA model

This section includes the LCA process used to evaluate the environmental
impacts of a hydrogen- fueled ship for its whole lifetime. Moreover, a comparison
with a LS-MGO-fueled ship will follow, so as to determine whether the adoption of
hydrogen as a marine fuelis worth for the decarbonization of the shipping industry.
LS-MGO was selected for the comparison with hydrogen, since itis a fuel suitable
for Emission Control Areas (ECA).

Goal and scope

The goal of this LCA model is to evaluate the GHG emissions produced
during the ship’s life cycle and compare them with the corresponding emissions
of a LS-MGO-powered ship. The lifespan for both ships is considered to be 25
years and includes the construction, operation, maintenance and disposal phase.
The functional unit used in the calculation of GHG emissions is CO, equivalent
(COz¢q), which is a metric measure used to compare the emissions of GHG on the
basis of global warming potential, by converting amounts of other gases to the
equivalent amount of carbon dioxide with the same global warming.

LCI phase

In the LCI phase, the amount of GHG emissions produced from each ship
is going to be accurately calculated. Since the scope of the study focuses on the
comparison of the two ships, the emphasis will be put on the systems differing
between the two ships. For example, the hull construction remains the same for
both ships and hence will not be part of the LCI, whereas the two ship’s engine
rooms are different, and this should be appreciated in the LCI. The LCl includes
the four main life-cycle phases: construction, operation, maintenance and
disposal.

Construction phase’s emissions are considered to be produced from the
manufacturing of two main subsystems: hull and machinery (Chatzinikolaou,
2015). Since the hull subsystem is expected to be the same for both the diesel and
the hydrogen-fueled ship, the focus will be put on the machinery subsystem.
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The hydrogen-fueled ship is assumed to be equipped with a PEMFC, along with
auxiliary engines. As the maker gives no further data for the construction’s
emissions, an analogy model will be used to estimate the total emissions
produced. Table 1 includes the quantity of materials used for the construction of
1kW PEMFC, along with the emissions to produce those materials (Table 1),
(Stropnik, 2019).

Table 1: Inventory list to produce 1 kW PEMFC)

Inventory list(1 kW PEMFC)

Material Value Unit kg CO2eq/1 gram material kg CO2eq emissions|
Graphite 4,5|kg 0,0000755 0,33975
PvdC 1,11kg 0,00453 4,983
Aluminium 0,3|kg 0,00826 2,478
stack Chromium Steel 0,1|kg 0,00268 0,268
Glass fibers 0,1|kg 0,00173 0,173
PFCA(Nafion) 0,07|kg 0,831 58,17
Carbon black 0,0008|kg 0,00254 0,002032
Platinum 0,00075| kg 28,5 21,375
Steel product 3,7|kg 0,00219 8,103
HDPE 1,5kg 0,00148 2,22
BoP Chromium Steel 1,1|kg 0,00268 2,948
Castiron 0,8|kg n.a 0
Aluminium 0,75|kg 0,00826 6,195
PP 0,25|kg 0,002 0,5

sum 14,27155(kg
Material Value Unit kg CO2eq/kWh kg CO2eq emissions|
System |Electricity 16,9\ kWh 0,285 4,8165
sum 112,571282

The LS-MGO-fueled ship is assumed to be equipped either with a two-
stroke or with a four-stroke diesel engine, along with diesel generators. The
representative air emissions from the machinery subsystem inventory are
obtained from Ventikos and Chatzinikolaou study (Chatzinikolaou, 2015) and are
presented below (Table 2).

Table 2: Representative emissions from machinery building inventory

Substance |Unit per kW installed
1|CO2 kg 84,827
2|CO kg 0,183
3|CH4 kg 0,104
4|NO2 kg 0,034
5|NOx kg 0,236
6|PM (all) kg 0,557
7|1S02 kg 0,279
8| SOx kg 0,011
9|VOC kg 0

10|NMVOC kg 0,018

The operation phase’s emissions differ significantly between the two ships.
The conventional ship produces GHG emissions through the combustion of LS-
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MGO, whereas hydrogen ship produces zero emissions during its operation.
However, hydrogen production and its further treatment is responsible for
multiple air emissions, depending on the production method used for the
hydrogen.

The operation phase for both ships can be divided into three separate phases:

e \oyage time: The total voyage time, t,,, is obtained from databases. For
the scope of this thesis, voyage time is not separated into ballast and
laden legs, due to lack of detailed operational data.

e Maneuvering time: The maneuvering time, t,,, for berthing and departure
can be estimated using empirical equations from relative literature. A good
estimation is given through the next formula, which correlates
maneuvering time with the ship’s length and calculates it in minutes
(Ozkulluk, 2023):

- { 0,3138 * Loy, berthing )
m 0,1179 * Loy + 5,6228, departure

e Port/anchorage/idle time: The port/anchorage/idle, t,, time can be
obtained from databases. During this time, it is assumed that the main
engine does not operate, however, auxiliary engines remain in operation.

Ships are usually designed to navigate at operating speeds, V,;.s (kn), which are
equal to 100% of the main engine load. By using the propeller’s law, the main
engine power during voyage time, Py 40 (kW) ,can be calculated through the
following equation:

Pue ave = Pup * (K‘;’:)n (2), in which:

e Py main engine design load

o V,,.: average ship speed

e The approximate n value is given by brochures of engine makers (MAN
Energy Solutions), using the next table (Table 3)

Table 3: Example ships with exponents to the power curve(source: MAN Energy Solutions)

Category Propeller Length overall|Breadth |Draught CB V,kn(=n) |V,kn(=n) {V,kn(=n) [V,kn(=n)
Tanker,product 1FP 174 32,2 1 0,78113(3,2) |14(3,4) [15(3,6) |16(3,8)
Bulk carrier 1FP 273 46 16,5 0,83113(3)  [14(3,1) |15(3,3) |16(3,6)
Container ship 1FP 375 59 16 0,68|21(3,2) 22(3,3) |23(3,3) |24(34)
Container ship 2FP, twin skeg 375 59 16 0,68[21(3,1) 122(3,2) (23(3,2) |24(3:3)
Ro-pax 2CP, twin skeg 200 3,8 7 0,61(21(34) 122(3,7) |23(4,1) |24(4,8)

The average load of the auxiliary engines is assumed to be 50% of the design load
P,z (kW). Hence:

Pyg ave = 0,5 * Pyg (3)

42



The total average ship power, Py, (kW),is calculated by summing Pyg qpe,

P AE,ave:

Prve = PME,ave + PAE,ave (4)
Equations (1)-(4) are valid for both types of ships.
Hydrogen-fueled ship

For the hydrogen-fueled ship specifically, the required power of a PEMFC should
be increased by 10% when hydrogen is used as a fuel (Perci¢, 2022). Hence:

Ppgmrc = 1,1 * Pyye (5)

In order the operating temperature of a PEMFC to be reached, a few minutes or
even seconds are required, according to the relative bibliography. In this thesis it
is assumed that the operating temperature is reached within three minutes. The
power needed for the heating of the fuel cell system can be provided by shore
electricity in a port or by onboard batteries (Figure 9). Batteries are mostly used for
SOFC systems, which require a 6,7 times greater heating time in order their
operating temperature to be reached. For the PEMFC system being simulated,
shore electricity is assumed.
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Figure 9: considered options for reaching the operating temperature of a fuel cell

The energy demand for the heating of the PEMFC system is assumed to be
0,015 kWh/kW (Percic¢, 2022). Hence, the required energy for the system heating,
EH (kWh), is calculated through the following equation:

EH = 0,015 * Ppgypc (6)
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The fuel consumption for the voyage time of the year, FC (kg/year), is calculated
as:

FC, = —2e™ (g in which:

NpEMFCc*NCV

e 7npeurc: fuel cell’s efficiency
e NCV: Net calorific value of hydrogen fuel. The NCV for hydrogen is equal to
33,33 kWh/kg.

The total fuel consumption, FC,.q, (kg/year), is calculated by adding the fuel
consumption during maneuvering time and during port/anchorage/idle time. The
fuel consumption should also be increased by 10%, in order the effect of bad
weather to be taken into consideration.

As already mentioned before, hydrogen fuel produces zero GHG emissions during
ship’s operation. However, hydrogen is responsible for GHG emissions during:

e Production procedure

e Liquefaction procedure (in case LH, is used)
e Storage procedure

e Transportation procedure

e Regasification procedure(in case LH, is used)

For the production procedure, GHG emissions are obtained from relative
bibliography. The amount of emissions differs significantly dependent on the
production method used. For the scope of this thesis, the cases of grey hydrogen,
blue hydrogen and green hydrogen will be examined. The GWP values for each
hydrogen case are obtained directly from relative bibliography (Cetinkaya, 2012),
(Hermesmann, 2022).

The liquefaction procedure’s emissions, Le, ( kg C02.4/kg H, liquified), are
calculated through:

Lem = H24iq * CO2perkwner /1000 (10), in which H2;, (kWh/ kg CO,) is modeled as
the energy demand for the liquefaction of one kilogram of hydrogen. The value of
H2,;, can be obtained from three different studies (Wulf, 2018), (Zhang, 2023),
(Isotta, 2012). In this thesis, HZ;;, is considered as the mean value of the three
studies mentioned and is equal to 12,94 kWh/ kg CO,.

The storage procedure’s emissions, STy, ( kg CO2.,/kg H, stored), can be
modeled as:

STem = H2t0r * CO2perkwner/1000 (11), in which H2g,,. (KWh/ kg H2) is the
specific energy required for the storage of the liquified hydrogen. H2g,, is
considered to be equal to 1,97 kWh/ kg H2 for liquified hydrogen (Park, 2022). In
the case of compressed hydrogen, storage emissions are mainly associated with
hydrogen compression (assumption for compression from 30 to 120 bar) and
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drying, after it is extracted from the storage tank. The GWP values for gaseous
hydrogen compression and drying are obtained from a publication of Joint
Research Center(JRC) of the European Union (European Commission, Joint
Research Centre, Arrigoni, A., Agostini, T., Eynard,, 2024).

The hydrogen’s distribution process can be accomplished either via pipelines or
by truck. Since the hydrogen pipeline infrastructure in Greece is stillin a pure level,
hydrogen is assumed to be transported by truck. Hence, the hydrogen
transportation emissions, Te,, (kg CO2,,/kg H, delivered), are calculated through:

transgise
100

Tom = H2trans * CO2perkwher * /1000 (12), in which:

o H2.4ns: the energy required for transporting 1 kg of hydrogen for 100 km. It
is used that H2,4,s=0,39 kWh/ kg H2 (Park, 2022)

e transg: distance the truck covers till the delivery of hydrogen. In this
study, the transportation distance is assumed to be 150km.

According to everything mentioned above, GHG emissions associated with
hydrogen can be expressed through the next formula:

H2 o issions = Pom + Lem + STem + Teme (13), in which B, is the amount of
emissions coming from hydrogen production.

The annual amount of emissions(kg C02,,/year) can be modeled as:

EMY@‘”" = FCyeaT * H2 pmissions + EH * CO2

to the annual number of port calls.

* PC (14), in which PC refers

Derkwhel

The total emissions in the ship’s operational life are estimated by multiplying
annual emissions with the system’s lifespan, which is already assumed to be 25
years.

LS-MGO-fueled ship

To continue with the LS_MGO-fueled ship, its operation phase’s emissions are
estimated using almost the same principles as the hydrogen-fueled ship. The total
average ship power, P,,,.(kW), can be calculated using equations (2)-(4). The fuel
consumption for the voyage time of the LS-MGO-fueled ship can be modeled as:

FCymco = ty(ECp mg * SFCyg + ECp a5 * SFC4g) (15), in which SFC is the specific
fuel oil consumption of the diesel engine. The overall fuel consumption per
year,FCyeqraieser 1S calculated by adding the fuel consumption during
maneuvering time and during port/anchorage/idle time. The fuel consumption
should also be increased by 10%, in order the effect of bad weather to be taken
into consideration. The same practice is also applied to the hydrogen-fueled ship.

45



The GHG emissions per year can be calculated by multiplying FCy ey gieser With the
emission factor, EF (kg CO,.4/kg fuel):

EMyear,MGO = FCyear,MGO * EF (16)
Emission factors for each fuel are obtained from IMO (MEPC.376(80), 2023).

The total emissions in the ship’s operational life are estimated by multiplying
annual emissions with the system’s lifespan.

Maintenance and disposal phase

The maintenance phase’s emissions can be ignored for both the hydrogen
and the diesel-fueled ship due to lack of data in the relative bibliography. This
practice is also adopted in most relative LCA studies and does not influence
significantly the results, since maintenance phase’s emissions are associated
with only a small share of the total GHG emissions. This assumption is also
supported by Ventikos and Chatzinikolaou study, who performed a LCA for a
diesel-fueled ship and concluded that maintenance phase’s emissions where
only responsible for 0,87% of the total emission’s share (Chatzinikolaou, 2015).

The disposal phase’s emissions are also going to be ignored, due to lack of
credible data. The amount of disposal phase’s emissions is also negligible and
hence, ignoring them is not going to influence significantly the final results.

LCIA phase

The last step of the LCA simulation is related to the estimation of
environmental impacts of both the hydrogen and the LS-MGO-fueled ship. In this
LCA simulation, environmental impacts are going to be estimated using Global
Warming Potential for 100 years (GWP,, ) as a KPI. The unit used for the GWP
calculation is CO,.q4, Which is already mentioned before. Emissions not given in
C0Oy¢q unit can be transformed to (0,., using the following equation
(MEPC.376(80), 2023):

gCO0s¢q = gC0O, + 28 x gCH, + 265 x gN,0 (17)

5.2) LCCA model

This section includes the LCCA process used to evaluate the economic
impacts of hydrogen usage as a marine fuel for a ship’s lifespan. Moreover, a
comparison with a LS-MGO-fueled ship will follow, so as to determine whether the
adoption of hydrogen is economically beneficial or not.
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Problem definition

Goal of this LCCA simulation is to accurately estimate the economic
performance of a hydrogen-fueled ship for its lifespan. The results will be
compared with the case of a LS-MGO-fueled ship, in order to be determined
whether or how much the adoption of hydrogen increase the life cycle costs.

Breakdown analysis, cost modeling and data collection

In this step, the entire life cycle cost should be divided into individual cost
elements. A first approach can divide the cost into four separate life cycle cost
phases: construction, operation, maintenance, disposal(Figure 10), (Ventikos,
2022).

o | Construction & Retrofitting Costs
&) ) ’
E Operation Costs
tl—} 5,

E il )
=4 : Maintenance Costs

[ . <
= ,

= End-of-life / Disposal Costs

{
-
L "

Figure 10: The 4 phases of breakdown analysis step

In this LCCA model, maintenance and disposal costs are ignored, since it was
not possible to find accurate data from manufacturers or shipping companies for
PEMFC maintenance and disposal. Hence, itwas preferred to ignore maintenance
and disposal costs for both systems, so as to keep the same boundaries and
compare them correctly. The construction costs are obtained from relative
literature, while for the operation costs engineering models are used.

Construction costs refer mainly to the construction of two main subsystems:
hull and machinery. Since the hull is expected to be the same for both types of
ships, the focus will be put on the machinery costs, which are different for the
hydrogen and the diesel-fueled ship. Moreover, the fuel’s storage tank cost will
also be takeninto account, since the cost of the hydrogen storage tank is expected
to be almost 10 times greater in comparison to diesel oil storage tank. The values
for each storage tank’s prices are obtained from relative study (Horvath, 2018).

For the hydrogen-fueled ship case, the PEMFC construction cost can be found
using Figure 11, which is obtained from a work of Department Of Energy (DOE) from
USA (Papageorgopoulos, 2023).
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Figure 11: fuel cell system cost(source: DOE)

For the case of this LCCA simulation, an annual production rate of 10000 PEMFC
systems per year can be assumed and hence, the PEMFC system cost can be
taken equal to 209%/kW. The whole PEMFC system cost, PEMFCtytqicos: (Mil
USD), can be calculated through:

PEMF Ciotaicost = PEMFCepogt * (PME + PAE) *107° (18)

The Capital Expenses (CapEx) include the investment for the PEMFC system along
with the appropriate fuel storage tank. Hence, CapEx (mil USD) for the hydrogen-
fueled ship is estimated through the following equation:

CapExy, = PEMFCipiaicost + StorageTank .,q: (19)

It should also be noted that PEMFC systems have a smaller lifetime in comparison
with diesel engines and this must be taken into consideration in the analysis,
because the PEMFC system might need to be changed after some years of
operation. According to data obtained from PEMFC makers, the PEMFC lifetime
is expected to be 35000 hours.

On the other hand, the diesel engine price can be estimated 360$kW for globally
known brands (Lyu, 2022). Hence, the CapEx (mil USD) for the diesel case can be
calculated as:

. P
CapExgieser = enginepyice * ﬁ + StorageTank,g: (20)

The operational costs of each case are mainly driven by the fuel consumption
cost. Since the two fuels require a completely different treatment, a separate
analysis for each case is following in the next paragraphs.
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The operational expenses (OpEx) of the hydrogen-fueled ship can be separated
into fuel cost and shore electricity cost.

The hydrogen fuel’s cost can be modeled as following:

» Hydrogen production cost (P,,)

Hydrogen liquefaction cost (L.,s¢), in case liquified hydrogen is used
Hydrogen compression cost(C.,st), in case gaseous hydrogen is used
Hydrogen storage cost (St.st)

Hydrogen transportation cost (T¢yst)

YV V VYV

The hydrogen production cost varies in the literature, as it depends on many
factors and especially on the production method used. A good estimation for each
hydrogen type’s cost is given by a report of EU Hydrogen Policy (EU hydrogen
policy, 2021). Liquefaction and compression costs are obtained directly by a
technical report from Hydrogen Council (Hydrogen Council, 2020). The exact
values are L.,s;=1,6%$/kg H, and C.,,;=0,8%/kg H, The gaseous hydrogen’s storage
cost is taken equal to 0,14$/kg H,, assuming that hydrogen is stored in salt
caverns (Abdin, 2022). In case of liquid hydrogen, the storage cost is taken equal
to 0,09$/kg H, for an above ground liquid storage tank (Burke,
2024).Transportation costs are also estimated by Hydrogen Council (Hydrogen
Council, 2020), with their values being 0,4$/kg H, for liquid trucking and 1$/kg H,
for gaseous trucking.

Hence, fuel cost is calculated through the next formula:

Post + Leost + Steost + Teost, Liquified hydrogen

P.ost + Ceost + Steost + Teost» gaseous hydrogen (21)

H2 o5t = {

The shore electricity cost ($) in an annual basis can be modeled as:

EHcostyear = EH * elect ys * portcalls(22), in which elect_cost is the price for
electric current. For the Greek case it is taken equal to 0,15$/kWh.

Finally, the OpEx ($/year)for the hydrogen fueled ship is calculated through:
OpExy; = H2 o5 * FCyear + EHcost,year (23)

The OpEx of the LS-MGO-fueled ship can be separated into fuel cost and lubricant
oil cost. Furthermore, the EU ETS carbon tax cannot be ignored, as it influences
significantly the OpEx analysis.

The LS-MGO fuel cost ($) and lubricant oil cost ($) for a whole year are calculated
using the following equations:

LS_MGO o5t = FCyearmco * LS_MGOpyice (24)

Lubcosy = SLOC * Paye * t, * lubyrice(25), in which SLOC refers to the specific
lubricant oil consumption of the diesel engine. The prices for diesel oil and
lubricant oil are obtained using real data for the port of Piraeus.
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The EU carbon permit price is nowadays equal to 65$/t CO,, using real data for
September 2024. Hence, the total carbon tax ($) for a year is equal to:

Carbonges, = CO2os, * —22M50 4 B (26)

Finally, the OpEx ($/year)for the diesel-fueled ship is calculated with combination
of equations (24)-(26):

OpPEXgieset = LS_MGO 5t + Lub, gt + Carbon ,s (27)

Maintenance and end of life costs are totally ignored for both ships in the
present diploma thesis, since it was impossible to find accurate data from engine
makers or shipowner companies. This practice is also adopted by some other
LCCA studies, while a few studies use empirical equations to estimate
maintenance or end of life costs. However, empirical equations do not always give
credible results for all types of ships and hence it was preferred not to use them.

Cost estimates and evaluation

Inthe cost estimates phase, cost elements are brought together in order to
form the final cost estimate. The proper treatment of future cost values requires
the use of the nominal discount rate ( 1,,,) and inflation rate (ri,f). The
relationship between nominal discount rate and inflation rate is given through the
next equation (Ventikos, 2023):

_ 14+1rom
Treal =

1+Tinfl -1 (28)

For the scope of this thesis, nominal and inflation rates are assumed to be
constant during the ship’s lifetime. The values taken are 15,4, = 4% and 1j,5; =
2%. The KPI chosen for the evaluation of the LCCA is Net Present Cost (NPC),
which sums the present value of all cost elements during the ship’s lifetime. NPC
is estimated through the next formula:

(1+Treal)25 -1

Treal*(1+Treqr)?>

NPC = CaPex + OpEx * (29)
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6) Case studies: Analysis and results

6.1) Ship characteristics and operational data

The LCA and LCCA models described in Chapter 5 will be applied in five
different ships. Their main particulars and operational data are summarized below
(Table 4),(Table 5). Operational data are obtained using real data from databases.
The main engine load (%) during maneuvering time is obtained from relative
technical report (Winebrake, 2007). The maneuvering time is generally obtained
from equation (1), apart from the Ro-pax and the cruise ship, which maneuvering
time is assumed to be 10 and 15 minutes respectively in both berthing and
departure. This differentiation is made because the Ro-pax and the cruise ship
operate in smaller ports, in which the maneuvering time is expected to be less.
Another differentiation for the Ro-pax ship is that port time is estimated as the
time for loading/unloading, which is taken equal to 30 minutes per port call. The
rest of the time the ship remains inactive in the port and all engines are assumed
to be switched off.

Table 4: Main ship particulars
Main ship particulars

Ship1 Ship 2 Ship 3 Ship4 Ship5
Ship Type Ro-pax Bulk carrier Tanker Containership Cruise/passenger
Length overall(m) 96,5 99,05 104,99 99 99,9
Breadth(m) 16,6 16 19,05 22 16,8
Depth(m) 4,05 7,7 9,9 5 4,75
Main Engine Power (kW) 1342 2060 3309 1617 1920
Main Engines Number 4 1 1 2 2
Main engine SFOC(gr/kWh) 205 198 200 200 219
Auxiliary Engine power(kW) 447 200 400 225 533
Auxiliary Engines Number 2 3 3 3 3
Auxiliary engine SFOC(gr/kWh) 215 215 215 215 215
Design Speed(kn) 17 11,6 12,3 12,2 17
Average speed(kn) 13,3 7,8 9 9,9 10,2
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Table 5: Operational data

Operational data

Ship1 Ship2 Ship3 Ship4 Ship5
Port calls(per year) 904 67 84 105
Voyage time(hours per year) 1280,7 3691,4 3552,7 5269,0
Maneuvering time(min. per portcall) 301,3 52,6 71,3 83,0
Main engine load maneuvering(%) 25,00% 8,00% 8,00% 8,00%
Port/Anchorage/ldle time(hours per year) 1168 5016 5136 3408

6.2) Results

120
2220,0
60,0
25,00%
6480

This sectionincludes the results of both LCA and LCCA simulations. Firstly,
the results are presented for each ship separately. This section includes the result
for the Ro-pax ship, while the results for the rest of the ships are similarly

presented in Appendix A.

The results for the Ro-pax ship are presented in Figure 12 and Figure 13. The

comparative results with LS-MGO are summarized in Table 6.

Ropax emissions(Complete life cycle)

CH2 GNH
CH2BH
LH2 GNH
LH2 BH
CH2GH
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LH2 GH
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Figure 12: Ro-pax ship LCA results
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Ropax NPC
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Figure 13: Ro-pax ship LCCA results
Table 6: Summarized comparative life cycle results for the Ro-pax ship
Ro-pax comparative LCA,LCCA results
Fuel GH-LH2 |GH-CH2 |BH-LH2 |BH-CH2 |[GNH-LH2|GNH-CH2
Emissions % differentiation 9,75%| -17,33%| -43,37%]| -70,43%]| -63,48%]| -90,54%
NPC % differentiation 7,05% 3,15%| 18,74%| 14,84%| 78,47% 74,58%

The main conclusions are the following:

Liquified grey hydrogen (LH2 GH) results to be more harmful than LS-MGO,
increasing the total emissions by 9,75%. All other types of hydrogen are
environmentally beneficial compared to LS-MGO. The maximum reduction
of emissions is observed in the case of compressed green hydrogen (CH2
GNH), in which the total emissions are reduced by 90,54%. It is also
remarkable that blue hydrogen contributes significantly to emission’s
reduction, as compressed blue hydrogen is observed to reduce the total
emissions up to 70,43% compared to LS-MGO. Liquified blue and green
hydrogen give also promising results with reductions up to 43,37% and
63,48% respectively. Compressed grey hydrogen (CH2 GH) would also be
slightly beneficial compared to LS-MGO, offering a reduction of 17,33% in
the ship life cycle’s emissions.
LS-MGO results to be the cheaper option for the ship’s life cycle. Grey
hydrogen, either compressed or liquified, is expected to slightly increase
NPC (by 3,15% and 7,05% respectively). The adoption of blue hydrogen
raises NPC by 14,84% for the case of compressed hydrogen and 18,74%
for the case of liquified hydrogen. However, in green hydrogen case the
NPC is significantly higher with an increase up to 74,58% for compressed
hydrogen and 78,47% for liquified hydrogen.
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e Compressed hydrogen is associated with significantly lower amounts of
emissions compared to liquified hydrogen. For the grey hydrogen case,
emissions rise by 32,75% when liquified hydrogen is used instead of
compressed hydrogen. The differentiation is even more significant in the
case of blue hydrogen, for which emissions increase by 91,5% when the
hydrogen is liquified. If green hydrogen is used, liquified hydrogen’s
emissions are 3,86 times higher than compressed hydrogen’s emissions.

e Liquified and compressed hydrogen’s NPCs do not differ significantly.

After the analysis of results for each ship type separately, it is also considered
useful to compare the results of the five ship types altogether. The LCA results of
the five ships for the green hydrogen case are presented in Figure 14. The results
for grey and blue hydrogen respectively are presented in Appendix A in a similar
way.

Green hydrogen life cycle emissions

Bulk CH2
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Bulk LH2

Ropax LH2

Cruise LH2
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Emissions(tCO2eq)
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Figure 14: Green hydrogen LCA results

According to Figure 14, itis clearly observed that the life cycle emissions differ
significantly between the five ship types. For example, the containership’s
emissions are 2,52 times higher compared to the Bulk carrier ship emissions,
assuming that both ships use liquified hydrogen. Similar differences can also be
found when other ship types are compared. These differences, however, seem to
be reasonable, since the five ships have completely different operational profiles
and designs. The hydrogen-fueled ship’s emissions are also compared to the LS-
MGO case. The comparative results are presented in Figure 15:



GNH emissions reduction(%comparisonwith MGO)

> \g{l« \2[1/

N O
\Q} ?} ‘g)\

100,00%

90,00%
80,00%
70,00%
60,00%
50,00%
40,00%
30,00%
20,00%
10,00%

0,00%

\g{lf ¥ Qfl/

i N

&) W &)
OQ‘?) K R & @
s

&

%
%

%
2%
A

Figure 15: Green hydrogen LCA results compared with LS-MGO

According to Figure 15, itis observed that the emission’s reductionis similar
for all ship types (almost 90% for compressed hydrogen and 60% for liquified
hydrogen). The only differentiation is between liquified and compressed hydrogen,
as liquified hydrogen is associated with significantly higher emissions.

The LCCA results of the five ships for the green hydrogen case are presented in
Figure 16. The results for grey and blue hydrogen respectively are presented in
Appendix A in a similar way.
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Figure 16: Green hydrogen LCCA results

As expected, there are significant differentiations between the results of each
ship type. For example, if the containership with the bulk carrier is compared, the
containership’s NPC is 143% higher when compressed hydrogen is assumed.
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Similar differences can also be found when other ship types are compared.
These differences, however, seem to be reasonable, since the five ships have
completely different operational profiles and designs. The hydrogen-fueled ship’s
NPCs are also compared to the LS-MGO case. The comparative results are
presented in Figure 17:
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Figure 17: Green hydrogen LCCA results compared with LS-MGO

According to Figure 17, itis observed that the NPC increase is similar for all
ship types (between 68%-76% for compressed hydrogen and 72%-80% for
liquified hydrogen). The differentiations between liquified and compressed
hydrogen are slight.

6.3) Results discussion and comparison with similar studies

This section includes the discussion of the main results and conclusions
reached in Section 6.2. A direct comparison with similar studies is also
considered necessary, so as to validate the accuracy of the results presented
above.

Figure 18 depicts the emission factors of each hydrogen type, including
production stage and the rest of procedures needed before hydrogen is
combusted in the fuel cell. Emission factors presented in Figure 18 are in
accordance with the results presented in Figure 12 for the Ro-pax ship.
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A more detailed analysis of hydrogen’s emission factors is following in Table 7 for
liquified hydrogen and Table 8 for compressed hydrogen.

Table 7: Liquified hydrogen EF analysis

GH-LH2 |% BH-LH2 |% GNH-LH2|%

Production(kg CO2eq/kg H2) 11,89 72,92% 3,97| 47,34% 0,97 18,01%
Liquefaction(kg CO2eq/kg H2) 3,69 22,61% 3,69] 43,98% 3,69 68,47%
Storage(kg CO2eq/kg H2) 0,56 3,44% 0,56 6,70% 0,56 10,42%
Transportation(kg CO2eq/kg H2) 0,17 1,02% 0,17 1,99% 0,17 3,10%
Emissions sum(kg CO2eq/kg H2) 16,31 8,39 5,39
Table 8: Compressed hydrogen EF analysis

GH-CH2 |% BH-CH2 % GNH-CH2 %
Production(kg CO2eq/kg H2) 11,89 96,90% 3,97 91,25% 0,97 71,83%
Com pression(kg CO2eq/kgH2) 0,19 1,51% 0,19 4,26% 0,19 13,72%
Drying(kg CO2eq/kgH2) 0,03 0,23% 0,03 0,66% 0,03 2,11%
Transportation(kg CO2eq/kg H2) 0,17 1,36% 0,17 3,83% 0,17 12,35%
Emissions sum(kg CO2eq/kg H2) 12,27 4,35 1,35

Table 7 and Table 8 explain the differentiation of life cycle emissions
between compressed and liquified hydrogen, since liquefaction procedure is
energy-intensive and associated with emissions equal to 3,69 kg CO2.,/kg H,. In
the case of green hydrogen especially, liquefaction is responsible for 68,47% of
the overall emissions. Hence, itis reasonable that the emission factor for liquified
hydrogen is 3,86 times higher; a conclusion also reached in Section 6.2 for the Ro-

pax ship.

Alghool et al. also found increased emissions for liquified hydrogen
compared to compressed hydrogen (Alghool, 2024). However, they only observed
arise equal to 47% for the case of green hydrogen, whereas in the present thesis
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the increase is found equal to 286%. The reasons for this differentiation are the

following:

In the referred study the authors assumed green hydrogen
production using renewable energy from CPV-T Collectors.
Emissions in the hydrogen production stage are taken equal to 2,5
kg CO2.4/kg H,. On the other hand, the present thesis assumes
green hydrogen production using wind electrolysis and the
emissions for the production stage are taken equal to 0,97 kg
C02.4/kg H,.

The two studies adopt different values for the energy demands of
the procedures during hydrogen production. For example,
liguefaction procedure’s emissions are taken equal to 12,94 kWh/
kg H, in the present thesis, whereas Alghool, Haouri and Trucco
assume 10 kWh/ kg H, for the liquefaction stage.

Alghool, Haouri and Trucco assume that all necessary
procedures(liquefaction, storage, regasification, compression etc.)
are completed using electricity from renewable sources. On the
other hand, the present thesis scenario refers to electricity coming
from the current Greek electricity mix.

As far as the economical analysis is concerned, the cost of each hydrogen
type is depicted in Figure 19. Table 9 and Table 10 present a more detailed analysis
of the total fuel cost.
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Figure 19: Hydrogen fuel costs
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Table 9: Liquified hydrogen cost analysis

GH-LH2 |% BH-LH2 |% GNH-LH2|%

Production($/kg H2) 1,65 44,12% 2,11 50,12% 4,4 67,80%
Liquefaction($/kgH2) 1,6 42,78% 1,6 38,19% 1,6 24,65%
Storage($!kg H2) 0,09 2,41% 0,09 2,15% 0,09 1,39%
Transportation($/kg H2) 0,4 10,70% 0,4 9,55% 0,4 6,16%
Sum cost($/kg H2) 3,74 4,19 6,49
Table 10: Compressed hydrogen cost analysis

GH-CH2 |% BH-CH2 % GNH-CH2 %
Production($/kg H2) 1,65 45,96% 2,1 51,98% 4,4 69,40%
Compression($/kg H2) 0,8 22,28% 0,8] 19,80% 0,8 12,62%
Storage($/kg H2) 0,14 3,90% 0,14 3,47% 0,14 2,21%
Transportation($/kg H2) 1 27,86% 1| 24,75% 1 15,77%
Sum cost({$/kg H2) 3,59 4,04 6,34

The differentiation between NPC values presented in Figure 13 for the Ro-
pax ship seems reasonable, given the fuel costs presented in Figure 19. Another
conclusion drawn in Section 6.2 is that NPCs values for liquified and compressed
hydrogen do not differ significantly and this, indeed, is confirmed by Table 9 and
Table 10. Liquefaction procedure is more expensive than compression procedure,
however, liquified hydrogen is associated with lower transportation and storage
costs. Hence, liquified and compressed hydrogen costs end up very close and the
NPCs of each case are correctly found to be close.

The comparative LCA results (comparison of hydrogen-fueled ship with
LS_MGO-fueled ship) can directly be compared with other similar studies.

Wang et al. studied the case of a mainland ferry using MDO and concluded
that C0,,, emissions would reduce up to 80,3% if green hydrogen was used as a
fuel (Wang, 2023). The authors do not make it clear if green hydrogen is
compressed or liquified, however it is more possible that they assumed
compressed hydrogen, as liquefaction is not mentioned in the study. Those
results are close with those observed in the present thesis.

Ana Fernandez-Rios et al. reached the conclusion that GWP increases by
7% when compressed SMR hydrogen(grey hydrogen) is assumed, whereas they
stated that GWP decreases by almost 81% when blue hydrogen is assumed
(Fernandez-Rios, 2022). Their results are very close to those observed in this
thesis for the case of grey and blue hydrogen.

The comparative LCCA results(comparison of hydrogen-fueled ship with
LS_MGO-fueled ship) can directly be compared with the study of Percic et al.
(Perci¢, 2022). The authors concluded that NPC is increased by 95% for liquified
grey hydrogen, 125% for liquified blue hydrogen and 227% for liquified green
hydrogen compared to MDO. At afirst glance, these results are not even close with
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those observed in the present thesis. The different results are due to the fact that
the authors of the study did not take carbon cost into account, while they also
assumed a three times higher cost for the PEMFC system. Moreover, they
assumed higher storage and transportation costs for the hydrogen case. Without
these differentiations the two studies would produce similar results.
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7) LCCA under uncertainty

7.1) Introduction

Section 5.2 was devoted in describing the LCCA framework used to
estimate the NPC of the hydrogen and conventional-fueled ships respectively. In
this analysis the hydrogen fuel cost was estimated step by step using data from
relative literature and no real market prices were used. Except for that, all fuel
prices and the carbon price were assumed to be constant during the ship’s
lifetime and hence, the fluctuation of the prices was nottaken into account. In this
chapter an uncertainty analysis will be carried out, using real fuel and carbon
prices for the interval between September 2021-September 2024. The historical
prices for the fuels and the carbon tax were obtained from available sources
(BusinessAnalytiq, 2024), (Ship&Bunker, 2024) and their time series are shown
below (Figure 20), (Figure 21), (Figure 22), (Figure 23), (Figure 24). It should be noted
that the source used for the hydrogen prices does not make it clear if prices refer
to compressed or liquified hydrogen. The goal of the analysis is to produce the
histogram of NPC and estimate the possibility of a hydrogen-fueled ship
investment to be beneficial compared to a conventional diesel-fueled ship. The
methodology used to determine which distribution fits best the fuel prices and
NPC values is Anderson-Darling Test, which is going to be briefly analyzed in
Section 6.2. with information found in relative literature (Engmann, 2011).
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Figure 20: Grey hydrogen historical prices(source:BusinessAnalytiq)
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Blue Hydrogen price chart(Europe)
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Figure 21: Blue hydrogen historical prices(source: BusinessAnalytiq)

Green Hydrogen price chart(Europe)
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Figure 22: Green hydrogen historical prices(source:BusinessAnalytiq)

According to Figure 20, Figure 21 and Figure 22, hydrogen price peaked in
September 2022, but afterwards prices started decreasing, reaching even lower
levels compared to September 2021. The fluctuation of the prices in the interval
September 2021- September 2024 is significant, with differentiations up to 300%.
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MGO price chart(Piraeus port)
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Figure 23: MGO historical prices(source: Ship&Bunker)

The LS-MGO price peakis observed in May 2022. The maximum fluctuation
observed is significantly lower compared to the hydrogen case.
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Figure 24: EU ETS historical prices(source:Ship&Bunker)

The EU ETS price peaked in February 2023, reaching 104,8$. Since then, the price
has decreased by almost 38%, reaching 65,56% in September 2024.
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7.2) Methodology: The Anderson-Darling Test

The Anderson-Darling test (AD-test)was first developed in 1952 by T.W.
Anderson and D.A. Darling, as an alternative statistical test able to determine
whether a sample of data follows the normal distribution (Anderson, 1952).
However, it can also be applied to other distributions such as exponential,
Weibull, and logistic etc. Just like other statistical tests, the AD-test is mainly used
for engineering purposes. The AD-test statistic is calculated from the formula:

AD = —n == X1 (2% i — 1) * (InF (x;) + In(1 = F (xtp11-))) (33), in which:

e Xx;:the ordered sample size of n, from smallest to largest element.
e F(x;): The CDF of the theoretical distribution to which the sample data is
being compared.

The null hypothesis that the sample data fits to a certain distribution is
rejected when the AD-test statistic value is greater than the critical value,
otherwise the null hypothesis is valid, and the data follows the specified
distribution. The critical value is calculated by tables based on a specified
significance level. For the scope of this study, the significance level is selected to
be 5%.

The AD-test is carried out using the MATLAB software. The software returns the
following values:

e AD-test statistic

e Criticalvalue

e h:testdecision for the null hypothesis. The software returns h=1 when the
null hypothesis is rejected and h=0 when the null hypothesis is valid.

e p:The p-valueis calculated based on the value of AD-test statistic, but the
exact formula for this conversion depends on the distribution being tested.
In Matlab software, this conversion is automatically done and the p-value
is directly presented as a scalar value in the range[0,1]. The p- value
represents the chance of the observed data to occur under the null
hypothesis and hence, the distribution with the higher p-value is finally
selected. It should also be noted that p-value should be greater than
confidence level; otherwise, the null hypothesis is rejected. For the scope
of this thesis, a 95% confidence level is selected.

7.3) Simulation and results

Firstly, the MATLAB code developed is asked to fit the fuel prices to the best
fitting distributions by testing all available distributions of the MATLAB library. The
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program is asked to return the parameters of the selected distribution and plot the
fuel price histogram in the same graph with the probability density function (pdf),
(Figure 25). The best-fitting distributions and their parameters for each fuel are
summarized below (Table 11). The green hydrogen price histogram along with the
pdfis depicted below (Figure 26). Similar figures for the rest of the fuels and the EU
ETS are included in Appendix A.

fueltest.m x
MATLAB Drive/fueltest.m

14 dist_names = {'normal’, 'Weibull', ‘gamma"' 'Poisson', 'ev', 'gev', 'gp', 'hn", 'tlocationScale', 'lLogistic', 'Loglogistic', 'Lognormal’,
15

16 num_dists = length(dist_names);

17 for ii=1:num_dists

18 dist=Fitdist(MGO_price,dist names{ii})

19 [h,p(ii)]=adtest(MGO_price, 'Distribution’, dist);

20 end

21 D

22 % Find the distribution with the smallest AD statistic

23 [max_p, idx] = max(p);

24 best_dist_name = dist_names{idx};

25 fprintf('Best fitting distribution: %s (p_value = %.4f)\n", best_dist_name, max_p);
26

27

28 figure(1)

29 x_MGO=600:1:1400;

30 histogram(MGO_price,x_MGO, 'Normalization®, 'probability"') %istogramma NPC
31 hold on

32 pda=fitdist(MGO_price, 'gev')

33 MGO_pdf=pdf (pd4,x_MGO) ;

34 plot(x_MGO,MGO_pdf)

35 xlabel('LS-MGO price($/ton)")

36 ylabel('probability"')

37 title('LS-MGO price histogram along with best fitting pdf®)

38

Figure 25: MATLAB code for distribution fitting
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Figure 26: Green hydrogen price histogram along with best-fitting pdf
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Table 11: Best-fitting distributions for fuel and EU ETS prices

Fuel Distribution k sigma mu

Grey hydrogen |Generalized Extreme Value| 0,899407| 0,643153 3,77923
Blue hydrogen |Generalized Extreme Value| 0,679937| 0,771867 4,01634
Green hydrogen |Generalized Extreme Value 1,00671] 0,769709 5,88102
LS-MGO Generalized Extreme Value| 0,0739998 126,204 839,158

The program is then asked to produce a m x n matrix including random
fuel prices, which follow the abovementioned distribution. For the scope of this
simulation, itis selected m=1 and n=100000 (Figure 27). NPC values for the
random fuel prices are calculated using the equations described in Section 5.2.
An AD-test is then performed for the NPC values and the best-fitting distribution
along with the corresponding parameters is decided. The analysis output for the
Containership’s NPCs is presented below for each fuel separately (Figure 28),

(Figure 29), (
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Figure 30), (Figure 31).
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28 #uncertainty analysis

29

30 m=1;

31 n=10"5;

32

33 GH _price=gevrnd(©.899407,0.643153,3.77923,m,n);

34 BH price=gevrnd(©.679937,0.771867,4.01634,m,n);

35 GNH_price=gevrnd(1.080671,0.769709,5.88182,m,n);

36 MGO_price=gevrnd(©.8739998,126.204,839.158,m,n);

37 carbon_price=gevrnd(-0.354795,12.0014,75.2559,m,n);
38

Figure 27: Random fuel prices production using the distributions of Table 11
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Figure 28: Uncertainty analysis output for Containership's NPC (grey hydrogen case)

According to Figure 28, the mean value calculated for the NPC, assuming
a grey hydrogen investment, is equal to 59,1 million $. Compared to the results
found in Section 6.3, this value is 4% higher than the NPC value estimated for
liquified hydrogen and 8% higher than the NPC value estimated for compressed
hydrogen.
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Figure 29: Uncertainty analysis output for Containership's NPC(blue hydrogen case)

According to Figure 29, the mean value calculated for the NPC, assuming
a blue hydrogen investment, is equal to 62,4 million $. Compared to the results
found in Section 6.3, this value is 1,6% lower than the NPC value estimated for

liquified hydrogen and 2% higher than the NPC value estimated for compressed
hydrogen.
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Figure 30: Uncertainty analysis output for containership's NPC(green hydrogen case)
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Figure 30, the mean value calculated for the NPC, assuming a green hydrogen
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investment, is equal to 89,7 million $. Compared to the results found in Section
6.3, this value is 8% lower than the NPC value estimated for liquified hydrogen
and 5,5% lower than the NPC value estimated for compressed hydrogen.
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Figure 31: Uncertainty analysis output for containership's NPC (LS-MGO case)

According to Figure 31, the mean value calculated for the NPC, assuming a
LS-MGO investment, is equal to 63,1 million $. Compared to the results found in
Section 6.3, this value is 17% higher than the NPC value estimated for LS-MGO.

The evaluation of the investment in a hydrogen-fueled ship is
accomplished by calculating additional cost (AC), which illustrates the absolute
NPC increase compared to the LS-MGO case. Hence:

AC = NPCHZ - NPCLS—MGO (33)

The program’s output includes the AC histograms plotted together with the
cumulative distribution functions (Figure 32), (Figure 33), (Figure 34). This chapter
contains the figures of the containership. Similar figures for the rest of the ships
are included in Appendix A. It is obvious that positive values of AC mean a NPC
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increase due to the adoption of hydrogen, whereas negative values mean that an
investment in hydrogen would be beneficial.

Results for grey hydrogen show a 62,56% chance for the hydrogen
investment to be beneficial, while the percentages for blue and green hydrogen
are 52,725% and 3,35% respectively. Hence, grey and blue hydrogen investments
are more likely to be beneficial, while the chances for green hydrogen are pure.
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Figure 32: Uncertainty analysis output for hydrogen-fueled Containership's AC (grey hydrogen case)
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Figure 33: Uncertainty analysis output for hydrogen-fueled Containership AC (blue hydrogen case)
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Figure 34: Uncertainty analysis output for hydrogen-fueled Containership AC (green hydrogen case)
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8) Conclusions and recommendations for further

research

The purpose of the present thesis is to analyze the complete life cycle of
hydrogen-fueled ship and compare it with a conventional-fueled ship. More
specifically, LCA and LCCA models for both ships were developed, while also an
uncertainty analysis was carried out. The model was tested to five different ship
types, assuming PEMFCs for the propulsion of the hydrogen-fueled ships.

The main conclusions of the study are summarized as follows:

Grey hydrogen was found to be more harmful than LS-MGO, if
hydrogen is liquified. In the case of compressed hydrogen, grey
hydrogen was found to reduce only a few the GWP values. By taking
into account other studies mentioned before, which also
concluded that grey hydrogen is more harmful than diesel fuels, itis
clear that grey hydrogen cannot be a solution for the
decarbonization of the shipping industry.

Blue hydrogen was found to reduce GWP by almost 43%, when
liquified, and by 71% when compressed. Reminding that IMO has
set the target of 40% GWP reduction by 2030 and 70% GWP
reduction by 2040, blue hydrogen could be a good solution for the
mid-term interval. A plus of blue hydrogen is that cost increase is
not deterrent, while the are good chances for a blue hydrogen-
fueled ship investment to be beneficial.

Green hydrogen is without any doubt the best option for GWP
reduction, as it is found to reduce the GWP over 90% for the
compressed hydrogen case. The NPC, however, is expected to
increase over 70%-75% and probably this increase cannot be
absorbed by the shipowners. A decrease of the production cost is
necessary, so that green hydrogen gets a bigger share of the market
in the future.

Liquified hydrogen is much more harmful for the environment
compared to compressed hydrogen; something that is mainly
associated with the energy-demanding process of liquefaction. The
reduction of the procedure’s energy demands is of great
importance, since liquefaction is necessary if hydrogen is to be
transported over long distances.

The model is applied to five different ship types, however the
comparative results(comparison with LS-MGO case) showed no big
difference between the ship types.
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According to the author’s opinion, itis recommended that future studies put
emphasis on the following objects:

LCA and LCCA studies for hydrogen-fueled ships found in literature are
mostly focused on small ships, especially ro-ro or Ro-pax ships. Similar
studies should also be conducted for other ship types like Bulk carriers,
Tanker or containerships, which have a completely different operational
profile.

Most studies assume PEMFCs or SOFCs for hydrogen’s combustion,
without making clear the type of electrolyser used in the fuel cell. The
electrolyser selection should be further investigated, since it influences
the LCA and LCCA of the fuel cell. Moreover, the case of ICEs for the
combustion of hydrogen is rarely found in literature and should be further
researched, as it may be possibly beneficial.

Most studies found in literature ignore the maintenance and
disposal/recycling phases, probably due to lack of credible data. The
aforementioned phases should be taken into account in future studies,
since they may influence the LCCA results.

Uncertainty is rarely taken into account in hydrogen-fueled ship studies,
probably due to lack of credible data. Further research on this field would
be advantageous.
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Appendix A

Appendix A contains the figures and tables not presented in the main part of the
present thesis.

1)Rest of ship types results
Section 6.2 only included the life cycle results(figures and tables) of the Ro-pax ship.

For the rest of the ships, the analytic results are presented below:

Bulk carrier ship

Bulk carrier emissions(Complete life cycle)

CH2 GNH
CH2BH
LH2 GNH
LH2 BH
CH2GH

MGO

LH2 GH
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Bulk carrier NPC

MGO I
CH2GH I
LH2GH I
cH2BH I
LH2BH I
CH2GNH |
LH2 GNH |
0 5 10 15 20 25 30 35 40 45
NPC(mil $)
Bulk carrier
Fuel GH-LH2 |GH-CH2 |BH-LH2 |[BH-CH2 |GNH-LH2|GNH-CH2
Emissions % differentiation 10,14%]| -17,10%| -43,30%]| -70,52%| -63,53%]| -90,76%
NPC % differentiation 6,98% 3,06%| 18,71%| 14,80%| 74,79%| 77,58%
Tanker ship
Tanker emissions(Complete life cycle)
CH2GNH [N
cHz2eH I
tH2GNH - I
LtH2BH
cH2cH I
Mco I
tH2cH I
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Tanker NPC

MO I
cH2GcH I
LH2GH I
cHz2eH I
LH2BH (I
CH2GNH I
LH2 GNH |
0 10 20 30 40 50 60 70 80 90
NPC(mil $)
Tanker
Fuel GH-LH2 |GH-CH2 |BH-LH2 |BH-CH2 |GNH-LH2|GNH-CH2
Emissions % differentiation 9,66%| -17,47%| -43,55%| -70,66%| -63,70%| -90,81%
NPC % differentiation 4,38% 0,39%| 16,36%| 12,37%| 77,58%| 73,59%
Containership

Containership emissions(Completelife cycle)

CH2BH
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LH2 BH
CH2GH
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LH2 GH
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Containership NPC

McO I

CH2GH I

LH2GH I

CH2eH I

LH2BH I

CH2GNH |

LH2 GNH |

0 20 40 60 80 100 120
NPC(mil $)
Containership
Fuel GH-LH2 |GH-CH2 |BH-LH2 |[BH-CH2 |GNH-LH2|GNH-CH2
Emissions % differentiation 12,07%| -15,64%| -42,29%| -69,98%| -62,87%| -90,56%
NPC % differentiation 5,57% 1,49%| 17,80%| 13,72%| 80,32%| 76,24%
Cruise/passenger ship
Cruise ship emissions(Complete life cycle)
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tH26NH - [
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Cruise NPC

MGO I
cH2cH I
LH2GH I
cH2eH I
LH2BH (I
CH2 GNH |
LH2 GNH |
0 10 20 30 40 50 60 70 80
NPC(mil $)
Cruise/passenger
Fuel GH-LH2 |GH-CH2 |BH-LH2 |BH-CH2 |GNH-LH2|GNH-CH2
Emissions % differentiation 5,31%| -20,75%| -45,80%| -71,84%| -65,16%| -91,20%
NPC % differentiation 1,14%| -2,71%| 12,71% 8,86%| 71,84%| 67,98%




2)Grey and blue hydrogen life cycle results

Section 6.2 included the life cycle results for green hydrogen. The results for grey
and blue hydrogen are presented below.

Grey hydrogen

Grey hydrogen life cycle emissions

Ropax CH2
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Grey hydrogen NPC(mil $)
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Blue hydrogen

Bulk CH2
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Bulk CH2
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3) Rest of ship types uncertainty analysis results

Fuel prices histograms and best fitting pdf

0.45 GH price histogram along with best fitting pdf
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probability
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Ro-pax ship

0.14 |

Uncertainty analysis output for GH NPC

0.12

probability
o
o
o

o
o
>

0.04

0.02

20

30

o T -l L L

40 50 60 70 80 90 100 110
NPC mil($)

120

0.1 |

0.09

0.08

0.07

0.06

0.05

probability

0.04

0.03

0.02

0.01

20

30

Uncertainty analysis output for BH NPC

| |

40 50 60 70 80 90 100
NPC mil($)

110

92

120



0.14 . |

0.12

probability
o
o
o

o
o
13

0.04

0.02

30 40 50

0.14 |

60

70

Uncertainty analysis output for GNH NPC

-

80

NPC mil($)

90

100

110

Uncertainty analysis output for LS-MGO NPC

120

0.12

probability
o
o
o

o
o
>

0.04

0.02

20 30 40

50
NPC mil($)

60

70

80

90




possibility

possibility
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Bulk carrier ship
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0.07 Uncertainty analysis output for GNH NPC
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