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HySeasll Project

A Combine fuel cells with batteries to
test with typical loads of a Redh/Rolk

off passenger ferryRoPa¥, which %S st Andrews iS5
would operate in the 7 km route \ : L /KONGSBERG
Kirkwall/ShapinsayScotland) % o
_ _ _ o «/’ /llvrsnFEnnv
A Constructing and testing a powertrain =~ & == < BALLARD
on land with 600kW fuel cell power et e
and 720 kWh Lion battery packs ‘—é AN
A DLR contributes to the project with the ~ McPhy e, %
market potential,environmental, 'i e ey

economic and jolrreation potentialof
the future implementation of this
alternative propulsion system

A Howsustainablecouldthis propulsion
systembe?
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Methodology

Life Cycle Assessment
(LCA)

A Life Cyclé&ustainability
Assessment (LCS#onsiders
the triple bottom of
sustainability

Environmental

A Howto concilethe different pirenmen

dimension®

A A multicriteria decision
assessmentmethodcanhelp
to considemmultiple
Indicatorsat the same time

Social
Dimension

Economic
Dimension

Life Cycle Costing Social Life Assessment
(LCC) (sLCA)

Source: own plot based on UNEP/SETAC 2010
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Methodology

Life Cycle Assessment
(LCA)

A Life Cyclé&ustainability
Assessment (LCS#onsiders
the triple bottom of
sustainability

Environmental

A Howto concilethe different pirenmen

dimension®

A A multicriteria decision
assessmentmethodcanhelp
to considemmultiple
Indicatorsat the same time

Economic
Dimension

Life Cycle Costing
(LCC)

Source: own plot based on UNEP/SETAC 2010

Funded by the European Union6s Horizon 2020 - H S III
research and innovation programme under grant N y eas

agreement no: 769417




Methodology

Definition of goaland » Relevant Stakeholders
— purposeof the technology [« | A Vendorslsers
_ assessment A Civilsociety
A Ourapproachtakesinputsfrom Seterminan A Industry
g etermination of : L
methodologiessuchasLCA, LCC and s | technologyoptions | | | A Executive/Legislative
A Inhabitants
LCA —
Determination of A etc.

A In this particularcase we aggregatedhe
resultsusingthe multi-criteria decision
analysiof TOPSISTéchnigudor Order

—  dimensions criteriaand [+ \/
indicators

Determinationof criteria

Iterative approach
A

S . .
D : values Possibledata input
Preferenceby Similarityto Ideal Solution) — A Life CyclSustainability
N Determlnatlonpref_erences . Assessment (LCA, LCC|
andvaluefunctions SLCA

A Technicaliterature
N A Surveys, Interviews
A Technoeconomimodels

Integration andaggregation
for acompleteassessment

—> SensitivityAnalysis B

Preparationof complete
—> assessmentor S
communication

Source: based on Geldermann and Lerche (2014)
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Multi -Dimensional Assessment

A Goal: Environmental aneconomicassessmenof a RoPaxterry

A Scope shipconstruction energysupply(hydrogen diese] electricity) duringthe usephase
A Cradleto usephase(end-of-life not included

A Functionalunit: 1 kmof shipoperationconsideringa lifetime of 30 years

LCA:

A Impactassessmentethod: ILCD 2018

A Backgroundlatabase ecoinvent3.7.1,cut-off

A Hydrogenconsideredoroducedwith electricityfrom wind energy battery rechargewith grid
LCC:

A Shipconstructionprice with assumptiondor main propulsionsystemcomponents hydrogencostscalculatedwith
CAPEX, OPEX ahscountingrate; Dieseprice accordingo internationalpricesfor marinedieseloil.

A Personatostswere not includedin the study

A Discountingate of 3.5%

Sourcesf data:

ProjectHySeasll, LCAsf other authors ecoinvent3.7.1
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Assessed Alternatives and Life Cycle Phases
--------------------------------------------------------------------------- - ) Hydrogen FueCelland

E'Ship components Ship manufacturing Ship use phase End ofLife .

: Hul & | | management BatteryElectricRoPaxX-er
LT \ : Diesel Dieselelectric 600 kWh Fuel Cells
NSNS ! sehe | ship lifeime 600 kg Hon-boardstorage
i — X S | 720 kWh Lsion batteries

{ | generator < i Sl o H, producedwith wind

E Sl \I\ | power

: H2 FC + 9 : -
—— i Battery Dicselbatelectic o Charglngalectrlmtyfrom

; e 2 rid

: /E/) \ ship lifetime 5 9

E H dr%en E \ E

| Ship energy supply \ 5 600 kW DieseEngines

: Diesel \ 720 kKWh L-ion batteries
E EEEET =H2 FC + battery shi EIe_ctrlcgen.er.ator

= Wind)® [ ) lifetime Charglngele(cj:trlcnyfrom

: [ ri

' PEM Compressed Storage Transport Dispensing / J

: electrolyser— hydrogen [— L (lony) |

P e B Diesel ElectriRoPaerry

600 kW Diesel Engine
Modified from TRILLOS, Juan Camilo Gomez, et al. Life cycle assessment of a hydrogen and fuel cell ropax ferry prototype. In: Progress in Life Cycle | .
Assessment 2019. Springer, Cham, 2021. S. 5-23. E eCtrICgenera'EOI’
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Results of Life Cycle Assessment

Climate Change per km Comparisorof ImpactsNormalizedo the highestresult
30
climate change total
freshwater ecotoxicity resources,land use .
—_— : diesel
E 25 . i = diesel battery
= non-carcinogenic effects _ resources,fossils
8 f hydrogen fuel cell battery
o
@]
o 20 carcinogenic effects . _,resources,dissipated water
z
©
]
8 15 resources,minerals and metals ¢ respiratory effects, inorganics
o 04,
c
©
S 10
3 freshwater and terrestrial acidification photochemical ozone creation
©
£
) 5 freshwater eutrophication ozone layer depletion
marine eutrophication ionising radiation
0 terrestrial eutrophication

diesel diesel battery hydrogen fuel cell battery

Source: own plot
Ship propulsion technology / fuel

Source: own plot
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Results of Life Cycle Costing Levelized Cost per km

Diesel :
Diesel

Electric

H2 Fuelellandbattery electricship Battery
Electric

Powertrain andreplacementof — variable

Ship building
Power train

30

batteriesandfuel cellsare considerably
higherthan the onesof the traditional
alternativesemployingonly internal
combustionengines

25 Replacements

Diesel
Hydrogen
Electricity

20

Hydrogenproductioncostdepends
heavilyon the electricityprice

Levelized Cost [EUR/km]

Consideringan electricity pricefor
hydrogenproductionof 10 centkWh,
the levelizedcostper kmare almost
90%highercomparedto the diesel
electricalternative

Alternative
Source: own plot
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Results of MultiCriteria Decision Analysis

TOPSISteps
1. Normalization

. Weighting %N‘

2
3. ldeal and antidealsolution
4

Calculatghe distancefor
eachalternativeto the ideal
actionand anttidealaction

5. Calculataghe relative
closenesgoefficientof each
alternative

Weights

Environmental Dimension Economidimension

0.5

Levelizeccostper km

Source: own plot
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Results of MultiCriteria Decision Analysis

AClosenessoefﬁCientin TOPS|S Sensitivity of the closeness coefficients to the weights
measurehow closeone
alternativeistothea A RS | f
solution(the closerthe better)

AThe hydrogeriuel celland
battery alternativeis closerto
the ideal solutionwhenthe
weightof the economical
dimensionisreducedto less
than0.2

ATheresultsdependheavilyon
the weightswe assigro the
Indicators

® diesel

@ diesel electric

. . : ® . hydrogen fuel cell battery

[y

0.8 .

06 @
®

0.4

0.2 .

Closeness Coefficient [Closeness to ideal solu@h]

0 0.2 0.4 0.6 0.8 1

Weight economic indicator

Source: own plot
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Conclusions

LCA

A Oneof the maindriversfor the adoptionof hydrogenfor shippingis the reductionof
climatechangeeffects The alternativelevelopedunder HySeasll hasalower climate
changaempactcomparedto the dieselelectricor dieselbattery electricalternatives.

AHoweverthis alternativehashigherimpactsin the categoriesreshwatereutrophication
mineralsand metals carcinogenie@ffects noncarcinogenieffects freshwatertoxicity
anddissipatedwater, theseimpactsare relatedto the sourcingof materialsfor
renewableenergyproduction batteriesandfuelscells

LCC

AThecostof hydrogenis highlysensitiveto the price of the electricityusedfor its
production

A Hﬁl_drogerprice IS animportant costcomponentfor the hydrogenfuel celland battery
ship.
o®
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Conclusions

MCDA

AMCDAmMethodscanbe awayto selectone alternativebasedon several(more than two)
iIndicators

AHoweverthesemethodsrequirein mostof the casesveightsand inthe particularcase
of TOPSIfhere isanormalizationstepthat canleadto different resultsdependingon
how the resultsare normalized

AAweighthigherthan 80%hasto be givento the environmentalindicatorsaltogetherto
favourthe hydrogenfuel cellandbattery alternative incomparisonwith the other

alternatives.
Outlook
A A higherlevelof detail is expectedafter designsand propulsionsystemtest is finalized
A Sociaperspectivds yet to be addedto the analysigfuture work)
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LCSA Methodology

A Thereare severalframeworksand
mathematicalMCDAmethods

A Eachone hasa particularapplication
accordingo the needs

tion Approach

A Howeverthe methodsare alsoproneto

errors PROMETHEE

I

OQutranki ng—Approaeceh®» ELECTRE

Source: own plot based on the classification of Ishizaka and Nemery (2013)
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TOPSIS Steps

Normalization

Weighting

ldeal and antidealsolution

Calculatehe distancefor eachalternativeto the idealactionand anttidealaction
Calculatehe relative closenesgoefficientof eachalternative

o kWb PeE
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Normalization methods

Distributivenormalization

l[dealnormalization

for max:i — for min: i —
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Results of Life Cycle Assessment

Contribution AnalysisHydrogen and fuel cell ferry with-lon batteries

MOSt Important Hull and structure

ContrlbUtlonsare related Hydrogen, at dispenser

to the electricityfor dimate change tots! On-board batteries

ba’t’tery Chargln%nd the freshwater ecotoxicity _ resources,land use On-board batteries, replace
= Fuel Cells, 600kW

hydrOgenSUpp|y I Fuel Cells, 600kW, replace
B Electricity for battery chargint

B Hydrogen tanks

non-carcinogenic effects 4 ‘ /7 resources,fossils

L _resources,dissipated water

R

;ﬁﬁ! respiratory effects, inorganics
mainlyrelatedto the _

COﬂStI’UCtIOnOf Wlnd freshwater and terrestrial acidification \ \\\>ﬁ% ] WPhotochemica ozone creation
turbinesfor the electricity ‘» Ny | ‘

usedfor eIeCtrOIyS|S freshwater eutrophication Q\ /I(// ozone layer depletion

marine eutrophication ionising radiation
terrestrial eutrophication

Supplyof hydrogenhasan
Importantimpactin

freShwatereCOtOX|C|tyand resources,minerals and metals —l.l*[i
:.\ | .\/

carcinogenieffects

Source: own plot
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Results of MultiCriteria Decision Analysis

A Closenessoefficientin TOPSIS Closeness Coefficient for the Different Alternatives
measuredhow closeone
alternativeistothea A RS I f &
solution(the closerthe better)

AThe hydrogeriuel celland
battery alternativeis scoredas
the lastof the 3 alternatives

Source: own plot
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