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HySeas lll Project

* Combine fuel cells with batteries to
test with typical loads of a Roll-on/Roll- o
off passenger ferry (RoPax), which %S st Andrews
would operate in the 7 km route
Kirkwall/Shapinsay (Scotland)
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and 720 kWh Li-ion battery packs oy

* DLR contributes to the project with the McPhy =i # it i i
market potential, environmental, Forard "™
economic and job-creation potential of
the future implementation of this
alternative propulsion system

e Constructing and testing a powertrain
on land with 600kW fuel cell power

* How sustainable could this propulsion
system be?
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Methodology

* Life Cycle Sustainability
Assessment (LCSA) considers
the triple bottom of
sustainability

* How to concile the different
dimensions?

* A multi-criteria decision
assessment method can help
to consider multiple
indicators at the same time

Funded by the European Union’s Horizon 2020
research and innovation programme under grant
agreement no: 769417

Life Cycle Assessment
(LCA)

Environmental
Dimension

Social
Dimension

Economic
Dimension

Life Cycle Costing
(LCC)

Social Life Assessment
(sLCA)

Source: own plot based on UNEP/SETAC 2010
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Methodology

* Life Cycle Sustainability
Assessment (LCSA) considers
the triple bottom of
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dimensions?
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Methodology

A 4

Definition of goal and Relevant Stakeholders
— purpose of the technology [« | « Vendors/users

. assessment * Civil society
e Our approach takes inputs from TS *  Industry
methodologies such as LCA, LCC and s- ™ e EE “T7|* Executive/Legislative
LCA * Inhabitants
Determination of  etc.
* In this particular case, we aggregated the § [* dimensions,criteriaand 1+ \/
. T . . s indicators
results using the multi-criteria decision 2
analysis of TOPSIS (Technique for Order SN Ceciziener alicln . .
.. ] ) values Possible data input
Preference by Similarity to Ideal Solution) 3 I EEe Syl
g N Determination preferences | Assessment (LCA, LCC,
= and value functions SLCA)
I - - e Technical literature
ntegration and aggregation _
* Surveys, Interviews
for a complete assessment _
* Technoeconomic models
—> Sensitivity Analysis <

Preparation of complete
—> assessment for —
communication

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

* Goal: Environmental and economic assessment of a RoPax ferry

* Scope: ship construction, energy supply (hydrogen, diesel, electricity) during the use phase
* Cradle to use phase (end-of-life not included)

* Functional unit: 1 km of ship operation considering a lifetime of 30 years

LCA:

* Impact assessment method: ILCD 2018

e Background database: ecoinvent 3.7.1, cut-off

* Hydrogen considered produced with electricity from wind energy, battery recharge with grid
LCC:

* Ship construction price with assumptions for main propulsion system components; hydrogen costs calculated with
CAPEX, OPEX and discounting rate; Diesel price according to international prices for marine diesel oil.

* Personal costs were not included in the study
* Discounting rate of 3.5%
Sources of data:

Project HySeas lll, LCAs of other authors, ecoinvent 3.7.1
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Assessed Alternatives and Life Cycle Phases

TShip componenis T T Ship manutctring " TShip use phase JEnd ofLif g  ycrosen Fuel Celland
: Hull & . . management Battery Electric RoPax Ferr
E structure \ i Diesel Dieselelectric 600 kWh Fuel Cells
E grggﬁ% N 5 : ship lifetime 600 kg H, on-board storage
H : > Dicsel - 720 kWh Li-ion batteries
. Electric \ Bgtatsée : )
i [ generator NN, i E oo o  H, produced with wind
: Batiery \I\ % power
! pac H2 FC + " . . .
i — i Battery Dieselbat electic o Charging electricity from
! e >0 rid
: / \ ship lifeime sl 8
: Hydrogen E e
- nks X
B i------------------------..---.\ ............ F -—
i Ship energy supply \ ) 600 kW Diesel Engines
5 Diesel 720 kWh Li-ion batteries
. [H2 FC + batery shi Electric generator
= Wind)" [~ —————— ] lifetime Charging electricity from
: | rid
' PEM Compressed Storage Transport Dispensing / =
: electrolyser— hydrogen — - (lony) ||
_________________________________________________________________________________________ | Diesel Electric RoPax Ferry
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. Electric generator
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Results of Life Cycle Assessment

Climate Change per km Comparison of Impacts Normalized to the highest result

30

climate change total

freshwater ecotoxicity resources,land use

diesel
25 . i = diesel battery
non-carcinogenic effects _ resources,fossils

hydrogen fuel cell battery

20 carcinogenic effects . _,resources,dissipated water

15

resources,minerals and metals ¢ respiratory effects, inorganics

000/0
10

freshwater and terrestrial acidification photochemical ozone creation

Climate change total [kg CO2eq/km]

w

freshwater eutrophication ozone layer depletion

marine eutrophication ionising radiation
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
H2 Fuel Cell and battery electric ship Battery
Electric

Diesel

Electric

Power train and replacements of
batteries and fuel cells are considerably

€
higher than the ones of the traditional S 25
. . . D
alternatlyes employmg only internal o, 24
combustion engines B 8318338 3
O +¢ by
Hydrogen production cost depends 3
heavily on the electricity price o
Q

Considering an electricity price for
hydrogen production of 10 cent/kWh,
the levelized cost per km are almost
90% higher compared to the diesel
electric alternative

Alternative
Source: own plot
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Results of Multi-Criteria Decision Analysis

TOPSIS steps

1. Normalization

Weighting /N.

2
3. ldeal and anti-ideal solution
4

Weights

. Environmental Dimension Economic Dimension
Calculate the distance for

each alternative to the ideal
action and anti-ideal action

0.5

5. Calculate the relative
closeness coefficient of each
alternative

A

Levelized cost per km

Source: own plot
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Results of Multi-Criteria Decision Analysis

e Closeness coefficient in TOPSIS Sensitivity of the closeness coefficients to the weights
measures how close one
alternative is to the ,ideal”

® diesel
solution (the closer, the better)

@ diesel electric

o
. . : ® @ hydrogen fuel cell battery
0

[y

* The hydrogen fuel cell and
battery alternative is closer to
the ideal solution when the
weight of the economical
dimension is reduced to less
than 0.2

* The results depend heavily on
the weights we assign to the
indicators

0.8

06 @
®

0.4

0.2 .

o
O
[

Closeness Coefficient [Closeness to ideal solution]

0 0.2 0.4 0.6 0.8 1

Weight economic indicator

Source: own plot
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Conclusions

LCA

* One of the main drivers for the adoption of hydrogen for shipping is the reduction of
climate change effects. The alternative developed under HySeas lIl has a lower climate
change impact compared to the diesel electric or diesel battery electric alternatives.

* However, this alternative has higher impacts in the categories freshwater eutrophication,
minerals and metals, carcinogenic effects, non-carcinogenic effects, freshwater toxicity
and dissipated water; these impacts are related to the sourcing of materials for
renewable energy production, batteries and fuels cells.

LCC

* The cost of hydrogen is highly sensitive to the price of the electricity used for its
production.

* Hydrogen price is an important cost component for the hydrogen fuel cell and battery
ship.
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Conclusions

MCDA

 MCDA methods can be a way to select one alternative based on several (more than two)
indicators.

 However, these methods require in most of the cases weights and in the particular case
of TOPSIS there is a normalization step that can lead to different results depending on
how the results are normalized.

* A weight higher than 80% has to be given to the environmental indicators altogether to
favour the hydrogen fuel cell and battery alternative in comparison with the other
alternatives.

Outlook
* A higher level of detail is expected after designs and propulsion system test is finalized.
 Social perspective is yet to be added to the analysis (future work)
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LCSA Methodology

* There are several frameworks and
mathematical MCDA methods.

* Each one has a particular application
according to the needs.

* However, the methods are also prone to
errors.

PROMETHEE

I

Outranking Approach » ELECTRE

MCDA

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

Normalization

Weighting

Ideal and anti-ideal solution

Calculate the distance for each alternative to the ideal action and anti-ideal action

A S

Calculate the relative closeness coefficient of each alternative
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Normalization methods

Distributive normalization:

ldeal normalization:

Xia

for max: r;, = — for min: ry, =

a
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Results of Life Cycle Assessment

Contribution Analysis - Hydrogen and fuel cell ferry with Li-ion batteries

MOSt Important Hull and structure
contributions are related Hydrogen, at dispenser
to the electricity for On-board batteries

climate change total On-board batteries, replace

battery Charg|ng and the freshwater ecotoxicity . W Fuel Cells, 600kW

o —
hyd rogen Supply "% ' I Fuel Cells, 600kW, replace

|
B Electricity for battery chargint
==

/ | A B Hydrogen tanks
’ =
carcinogenic effects _J ’ /)( L ¢

resources,land use

non-carcinogenic effects

resources,dissipated water

Supply of hydrogen has an
important impact in

! / '
fFEShwater ECOtOXICIty and resources,minerals and metals —|.|‘[7
:'\ i \/ :

carcinogenic effects,
mainly related to the

Constructlon Of W|nd freshwater and terrestrial acdificationv\\\>ﬁk\\‘k ] | [
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Source: own plot
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Results of Multi-Criteria Decision Analysis

* Closeness coefficient in TOPSIS Closeness Coefficient for the Different Alternatives
measures how close one 08

S
alternative is to the ,ideal” 3 o7
solution (the closer, the better) 3
o 0.6
* The hydrogen fuel cell and 8
battery alternative is scored as g o
. Q
the last of the 3 alternatives 8 o4
_§ 0.3
:
g o2
2
% 0.1
3 -
© 0
diesel diesel battery hydrogen fuel cell battery
Alternative

Source: own plot
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