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Executive Summary

This deliverable, D4.1 ‘Report on TEA and LCSA methodology and overarching impact assessment
framework’ provides an overview of the status and the activities performed for the development of
methodology for the prospective Techno-Economic and Life Cycle Sustainability Assessment of the
FuelSOME system.

This report outlines the planned approach for conducting the Techno-Economic Assessment (TEA) and
Life Cycle Sustainability Assessment (LCSA) within the FuelSOME project. The TEA and LCSA will provide
a comprehensive perspective of the impacts of the FuelSOME system by considering the environmental,
social, and techno-economic impacts associated with the FuelSOME system throughout its life cycle.

To ensure accuracy of the assessments, the TEA and LSCA will adopt a standardized and scientifically
sound methodology, involving data gathering from different members of the FuelSOME consortium
through questionnaires and a thorough literature review. Relevant data to establish the life cycle
inventory models for the different fuel supply chains used for the SOFC will be collected, considering
the specific context of the FuelSOME project.

For quantifying the environmental and social impacts, the project will work with modelling assessment
tools, including SimaPro and openLCA software. These tools will facilitate a comprehensive analysis,
considering a wide range of environmental and social factors.

The TEA and LCSA will cover a wide range of techno-economic, environmental, and social indicators
covering the whole life cycle of the FuelSOME system. Key environmental indicators include greenhouse
gas emissions, cumulative energy demand and biodiversity impact, social indicators include working
conditions, corruption, and inequality, and key economic indicators include fixed capital cost, operating
cost and net present cost.

This document describes the overarching framework for the prospective Life Cycle Sustainability
Assessment in chapter 2 and 3 including the (1) current state of research, (2) the goal of the
assessment, (3) the functional unit, (3) the system boundaries of the system under study, (4)
procedures for data collection, (5) target audience and (6) allocation. The applied methods for
environmental, social and techno-economic impact assessment are described in the chapter 4 as well
as potential ways for an aggregation of the different sustainability dimension.

Furthermore, a comprehensive screening environmental LCA was performed and described in chapter
5. The screening LCA analysed and compared the different fuel pathways (ammonia, methanol, and
hydrogen) used for SOFC fuel cells with conventional internal combustion engines. The analysis
focussed on different electricity sources for the provision of synthetic ammonia, methanol and
hydrogen. A common finding across all environmental impacts analysed is the identification of the fuel
production as the primary driver for the majority of fuel scenarios.

It was further found that the energy source for the electrolysis is the determining factor of the
environmental performance of the e-fuels. E-fuels, where electrolysis is powered by the ENTSO-E mix
consistently showed the highest environmental impacts. In turn, the e-fuels from renewable energy
sources showed amongst the lowest environmental impacts and competed most closely with or
outperformed the conventional syngas scenarios and HFO reference.

This initial report describes the methodological approach to be applied in task 4.2 and 4.3. Results will
be presented in detail in the deliverables D4.2 Final report on TEA, D4.3 Final report on LCSA and D4.4
integral assessment report.

This comprehensive approach to assess the FuelSOME system informs fact-based decisions by
considering environmental, social, and techno-economic sustainability across the entire life cycle of
marine shipping.
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1. Introduction

This deliverable will provide details on the methodological approach to assess the environmental, social
and techno-economic performance of the FuelSOME system corresponding to objective 4 “To undertake
a Techno-economic Assessment (TEA) and perform a prospective Life Cycle Sustainability assessment
(LCSA)”.

The methodology described in this report is the basis of all the work in the WP4 ‘Techno-economic
analysis (TEA) and prospective Life Cycle Sustainability Assessment (LCSA)’. The assessment in WP4 is
key to quantify the performance of the FuelSOME system and to compare its performance to
conventional fossil powered propulsions systems.

1.1 Mapping Projects’ Outputs

Purpose of this section is to map FuelSOME Grant Agreement? commitments, both within the formal
Deliverable and Task description, against the project’s respective outputs and work performed.3

Table 1: Adherence to FuelSOME GA deliverable and task description’

Respective
FuelSOME Task Document Justification
Chapter(s)
TASK 4.1 —
System
definition
2\r;grarching System c!efin_ition and
impact overarching impact assessment Chapter 3 and 4 See below
framework for TEA and LCSA
assessment
framework
for TEA and
LCSA
Chapter 3 describes the
overarching design of the
Mapping of prospective supply analysed SOFC product
chains for the SOFC system for ocean going
Ta11 materialisation and the green vessels including
Syétén; fuels. This value chain map will functional unit, system
definition be used as starting point to Chapter 3 and 6 boundaries, prospective
and scale- assess the technical feasibility of scenarios and sensitivity
up FuelSOME multi-fuel SOFC analysis, allocation, target
' system and its prospective audience and data quality.
upscaling for future Chapter 6 describes the
commercialisation optimisation and scale-up
for potential future
applications
T4.1.2. Framework definition for TEA Chapter 3 describes the
Overarching | and LCSA will be defined to overarching design of the
impact achieve individual goals and to Chapter 3, 4 and 5 analysed SOFC product
assessment | enable a harmonised system for ocean going

2 Reference 1 (link), [date accessed]
3 Reference 2 (link), [date accessed]
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framework interpretation of the integrated vessels including

for TEA and | results. Specific questionnaires functional unit, system

LCSA will be developed to collect data boundaries, prospective
from partners in WP1, WP2 and scenarios and sensitivity
WP3. analysis, allocation, target

audience and data quality.
In addition, it describes
the data collection for
foreground data,
background data, data for
the TEA and LCSA

Chapter 4 describes the
LCSA including aspects
specific to the
environmental, social
techno-economic
assessment.

Chapter 5 describes the
first screening
environmental
assessment.

FuelSOME Deliverable

D4.1 ‘Report on TEA and LCSA methodology and overarching impact assessment framework’

This deliverable represents the results of Task 4.1.1 and 4.1.2. It contains the description of the
methodological concept to assess the environmental, social and techno-economic performance of the
multifuel SOFC system. This report is the basis for the techno-economic assessment and the life cycle
sustainability assessment performed in the Tasks 4.2 and 4.3.

1.2 Deliverable Overview and Structure

The deliverable describes the methodological concept to assess the environmental, social and techno-
economic performance of the multifuel SOFC system. Chapter 2 gives an overview of the current state
of research for techno-economic assessment (TEA), environmental LCA as well as Social LCA. The
chapter 3 focuses on the overarching aspects between the different assessments including the definition
of the functional unit, the system boundaries of the product system, the data collection, approaches
for scenario analysis and allocation, the intended target audience as well as data quality and
uncertainty. This section defines the common basis for the Tasks 4.2 and 4.3.

Chapter 4 describes the methodological approach and more specific aspects of the techno-economic
assessment as basis for Task 4.2 and the methodological approach and more specific aspects of the
Life Cycle Sustainability assessment as basis for Task 4.3. In addition, it also provides an outline of the
methodology for the integration of the results from Task 4.2 and 4.3 in the Task 4.4. Chapter 5 describes
the results from an initial screening environmental Life Cycle Assessment. Finally, the approaches for
optimisation and scale-up are detailed in chapter 6.

@FuelSOME 2022 Page 12 of 85



[D4.1 ‘Report on TEA and LCSA methodology and overarching impact assessment FUE'S M E
framework’]

2. Literature review

This section represents an extensive literature review on LCSA and TEA in the context of the FuelSOME
project. Regarding TEA, an overview about the application of Fuel Cell systems as propulsion
technologies in maritime sector is performed. There are several technical studies focusing on
performances, but fewer papers dealing with economic evaluations.

Regarding LCSA, the reviewed topics include an overview of environmental and social LCA studies in

maritime shipping, hydrogen electrolysis and fuel cell applications. Reviewed papers are summarised in
Table 2, Table 3 and Table 4.

2.1 Environmental LCA

The following chapter discusses literature on the environmental impacts of different aspects within
maritime shipping. The subchapters include maritime shipping itself, hydrogen production, CO2 source
for ammonia, heat supply for ammonia and methanol as well as storage and distribution activities. The
studies discussed are summarised in Table 2.

@FuelSOME 2022 Page 13 of 85
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Table 2: Reviewed papers on environmental impacts of maritime shipping (list not conclusive).

Author Year Title Topic
v s 2022 Application of fuel cells with zero- Maritime shipping

Percic et al. . T
carbon fuels in short-sea shipping

Kanchiralla et al. 2022 Life-Cycle Assessment and Costing of Maritime shipping
Fuels and Propulsion Systems in Future
Fossil-Free Shipping

Zincir & Arslanoglu 2024 Comparative Life Cycle Assessment of | Maritime shipping
Alternative Marine Fuels

Zhao et al. 2020 Life cycle assessment of H.0 Hydrogen
electrolysis electrolysis
technologies

Lee et al. 2021 Integrative techno-economic and Hydrogen
environmental assessment for green electrolysis
H2 production by alkaline water
electrolysis based on experimental
data

Gerloff 2021 Comparative Life-Cycle-Assessment Hydrogen
analysis of three major water electrolysis
electrolysis technologies while applying
various energy scenarios for a greener
hydrogen production

Krishnan et al. 2023 Prospective LCA of alkaline and PEM Hydrogen
electrolyser systems electrolysis

Khojasteh-Salkuyeh 2021 CO2 utilization for methanol CO2 source for
production; Part I: Process design and | methanol
life cycle GHG assessment of different
pathways

Zang et al. 2021 Technoeconomic and Life Cycle CO:2 source for
Analysis of Synthetic Methanol methanol
Production from Hydrogen and
Industrial Byproduct CO2

Adnan & Kibria 2020 Comparative techno-economic and life- | CO2 source for
cycle assessment of power-to- methanol
methanol synthesis pathways

Chisalita et al. 2020 Environmental evaluation of European | Ammonia
ammonia production considering production
various hydrogen supply chains

Mckinlay et al. 2021 Route to zero emission shipping: Storage &
Hydrogen, ammonia or methanol? distribution

2.1.1 Maritime Shipping

The shipping sector is a non-negligible source of emissions. Globally, shipping is responsible for 3% of
anthropogenic CO2 emissions, and for 20% and 12% of NOx and SOz emissions respectively (IMO,
2020; McDuffie et al., 2020). With the global shipping industry consistently growing, the emission level
from international shipping will continue to increase in the coming years (IMO, 2020). In view of this
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prospect, the International Maritime Organisation (IMO) has set environmental targets in 2018 to
reduce CO2 emissions by 70% and greenhouse gases (GHG) emissions by 50% by 2050, compared to
the 2008 levels (IMO, 2018). In 2022, the energy demand of the world fleet was still obtained by over
99% from conventional fuels, and less than 0.5% from alternative fuels (IEA, 2023). To reach the
aforementioned goals, this ratio must extensively shift towards alternative fuels in the coming years.

Replacing the conventional propulsion system with alternatives has the potential to considerably
decrease the shipping sector’s emissions. One such alternative, that has been identified to carry great
potential, is electrification (Bouman et al., 2017; Xing et al., 2020). An established technology to achieve
electric propulsion in ocean-going ships is the integration of fuel cells, which convert the chemical
energy of fuel into electric energy (Geertsma et al., 2017). Suitable fuels on which a fuel cell can be
operated include hydrogen, ammonia and methanol, each with specific advantages and disadvantages
(Sundén, 2019). These alternative fuels can be classified into the categories grey, blue, green and
yellow. A grey alternative fuel means it is produced from fossil fuels, blue is produced from fossil fuels
but Carbon Capture and Storage (CCS) technology is integrated to reduce CO: emissions, green
describes the fuel production from renewable energy (RE) sources and yellow describes the fuel
production from grid mixes (Casale SA, 2022). Depending on the feedstock and production method of
alternative fuels, studies have shown considerably variable environmental impacts.

Percic et al. (2022a) identified a research gap in studies of ships that are exclusively powered through
fuel cells as well as a gap in the environmental benefit of alternative fuels (ammonia and hydrogen)
taking into account their different production paths. The authors therefore analysed the environmental
and economic aspects of PEMFCs and SOFCs powered by grey, blue and green ammonia and hydrogen
for coastal navigation. Regarding Global Warming Potential (GWP), comparison between the different
fuels identified green hydrogen as the most environmentally friendly option, as it resulted in the lowest
life cycle GHG emissions. With only slightly higher GHG emissions, blue hydrogen and green ammonia
show the next most environmentally friendly fuel options after green hydrogen. When comparing a
selection of environmental impacts of the alternative fuels to a diesel-powered ship as the fossil
reference, the environmental advantage of the alternative fuels becomes distinct. In terms of the
environmental indicators GWP, acidification potential (AP), aerosol formation potential (AFP) blue and
green fuels show up to 99% lower environmental impacts compared to the diesel-powered ship. In
terms of fossil energy demand (FED), the blue fuels show only slightly lower FED compared to the
diesel reference, while the green fuels show a reduction in FED of up to 80%. Similar findings were
also presented by Kanchiralla et al. (2022) who, amongst others, analysed environmental impacts of
internal combustion engines (ICE) and fuel cells powered by green hydrogen, ammonia and methanol
from RE sources (onshore wind). Amongst all scenarios analysed, the highest reduction potential for
GWP is achieved through fuel cells powered by green hydrogen and ammonia and followed by green
hydrogen-powered ICE. Compared to the fossil reference, alternative fuels were shown to reduce GWP
by up to 86%. However, the authors identified a trade-off when analysing other environmental impacts
such as eutrophication potential and human toxicity. Regarding eutrophication potential, e-methanol
and e-ammonia used in dual-fuel ICE showed higher impacts compared to the fossil reference, marine
gas oil (MGO) in this case, due to the added impact of the electricity production. In terms of human
toxicity, all alternative fuel and propulsion options analysed resulted in higher emissions compared to
the fossil reference, which is also related to the electricity production (wind power infrastructure).

Zincir & Arslanoglu (2024), who investigated a variety of different fuel options, amongst which
ammonia, e-methanol, biodiesel, hydrogen, liquefied natural gas, liquefied petroleum gas, marine bio-
oil and methanol, found that in terms of GWP, e-methanol from renewable sources leads to the lowest
emissions, followed by hydrogen. From a more holistic perspective however, considering a variety of
environmental impacts, liquified natural gas (LNG) and marine bio-oil are identified as favourable
choices for marine fuel.

2.1.2 Hydrogen Production

Regardless of the fuel ultimately used in the FuelSOME propulsion system, the production of hydrogen
is a crucial step in all fuel options considered. Most common hydrogen electrolysers include alkaline,
polymer electrolyte membrane (PEM), and solid oxide. In a comparative LCA study by Zhao et al.
(2020), the authors compare the environmental impacts of the three hydrogen electrolysis technologies,
powered by wind power (DK). The system efficiencies were assumed at 85%, 60% and 65% for the
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solid oxide, PEM and alkaline stack respectively. Per m? of stack area, the alkaline water electrolysis
(AWE) showed the lowest environmental impacts for the majority of impact categories analysed. In
terms of climate change per kg of hydrogen, AWE and PEM showed a GWP of 0.55 kg COz-eq, while
solid oxide showed the lowest GWP with 0.39 kg COz-eq. Electricity consumption for the production of
hydrogen is the primary contributor to the GWP with a contribution of 90-96%. Gerloff (2021) analysed
the same three hydrogen electrolysis technologies, assuming system efficiencies of 79%, 62% and
64% for the solid oxide, PEM and alkaline stack respectively. In addition to Zhao et al., Gerloff
additionally considered different energy scenarios, including a current, 2030, 2050 and RE scenario, in
Germany. Results showed that from one scenario to the next, the GWP decreases by more than 21%,
14% and 75%, respectively. Reason for this gradual decrease in GWP is the decreasing share of coal
in the electricity mix from current to eventually 0% in the 2050 and the RE scenario. The distinctively
lowest GWP is shown by the RE scenarios for all the electrolysis technologies analysed. Per kg of
hydrogen, the AWE powered by RE resulted in the lowest GWP of 2.9 kg CO2-eq, followed by PEM with
3.0 kg CO2-eq and solid oxide with 3.8 kg CO2-eq. Out of the scenarios analysed, it is solely the RE
scenarios that show a significantly lower GWP compared to the conventional production method of
steam methane reforming (SMR), which has a GWP of 15 kg CO2-eq / kg hydrogen. Similarly to Gerloff,
Lee et al. (2021) analysed AWE for different energy scenarios in Korea, namely current mix, 2030, 2050
and a RE energy mix. Energy efficiency based on the lower heating value (LHV) amounted to 70%.
Results showed similar values as found by Gerloff, with the lowest GWP of 3.12 kg CO2-eq per kg of
hydrogen from AWE powered by the RE mix. Krishnan et al. (2023) compared alkaline and PEM water
electrolysis with a baseline and advanced stack design each. The advanced design includes increased
stack capacity, improved efficiency and an assumed future electricity grid mix. The electricity source
was chosen as a combination of Dutch offshore wind and a back-up supply of Dutch grid electricity,
and system efficiency was increased from 68% to 69% from baseline to advanced alkaline and from
58% to 71% in the PEM design. The lowest GWP was found for the advanced PEM electrolysis with
1.0 kg CO2-eq / kg hydrogen, followed by the advanced AWE with 1.2 kg CO2-eq / kg hydrogen. In
comparison, the GWP of the baseline scenarios was 2-3 times higher. The electricity (offshore wind and
grid mix) for the electrolysis clearly dominates all scenarios with a share of 88%-95%, followed by the
stack with contributions between 3%-10%. The authors also compared those green hydrogen to grey
and blue hydrogen production technologies and found that the advanced green hydrogen outperforms
grey and blue hydrogen in all impact categories, with an exception for minerals and metals resource
use due to rare earth metals in the stacks.

2.1.3 CO:source for synthetic methanol from hydrogen

One significant difference in the production of methanol from hydrogen, compared to ammonia and the
direct use of hydrogen as a fuel, is the need of CO: for the methanol synthesis. Depending on the
source of the CO, this factor can have a significant influence on the overall environmental impact of
the methanol production. Generally, there are two different possibilities: carbon capture (CC) from point
sources such as power generation or industrial facilities and carbon removal from the atmosphere.
However, both options are connected to certain advantages and well as challenges. CC technologies
from point sources, which includes post-combustion, oxy-fuel combustion and pre-combustion, have
the distinct advantage, that these technologies have been around for centuries and are therefore well
matured. In comparison to carbon removal technologies, CC technologies further draw lower prices of
around $20-90 per ton for industrial processes, and $75-120 per ton for power generation. In turn
however, especially when looking for long-term CO2 supply, the availability will increasingly become a
challenge regarding the intended large-scale carbon neutrality by 2050. Carbon removal technologies,
such as bioenergy with CCS and direct air capture (DAC), are less mature compared to CC from point
sources and have not yet been proven at wide scale. Along with this, prices are generally higher with
bioenergy with CCS ranging from $30-400 per ton and DAC from $100-1000 per ton. Regarding long-
term availability however, these technologies are more promising for a longer time horizon, as they are
not dependant on emissions of power generation or industrial processes (EDF, 2022).

In a LCA study by Khojasteh-Salkuyeh et al. (2021), the authors analysed different methanol production
technologies with different CO2 pathways. Next to conventional SMR from natural gas, the authors
considered a CO2 hydrogenation pathway, where the CO2 from cement kiln flue gas is separated by a
two-stage membrane configuration and sent to a compression unit. Additionally, pathways of dry
reforming and tri-reforming of natural gas were included, using the same CC technology as for the
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hydrogenation. Amongst the most significant findings was that CO2 hydrogenation while it has the
highest CO: utilisation rate (1.39 kg CO2/kg methanol), its electricity consumption is far higher
compared to the other three pathways. Between conventional, dry reforming and tri reforming, the tri
reforming has the lowest natural gas consumption, while having higher electricity consumption
compared to the other two pathways. In terms of GHG emissions, the outcome therefore strongly
depends on the electricity source used and the GHG emissions associated with the natural gas
production. In terms of electricity generation based on fossil fuels and natural gas, GHG emissions of
the CO: hydrogenation pathway are higher than those of the natural gas-based pathways. When
electricity stems from renewable or low-carbon sources, the CO2 hydrogenation option shows the lowest
GHG emissions and can be the most environmentally friendly choice. For CO2 hydrogenation based on
different Canadian electricity mixes, GHG emissions varied between -1.2 and 6.5 kg CO2-eq / kg
methanol.

Zang et al. (2021) also looked into the production of synthetic methanol using industrial byproduct CO2,
for methanol-ethanol coproduction, methanol-ammonia coproduction and stand-alone methanol
production. The CO:2 supply considered originate from three waste sources, being ethanol plants,
ammonia plants and general market CO2 supply, respectively. Total carbon conversion efficiency is
82.5%. The lowest GHG emissions were found for methanol production from the stand-alone system
with renewable electricity supply, at -68.3 g CO2-eq/MJ methanol, which is equal to -1.4 kg CO2-eq/kg
methanol. Including the methanol combustion, this value increases to 0.04 kg CO2-eq/kg methanol. In
comparison, GHG emissions for methanol from methanol-ethanol and methanol-ammonia coproduction
are 2-7.5 times higher compared to stand-alone methanol production.

Adnan & Kibria (2020) analysed the production of synthetic methanol including one-step CO:-to-
methanol electrolysis, two-step synthesis with water electrolysis and three-step synthesis, involving
water electrolysis and CO2-to-CO electrolysis. The source of the CO2 was assumed to be from flue gas
of a coal-fired power plant. The authors, in accordance with the two studies above, found that the
environmental performance of the production pathways for synthetic methanol largely depends on the
electricity used. With an electricity emission factor of 0.13 kg CO2/kWh, synthetic methanol production
reveals lower GHG emissions compared to the conventional route. This value is slightly lower compared
to the one identified by Khojasteh-Salkuyeh, who identified 0.17 kg CO2/kWh as the threshold for the
ability to compete for the synthetic production.

2.1.4 Heat supply for synthetic ammonia and methanol production

The Haber-Bosch process is used for about 90% of the global ammonia production, where nitrogen
and hydrogen are combined at high pressures and high temperatures (Dincer & Bicer, 2018).
Electrochemical production of ammonia, although a well-established technology, is applied on a much
smaller scale due to the natural fluctuations of renewable energies and higher production costs (Abdin
et al., 2020). Solid state ammonia synthesis (SSAS), an electrochemical process that can operate at
temperatures as low as 100°C, has been investigated in various studies due to its energy saving
potential compared to the Haber-Bosch process.

Chisalita et al. (2020) looked into ammonia production through the Haber-Bosch process, considering
different hydrogen production pathways. Considered scenarios include hydrogen from SMR with an
external heat source, chemical looping hydrogen (CLH), and hydrogen obtained from water electrolysis
based on an electricity grid mix as well as a renewable electricity mix. Analysis of the GWP shows that
compared to the conventional pathway using SMR, which results in 2.8 kg CO2-eq/kg ammonia,
emissions can be reduced to 0.37 kg CO2-eq/kg ammonia, when producing hydrogen through chemical
looping. A reason for this difference may be the heat required in the SMR process, which is needed to
drive the endothermic reaction and is being supplied by burning additional fuel. Regarding hydrogen
obtained through water electrolysis, GWP increases to 6.7 kg CO2-eq/kg ammonia when using a grid
mix for the electrolysis but can be decreased to 0.15 kg CO2-eq when using a renewable electricity mix.

Another conceptual design for a green ammonia plant was introduced by Nowicki et al. (2023), in which
Haber-Bosch looping is applied to synthesis the ammonia, using hydrogen produced by a solid oxide
electrolyser. The nitrogen is obtained from the air by purifying it with the use of solid electrolyte oxygen
pumps. The system achieved an energy efficiency of 52%. While those are promising numbers, the
authors highlight that the system could further be improved through heat integration, where the steam
needed for the electrolyser could be obtained using waste heat from the oxygen pumps.
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As for synthetic methanol, there is a need for efficient system integration of the CO: capture and
utilisation, regarding the overall energy consumption. As stated by Khojasteh-Salkuyeh et al. (2021),
heat pumps can be an efficient way to increase the heat recovery of the process, which converts low-
grade energy to a higher temperature level. Furthermore, mechanical vapour recompression (MVR)
represents an alternative heat pump technology, where gaseous process fluid is compressed and used
to generate the required heat for the process. Similarly to the heat pump, this technology aims to
convert the condensation energy to a temperature level suitable for use in the reboiler. As shown by
the results of the study, the CO2 hydrogenation with integrated heat pump achieved the highest thermal
efficiency of 48.8% and followed by the MVR with 48.4%, compared to the base case where the steam
is supplied by the off-gas boiler and electric boiler, which marks a thermal efficiency of 47.8%.

2.1.5 Storage & Distribution of synthetic fuels

Storage and distribution of the synthetic fuels is a relevant topic, with properties, resource use and
safety concerns varying considerably between the different fuels. While ammonia storage is challenging
due to its toxicity, hydrogen storage poses issues due to its low volumetric energy density and methanol
due to its explosiveness and toxicity.

In comparison to hydrogen, ammonia is easy to store as a liquid, which requires ambient temperature
while applying 10 bar, or ambient pressure with a temperature of -34°C (de Vries, 2019; Little et al.,
2015). While ammonia is not flammable in air, a central concern is its high toxicity (Public Health
England, 2015). When storing large quantities, it is therefore crucial to prevent direct contact with
humans. As a result, safety protocols may be enhanced, which could potentially lead to increased capital
expenditure and larger storage requirements. Regarding the use of ammonia, there is not yet clear
insight into whether the energy cost of ammonia-hydrogen conversion is more or less than the energy
cost of cooling or compressing hydrogen (Comotti & Frigo, 2015; Service RF, 2018). A study by Ishimoto
et al. (2020) however found that for a specific shipping route, liquid hydrogen would be more energy
efficient than ammonia cracking. At present, ammonia cracking generally operates with temperatures
approaching 1000°C using industrial methods (Lamb et al., 2018). Recent research suggests that
ammonia cracking can be achieved at lower temperatures, as studies show that through the use of
catalytic membrane reactors, ammonia cracking can be achieved at 400-450°C (Jo et al., 2018; Zhang
et al., 2019). The application of these methods is however not yet proven eligible for industrial-scale
marine shipping (McKinlay et al., 2021).

Due to the low volumetric energy density of hydrogen, finding ways to reduce its volume is of
significance regarding the off- or on-ship storage. Storing hydrogen in highly pressurised containers of
typically 700 bar is one way to reduce the volume requirements (Eberle et al., 2009). While pressurising
hydrogen can increase its energy density, it does demand more complex infrastructure to maintain this
pressure. Another way to increase the energy density of hydrogen is to store it as a liquid, which
however requires temperatures of about -250°C, which would lead to an increased total energy demand
of about 30% (Hirscher, 2010; Mazloomi & Gomes, 2012). Chemical bonding is a storage method to
further increase the energy density, by absorbing hydrogen into metals. The primary challenge with
chemical bonding is the additional weight of the metal, increasing the weight requirements of the
system.

Similarly to ammonia, methanol is highly toxic to humans. Its storage may therefore pose a challenge
as the safety considerations (i.e. monitoring systems) can lead to increased financial risks and
engineering challenges. However, technologies for safe methanol storage are largely mature (IMO,
2016). Due to its boiling point of 65°C, storing methanol as a liquid at ambient temperatures poses
minimal challenges (McKinlay et al., 2021). Methanol could, same as ammonia, be used as a hydrogen
carrier, as the density of hydrogen particles is higher than in pure hydrogen. However, using methanol
directly in a fuel cell is considered the most efficient way, as the energy demand for extracting hydrogen
from methanol requires temperatures of 200-300°C (Iulianelli et al., 2014; Mekhilef et al., 2012).

2.2 Social LCA

The following chapter discusses literature on the social impacts of different aspects within maritime
shipping. The subchapters include maritime shipping itself, renewable electricity production, hydrogen
production, fuel cells. The studies discussed are summarised in Table 3.
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Table 3. Reviewed papers on social impacts of maritime shipping (list not conclusive).

Author Year | Title Topic

Ren & Liitzen 2015 Fuzzy multi-criteria decision-making Maritime shipping
method for technology selection for
emissions reduction from shipping
under uncertainties

Takeda et al. 2019 Are Renewables as Friendly to Humans | Renewable
as to the Environment? A Social Life electricity
Cycle Assessment of Renewable generation
Electricity

Hallste Pérez et al. 2023 Inclusion of key social indices for a Renewable
comparative assessment of the electricity

sustainability of the life cycle of current | generation
and future electricity generation in
Spain: A proposed methodology

Werker et al. 2019 Working conditions in hydrogen Hydrogen
production: A social life cycle production
assessment

Schlor et al. 2017 The Social Footprint of Hydrogen Hydrogen
Production - A Social Life Cycle production
Assessment (S-LCA) of Alkaline Water
Electrolysis

Bargiacchi et al. 2022 Social Life Cycle Assessment of a Fuel cell stack
Proton Exchange Membrane Fuel Cell
stack

While environmental aspects of maritime shipping have broadly been investigated in the past, social
aspects have been considered in only very few cases (Trivyza et al., 2022). Ren & Liitzen (2015)
investigated, next to the environmental and economic aspects, the social-political aspects of the
shipping sector, using a combination of Multi-Criteria Decision-Making, Fuzzy Analytic Hierarchy Process
and the VIKOR method. The study compared three alternative technologies, being low sulphur fuel,
scrubber and LNG. For the assessment of the social-political aspects, the authors included two criteria,
namely government support and social acceptability. Results showed that in comparison to technical,
economic and environmental aspects, the social-political aspects do not significantly affect the decision-
making process, although all technologies are widely accepted by the public and supported by the
authorities. Other studies have looked into methodological approaches to include social aspects in the
shipping industry, but did not include specific results (Basurko & Mesbahi, 2014; Trivyza et al., 2022).

2.2.1 Renewable Electricity Generation

As a primary focus of the sustainability assessment of the FuelSOME system will be on e-fuels,
renewable electricity generation is a central aspect regarding the fuel production. In contrast to specific
maritime applications, social impacts of renewable electricity generation have been investigated in some
more depth.

Takeda et al. (2019) analysed the adverse social impacts of renewable electricity production
quantitively, by means of the S-LCA framework. For the case example, the authors chose the developing
nation Malaysia. The different electricity products considered in the analysis include solar PV, biomass
power, hydropower and the electricity production mix in Malaysia. The system boundary adopted
represents cradle-to-gate, from resource production to the electricity production, excluding the
consideration of waste disposal or decommission at the end of life. As a database, the authors used
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the Social Hotspot Database (SHDB), which is based on the global trade analysis project (GTAP) input-
output model and gravity of a social issues is expressed in Risk Hours (RH). The impact assessment
within SHDB includes 22 midpoint impact categories, which are characterised into the social categories
Community Infrastructure, Governance, Health and Safety, Human Right and Labor Rights and Decent
Work. Results of the S-LCA show that across the five social categories, renewable electricity products
have higher social impacts than the conventional electricity production, in terms of 1 kWh of electricity.
Regardless of the energy sources, the electricity production generally has the highest adverse social
impacts in terms of Health and Safety, due to impacts of toxics and hazards, followed by Community
Infrastructure and Human Rights. Further notable

is that within solar PV and hydro power, the construction in Malaysia is the primary contributor to the

overall social impacts, with more than a 60% contribution for hydro power. Other relevant contributions
in solar PV power stem from electronic equipment and metals from China, due to the production of
panels and mounting parts, as well as public administration in Malaysia. Regarding electricity from
biomass, the main contributor is the forestry in Malaysia, followed by construction in Malaysia. In
comparison to the conventional electricity mix, the renewable electricity products exceeded the
normalised social footprint by 227% in terms of biomass and 90% in terms of solar PV. Hydro power,
however, marks a lower social impact by 43%, compared to the conventional electricity mix. Main
reason for these results is the high cost of electricity from biomass and solar PV, and the comparatively
low cost of hydro and conventional electricity. Thus, comparing the social impact per USD of generation
cost, rather than per kWh of electricity produced, vastly changes the picture and leads to the smallest
social footprint from PV electricity and the largest social footprint from the conventional electricity mix.
These results thus demonstrate that while the social footprint from solar PV and biomass electricity in
Malaysia is larger than the conventional mix, labour conditions of these renewable sources per unit cost
are considerably better than those of the conventional electricity production. As the production costs
of the mentioned renewable sources therefore decrease with time, the social footprint of the electricity
production of these sources will significantly decrease along with it.

Hallste Pérez et al. (2023) looked, aside from economic and environmental impacts, into the social
impacts of different electricity scenarios in Spain (2019, 2030 and 2050), which is in terms of
geographical and temporal boundaries a relevant consideration for the LCSA of the FuelSOME project.
The electricity scenarios consider different generation technologies, including coal, natural gas, nuclear,
hydropower, wind, solar photovoltaic, concentrated solar and biomass. To assess the social impacts,
the authors applied a combination of the UNEP methodological sheets (UNEP, 2021) with the Global
Sustainable Development Goals Indicator Framework. The results show that in terms of labour rights
ratio, the three temporal scenarios show a similar impact, with a value far above the European average
and the highest impact from wind and solar PV. Analysis of salary inequality shows that renewable
technologies employ more women and have lower salary inequality than oil and gas technologies.
Similar results are indicated for gender discrimination. An issue is reflected in terms of health and safety
in the future scenarios, due to a significant increase in occupational injuries in PV and wind plants. The
renewable technologies further lead to an increase in direct employment for the future scenarios, as
they are expected to generate high rates of employment. The same was found to be true regarding
technological development.

2.2.2 Hydrogen Production

As in case of e-fuels, all fuel alternatives are derived from hydrogen, the hydrogen production
represents a central process of the FuelSOME system. Regarding the social impacts of hydrogen
production, some studies have been carried out.

Werker et al. (2019) carried out a S-LCA of industrial hydrogen production by advances alkaline
electrolysis for the geographies of Germany, Austria and Spain. The analysis of the social impacts
includes the electrolyser manufacturing, which is assumed to take place in Switzerland for all three
scenarios, as well as the hydrogen production in the respective country. The scope of the study is
limited to one out of the five stakeholder groups, namely workers. The functional unit is defined as 1 kg
of hydrogen produced, and the primary database used is PSILCA, where results are expressed in
medium risk hours. The results of the social assessment identify that hydrogen production in Austria,
followed by Spain and Germany. The least amount of risk is identified within Weekly hours of work per
employee, while Trade unionism presents an issue for all three locations analysed. Regarding Fair
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Salary, Gender wage gap and Association and bargaining rights, the social impacts vary vastly between
the locations. In Austria, 61% of all working condition risks are domestic and a notable issue is the
Gender wage gap, where the risk is considerably higher compared to Spain and Germany, as well as
the Association and bargaining rights. For hydrogen production in Germany, 36% of working condition
risks are of domestic nature, which are mostly from Trade unionism and Weekly hours of work per
employee. Risks regarding Fair salary and Gender wage gap mostly originate in India, while Association
and bargaining rights risks can be traced back to China. As for Spain, where 77% of risks are domestic
and primarily stem from Trade unionism, indicating that worker representation in Spain in comparatively
weak. As for upstream locations, all three process chains identify India and China as global hotspots.
The findings of Werker and colleagues thus lead to the conclusion that Trade union membership in
Western Europe is limited, Chinese association and bargaining rights are insufficient, Western European
women experience wage discrimination and India’s salaries are inadequate.

A similar study was carried out by Schilér et al. (2017), who analysed the social footprint of a 6 MW
alkaline water electrolysis plant for hydrogen production, in the production sites Germany, Austria and
Spain. The authors defined the functional unit as 1 kg of produced hydrogen and used the SHDB. The
analysed social impact categories are Labour rights, Human rights, Governance, Health & safety, and
Community infrastructure. To the social indicators, the authors assigned two weighting factors
according to New Earth and Greendelta and assigned to the main functionings of Sen’s capability
approach (Welfare basis, Health& safety, Social participation, Democracy & freedom, Decent life). This
allows to connect the production patterns and social conditions per specific country directly to the
respective people’s living conditions. The results are therefore quantified and expressed in social risk
points. In accordance with the study by Werker et al. (2019), Schlor and colleagues (2017) found that
the overall risks are the highest in Austria, followed by Spain and Germany. Especially in terms of
Decent life, the hydrogen production in Austria is linked to social risks of the respective countries to
provide basic requirements of a decent life. Overall, the social risks identified within the hydrogen
production in Austria are mainly derived from the democratic and social structures in the affected
countries, rather than on working conditions. While the social risks show a similar picture for the
hydrogen production in Spain as for Austria, German-produced hydrogen shows, aside from risks on
Decent life and Social participation, also risks with regard to welfare conditions in the concerned
countries in the upstream processes of the Germany hydrogen production, as well as the democracy
and freedom situation and health and safety conditions. With regard to the social hotspots, the three
production sites show varying social footprints based on the specific trade relations with the exporting
countries, with Uzbekistan and China mostly affected in the Austrian process, China in the German
process and Algeria in the Spanish process chain.

2.2.3 Fuel Cell Stack

Another central component of the multi-fuel capable propulsion system developed in FuelSOME, is the
fuel cell stack. Social impacts of fuel cells have not yet been investigated broadly in the past, especially
social impacts of SOFC fuel cells are, to the author’s knowledge, thus far lacking.

Bargiacchi et al. (2022) investigated the social impacts of a PEM fuel cell stack, which may be
comparable to the social impacts of an SOFC fuel cell stack as developed within the FuelSOME project.
Bargiacchi et al. (2022) assessed a 48 kW PEM fuel stack, intended for mobility applications. Spain was
chosen as the manufacturing country for the stack, while the specific components of the stack are
assumed to be also manufactured in Spain if its monetary export-import balance (based on UN
Comtrade database) is positive. In case the balance is negative, then the main exporter of the
component in question is identified and assigned as manufacturing country. The authors used the
PSILCA database as the primary data source for their assessment and calculated the activity variables
for each manufacturing process at the stack component level from literature sources. Social indicators
considered were based on the eGHOST project and include child labour, forced labour and fair salary
(workers), along with health expenditure and contribution to economic development (society). Results
identified the platinum production in South Africa as the primary contributor to the overall social
impacts, due to its high specific cost and risk level, despite low mass fraction. Other relevant
contributors include the manufacturing of carbonaceous compounds in China, mainly in terms of
economic development, and bipolar and end plates manufacturing. The manufacturing processes at the
level of materials is generally linked to higher social risks than manufacturing at the component level.
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2.3 Life Cycle Cost and Techno-economic Assessment

The following chapter discusses literature on the techno-economic impacts of different aspects within
maritime shipping. The analysed studies are summarised in Table 4.

The decarbonization of the shipping industry is pushing towards the introduction of zero or low-carbon
fuels such as hydrogen and hydrogen carriers and towards the installation of cleaner propulsion
systems, such as Fuel Cells. In this context, scientific literature about this topic is expanding rapidly.

In the study reported in ref. (Rivarolo et al., 2021), an original approach to compare the most promising
innovative technologies for energy production and storage for maritime applications is presented. They
analysed both a small size passenger ship operating in urban areas and a large size cruise ship, by
comparing the conventional fuels and technologies with the most promising solutions, represented by
H2 and fuel cells. The authors proposed an algorithm for comparing different technologies, taking into
account four aspects: (i) volume; (ii) weight (iii) cost and (iv) emissions. Results highlighted that the
most competitive technologies were the PEMFCs, and the Internal Combustion Engines (ICE) fuelled by
both Liquid Natural Gas (LNG) and Marine Diesel Qil (MDO). In detail, the PEMFCs were the best solution
from emission point of view, while ICEs were interesting in terms of limited volumes, weights and costs.

In the paper presented in ref. (Rattazzi et al., 2021), a PEMFC-based system for a 200 people ferry by
using a time-dependent thermo-economic analysis to determine the optimal operating conditions for
minimizing the costs is studied.

In the work reported in ref. (Dall’Armi et al., 2021), is proposed a process simulation study to analyse
the peak shaving services that a hybrid PEMFC/Li-ion battery propulsion system can provide to both a
small RoRo vessel and a passenger ferry. In particular, the authors developed a numerical model of a
hybrid LT-PEMFC/batteries power plant fed with compressed H.. Results highlighted that the peak
shaving allowed a reduction of the fuel cell size, set equal to 120 kW instead of 206 kW of the main
diesel engine.

In the paper presented in ref. (Klebanoff et al., 2017), by using the Well-To-Waves (WTW) analysis,
the authors carried out a theoretical comparison of GHG emissions between SF-BREEZE high-speed H:
PEM fuel cell ferry (Hydrogenics HD-30 fuel cells were used with an overall installed power of 4920 kW)
and the VALLEJO ferry powered by the traditional diesel engine technology (2 MTU engines for a total
installed power of 3400 kW). Results highlighted that, by using renewable LH2, the GHG emissions for
the SF-BREEZE ferry were reduced of 75.8% compared to the diesel-fuelled VALLEJO.

In the work reported in ref. (Letafat et al., 2020), an energy management and component sizing
strategy for a hybrid fuel cell-battery propulsion system on board a ferry boat is developed. The nominal
power output of the fuel cell unit was 500 kW and the capacity of the batteries was 200 kWh. Results
showed that the proposed hybrid configuration allowed to reach high performances. Pietra et al. (Pietra
et al., 2022) studied a 100 kW PEMFC module integrated with a supercapacitors energy storage system
and a DC/AC power converter for the marine propulsion. The experimental characterisation of the
proposed powertrain was focused on the evaluation of the efficiency for both the fuel cell and the
overall system that resulted to be 48% and 45%, respectively.

In the study proposed in ref. (Chiche et al., 2021), the power requirements, the energy-storage
solutions and the sustainability assessment of a rescue boat travelling for 160 min in the lake Barken
(in Sweden) are examined. A weight-optimized procedure Different sizes, varying from 50 kW to 110
kW, were evaluated. The optimal size for the hybrid system from the weight point of view was 75 kW
for the fuel cell and PEMFC and 60 kWh for the Li-ion battery.

In the paper presented in ref. (Villalba-Herreros et al., 2020), the application of a PEMFC-based
auxiliary power plant on board an existing oceanographic vessel is investigated. The goal of their study
was to reduce the pollutant emission both in the port and near inhabited areas. The fuel cell chosen
was a 114 kW Toyota Mirai proton-exchange membrane (3 stacks were selected to propel the ship).
The proposed solution was able to avoid 7.95 tons of CO2 emissions.

In the work reported in ref. (Ye et al., 2022), the authors investigated the electric propulsion systems
for a water taxi and container ship powered by a hydrogen-based PEMFC in terms of system energy
and exergy efficiency, fuel consumption, mass and volume, environmental impacts and cost. They
studied onboard gaseous hydrogen storage or liquid ammonia storage coupled with onboard cracking.
In absence of any carbon policy measures, the authors demonstrated an increase in costs compared to
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conventional powertrain systems of about 116 % and 105 %, respectively — despite showing a 91 %
reduction of CO2 emission.

Even if the most mature and commercialized fuel cell type is PEMFC, the interest in the implementation
of high temperature fuel cell systems, i.e., Solid Oxide Fuel Cells (SOFCs), is growing motivated by their
capability to operate directly with different fuels or hydrogen carriers like ammonia, biofuels, and
synthetic renewable carbonaceous fuels. In particular, ammonia can be directly used as fuel for SOFCs,
since the high operating temperature (650-800 -C) allows achieving the ammonia cracking into nitrogen
and hydrogen directly on the anodic electrode surface (Afif et al., 2016; Cinti et al., 2016).

In the study proposed in ref. (Seddiek & Ammar, 2023), the usage of blue/green ammonia as a marine
alternative fuel from environmental and economic perspectives is investigated. They compared three
different propulsion systems to be installed on board a RO/RO vessel: a heavy fuel diesel engine, a
blue/green ammonia diesel engine and a blue/green solid oxide fuel cell (SOFC). The results
demonstrated the environmental effectiveness of the SOFC green ammonia-fuelled ship, with a
reduction of greenhouse gas (GHG) emissions of 93.4 % and 92 % compared with the traditional
propulsion system.

In the work presented in ref. (Wu et al., 2022a), analysed an ammonia based SOFC powertrain system
on board an ocean-going vessel from the economic and environmental perspective. They demonstrated
that the proposed system was economically and environmentally viable for deep-sea shipping
applications.

Di Micco et al. studied in their paper (Di Micco et al., 2024), two propulsion systems for shipping
applications, a NH3-based Proton exchange membrane Fuel Cell (PEMFC) and a NH3-based Solid Oxide
Fuel Cell (SOFC) system, designed for replacing a conventional diesel powertrain installed on board a
container ship. Both the systems were analyzed from technical and economic profitability perspectives.
Technical results highlighted that the on-board placement of the novel ammonia-based propulsion
technologies causes greater masses and volumes with respect to the conventional diesel system. This
criticality, could be overcome by accepting a cargo capacity reduction, estimated in the range 3.3% -
4.8% for the proposed solutions. From the economic perspective, the cargo reduction for the NH3-
based PEMFC and the NH3-based SOFC powertrain systems corresponded to an economic loss of 20,000
€ and 30,000 €, respectively. However, considering that each fuel cell-based system allows curbing
direct CO2 emissions to zero, an avoided cost for the emitted CO2 equal to €33,332.0 must be
considered. Therefore, the authors demonstrated the possibility to recover the economic penalty due
the cargo reduction and break-even with the reference diesel scenario.

In the study reported in ref. (Perci¢ et al., 2022b), the authors carried out the study focused on the
viability of different fuel cell types fed by hydrogen and ammonia, i.e., a low-temperature fuel cell
(PEMFC) and a high-temperature fuel cell (SOFC), used as powertrain option of three Croatian Ro-Ro
passenger ships. For the proposed systems, the authors carried out both a Life- Cycle Assessment (LCA)
and Life-Cycle Cost Assessment (LCCA), and they compared the results with the existing diesel power
systems. The results of the research indicated that fuel cell systems have a lower impact on the
environment than a diesel-powered ship, with a reduction of up to 84 % in CO2-eq emissions when
green ammonia is used. From the profitability perspective, they calculated that fuel cell systems fed
with blue ammonia involve an increase in costs of 27 %—-43 %, for PEMFC and SOFC systems
respectively, with respect to the diesel-powered ship.

In the work proposed in ref. (Kim et al., 2020), the authors compared the environmental friendliness
and economics of ammonia fuelled PEMFC propulsion system, SOFC propulsion system and conventional
ship propulsion system. By comparing the conventional and proposed systems, results highlighted that
the SOFC power system was the most eco-friendly alternative, with a CO2 reduction with respect to the
conventional system of about 92.1%. From the economic perspective, by calculating CAPEX and OPEX
for each solution, the ammonia based SOFC showed an increase in cost compared to the conventional
system of about 19.2% and 19.6%, respectively, while the fuel cost (57.8%) is the lowest compared
to the others.

Kistner et al. in their study (Kistner et al., 2021), investigated from an economic and environmental
aspects four power system configurations to be installed on board cruise ship, including the SOFC-
battery system using LNG as fuel. Based on the literature and information from the market and
manufacture, the authors gave specific investment costs for the SOFC and the battery, which are 2000
€/kW and 800 €/kWh respectively. The findings of this study suggest that although the economic
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performance of SOFC systems may not be the most favourable, they still represent a low-emission
solution that can have a positive environmental impact. Besides, the authors converted the CO2
emissions of the ship’s power system into a monetary valuation of 220 €/tCO2eq for SOFC technology.
In a final outlook for the year 2050, the authors demonstrated that SOFCs will economically overtake
gas combustion engines considering the investment costs decrease.

In the study reported in ref.(Guven & Kayalica, 2024), the environmental and economic impacts of
hydrogen-powered ferries in inland passenger and car transportation is studied. The authors assessed
both PEMFC and SOFC systems as propulsion technologies, considering to produce the feeding
hydrogen by means of three different electrolyzers, AEC, PEMEC and SOEC. The installation power for
the propulsion systems was 7.2 MW, while the electrolyzer sizes ranged from 6.8 to 10 MW. From the
environmental perspective, the most environmentally friendly power option was Solid Oxide
Electrolyser-Solid Oxide Fuel Cell system for the case study. From the economic perspective, by
calculating the Net Present Cost (NPC) for each solution, the combination of SOEC-PEMFC was the most
cost-effective solution, with a value of 172 million €, while the combination of PEMEC-PEMFC was the
least.

Table 4: Reviewed papers on techno-economic impacts of maritime shipping.

Author Year Title Topic
Rivarolo et al., 2021 Multi-criteria comparison of power Energy production
generation and fuel storage solutions and storage for
for maritime application. maritime
applications
Rattazzi et al. 2021 An innovative tool for the evaluation PEMFC-based as
and comparison of different fuels and propulsion system
technologies onboard ships. for a ferry boat
Del’Armi et al. 2021 Comparison of different plant layouts Analysis of the peak
and fuel storage solutions for fuel cells | shaving services of
utilization on a small ferry. a hybrid PEMFC/Li-
ion battery
propulsion system
on board vessels
Letafat 2020 Simultaneous energy management and | energy
optimal components sizing of a zero- management and
emission ferry boat. component sizing of
a hybrid fuel cell-
battery propulsion
system for ferry
boat
Chiche et al. 2021 Feasibility and impact of a Swedish fuel | Analysis of power
cell-powered rescue boat. requirements,
energy-storage
solutions and the
sustainability
assessment of a
rescue boat

@FuelSOME 2022

Page 24 of 85



[D4.1 ‘Report on TEA and LCSA methodology and overarching impact assessment FueIS M E

framework’]
Author Year | Title Topic
Villalba-Herreros et al. 2020 Emissions and noise reduction on- PEMFC-based
board an oceanographic vessel thanks | auxiliary power
to the use of proton-exchange plant on board an
membrane fuel cells. existing
oceanographic
vessel
Ye et al. 2022 System-level comparison of ammonia, | hydrogen-based
compressed and liquid hydrogen as PEMFC as
fuels for polymer electrolyte fuel cell propulsion systems
powered shipping. for a water taxi and
container ship
Seddiek & Ammar 2023 Technical and eco-environmental usage of blue/green
analysis of blue/green ammonia-fueled | ammonia as a
RO/RO ships. marine alternative
fuel from
environmental and
economic
perspectives
Wu et al. 2022 Feasibility assessment of a container analysed an
ship applying ammonia cracker- ammonia based
integrated solid oxide fuel cell SOFC powertrain
technology. system on board an
ocean-going vessel
Di Micco et al. 2024 Ammonia-powered ships: Concept NH3-based Proton
design and feasibility assessment of exchange
powertrain systems for a sustainable membrane Fuel Cell
approach in maritime industry. (PEMFC) and a
NH3-based Solid
Oxide Fuel Cell
(SOFC) system for
shipping
applications
Perci¢ et al. 2022 Application of fuel cells with zero- viability of different
carbon fuels in short-sea shipping. fuel cell types fed
by hydrogen and
ammonia on board
ships
Kim et al. 2020 A preliminary study on an alternative ammonia fuelled
ship propulsion system fueled by PEMFC and SOFC
ammonia: Environmental and propulsion systems
economic assessments. on board ships
Kistner et al. 2021 Techno-economic and Environmental power system
Comparison of Internal Combustion configurations to be
Engines and Solid Oxide Fuel Cells for | installed on board
Ship Applications. cruise ship
Guven & Kayalica 2024 Environmental and economic Analysis of

assessment of hydrogen-powered
ferries for inland transportation.

hydrogen-powered
ferries in inland
passenger and car
transportation
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3. Goal and scope

This section offers the description of the TEA and LCSA, ensuring a comprehensive and aligned
approach for both. The contents include a description of the goal of the TEA and the LCSA, as well as
a description of the system boundaries, functional unit, scale-up and optimisation for both TEA and
LCSA, allocation approaches and the target audience.

3.1 Goal

Although the TEA and the LCSA are being conducted as separate assessments, it is crucial to ensure
that the goal of the two are well-defined and aligned (Figure 1). This will allow a coherent assessment
of the system’s sustainability and economic performance and the integration of the results. One central
aspect that is crucial to be aligned between TEA and LCSA are the system boundaries, to enable a
comprehensive assessment of the environmental, social, and economic impacts associated with the
entire life cycle of the studied system. The mass and energy data at the unit operation level is another
aspect where alignment is necessary, to ensure consistency in the results of the environmental and
economic evaluations. Further, the temporal and geographical scope of the study is to be kept
consistent between TEA and LCSA. Consistent time frames and geographic boundaries are relevant for
the integration of the results and for meaningful comparisons.

By considering these topics and ensuring their alignment and consistency, the methodology guideline
for TEA and LCSA within the FuelSOME project is the basis for a robust and integrated approach to
evaluate the sustainability and economic aspects of the studied system. This report will serve as the
basis for the preparation the final report on TEA and LCSA. The insights and methodologies presented
here will contribute to the development of a robust and comprehensive analysis.

Figure 1. Visual representation of the combination of the environmental LCA (green), social LCA (red) and life
cycle costing (brown), that make up the three levels of a life cycle sustainability assessment.

3.2 Life Cycle Sustainability Assessment

In collaboration with ATENA, ZHAW will conduct a comprehensive Life Cycle Sustainability Assessment
(LCSA) for the FuelSOME system from Well-to-Wake. This assessment will specifically prioritize the
evaluation of biodiversity impacts and other adverse environmental effects. The assessment will follow
internationally recognized standards and methodologies such as:

ISO 14040/14044 (ISO, 2006, 2017)

EU International Reference Life Cycle Data System (ILCD) (European Commission, 2010)
Product Environmental Footprint (PEF) (Fazio et al., 2018)

UNEP Guidelines on social LCA (UNEP, 2020)

IMO Guidelines on Life Cycle GHG Intensity of Marine Fuels (IMO, 2023)

Guidance Document for performing LCAs on Fuel Cells and H2 Technologies (Lozanovski et al.,
2011; Masoni & Zamagni, 2011)

e Guidelines for Life Cycle Sustainability Assessment (LCSA) of fuel cell and hydrogen systems

The LCSA contributes to the FuelSOME project in providing a holistic understanding of the
environmental and social implications associated with the evaluated processes.
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The goal of LCSA is to provide a comprehensive evaluation of the sustainability performance of the
FuelSOME product system to develop a multi-fuel capable propulsion system based on SOFC technology
for maritime shipping, by considering not only its environmental impacts but also social and economic
dimensions. By taking a holistic perspective, LCSA aims to identify potential hotspots, trade-offs, and
synergies across different life cycle stages and sustainability dimensions.

The key dimension of LCSA include the assessment of the (1) environmental impacts (E-LCA), (2) social
impacts (S-LCA) and (3) economic impacts (TEA).

The environmental LCA (E-LCA) evaluates the resource consumption, emissions, and other
environmental impacts associated with the entire life cycle of a product or system, including raw
material extraction, manufacturing, use, and disposal. The social LCA (S-LCA) considers social
dimensions such as human health and safety, labour conditions, social equity, community impacts, and
stakeholder engagement throughout the life cycle.

The techno-economic assessment (TEA) assesses the economic viability and costs associated with the
different life cycle stages, including production, operation, maintenance, and end-of-life management.

By analysing the sustainability performance across various dimensions, a comprehensive and consistent
LCSA helps identify potential areas for improvement, guiding decision-makers to implement more
sustainable practices and policies with regard to the triple bottom line.

Overall, the goal of the LCSA is to provide a comprehensive and balanced assessment of the
sustainability performance of the FuelSOME system, promoting informed decision-making, and
supporting the development of more sustainable alternatives.

3.2.1 Environmental Life Cycle Assessment (E-LCA)

The FuelSOME system will go through a comprehensive assessment of its environmental impacts across
the entire life cycle. This assessment will consider various environmental impact categories, including
but not limited to greenhouse gas (GHG) emissions, primary energy demand, biodiversity impacts, and
resource depletion. Additional impact categories recommended by the Joint Research Council (JRC) of
the European Commission will also be analysed. One specific aspect of this subtask will involve
conducting a life cycle biodiversity impact assessment. This assessment aims to quantify the positive
or negative impacts of the project's activities on biodiversity within both the operation sites and their
associated supply chains. By evaluating these factors, the E-LCA seeks to understand and address the
potential environmental implications of its activities on biodiversity and the natural environment.

3.2.2 Social Life Cycle Assessment (S-LCA)

Additionally, the FuelSOME system will go through an assessment of its social impacts and socio-
economic benefits, which will adhere to the UNEP-SETAC guideline for S-LCA (UNEP, 2020). The
assessment process will involve determining activity variables, defining subcategories for the LCSA, and
identifying key stakeholders. The S-LCA will follow to a structured framework, aligning with established
scientific protocols and guidelines. It will be conducted alongside the E-LCA, ensuring a comprehensive
and integrated evaluation of both social and environmental dimensions. Through the S-LCA, key social
factors and impacts will be systematically analysed, considering the diverse stakeholders involved in
the value chains of the FuelSOME systems. This assessment will contribute to a deeper comprehension
of the project's implications on social equity, human rights, labour practices, community well-being,
and other pertinent socio-economic dimensions. The findings from the S-LCA will be complemented by
the results obtained from the E-LCA, forming a comprehensive evaluation framework for the
sustainability performance of the FuelSOME system.

3.2.3 TEA Methodology Framework

The techno-economic analysis (TEA) plays a crucial role in the assessment of innovative energy
systems, as it allows to evaluate the competitiveness compared to traditional systems. In the FuelSOME
project, TEA will be performed by evaluating the technical and economic feasibility of the multifuel
SOFC system.
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Typically, TEA includes the estimation of several indicators aimed at measuring the convenience and
the performance of the investment such as the Profitability Index and the Payback Period on the
investment.

Due to the nature of the specific system considered in the project, which is a new SOFC-based
propulsion system for shipping propulsion, TEA will be carried out by assessing two main economic
indicators, the Fixed Capital Cost (based on the capital expenditure evaluation) and the Operating and
Maintenance Costs, that allow to evaluate the costs due to the installation of the system on board a
vessel instead of conventional technologies. These costs are also used to estimate specific KPIs that
have been properly defined for the economic analysis in this project: Specific Fixed Capital Cost (Src),
Specific Operating Costs (Sop), Specific Net Present Cost (Snrc).

Figure 2 depicts the concept of the framework for the Techno-Economic Analysis methodology proposed
in this project. It consists of 4 main steps:

1. System Definition: The layout of the system is defined in order to characterise all components
that have to be integrated in order to assure the optimal operation according to the specific
fuel (Methanol, Hydrogen and Ammonia).

2. Modelling and Operating Data: The modelling approach is applied in order to define the
operating data of the SOFC-based system fed with different fuels; these data, in terms of
electric power consumption (i.e. Pumps), heat exchangers thermal power and mass flow rates,
are needed to estimate the costs (Investment, Operating & Maintenance) of the system.

3. Costs Definition: The technical characterisation of all components allows to estimate costs
(Annualised Investment Costs, Annualised Operating & Maintenance Costs, Annualised
Replacement Costs) and revenues (related to avoided CO2 emissions due to zero or low carbon
fuels utilization), by applying the conventional equations of the economic analysis; in order to
evaluate the influence of the system scale-up (Multi-MW configurations) on the cost analysis,
specific scale-up functions are defined.

4. Techno-Economic Performance (TEP): All technical and economic performances are used to
estimate three KPIs defined to assess the system feasibility with respect to its installation for
shipping propulsion.
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Figure 2: TEA Methodology Framework.

As highlighted in the methodology description several input data, specifically related to the
configurations (system layouts), operating conditions, performances and costs of the proposed multifuel
SOFC system for shipping propulsion, are required. With this aim, the information exchange with other
WPs, i.e. WP1, WP2 and WP3, will be crucial for performing TEA. As concern, specific questionnaires
are developed by ZHAW and ATENA to collect data from partners for both LCSA and TEA.
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3.3 Functional Unit

Within the scope of the FuelSOME project the functional unit represents the transportation of goods
with a maritime vessel, that is powered by SOFC functioning on ammonia, hydrogen or methanol.

Functional unit: 1 tkm transportation of a maritime vessel with a power output of 10 MW

As the FuelSOME project is to focus on long-distance maritime shipping, a power output of 10 MW is
considered as the minimum capacity for a long-distance vessel.

A majority of LCA studies conducted on maritime shipping are based on the functional unit of tkm,
round trips and lifetime milage (Bengtsson et al., 2011; Kanchiralla et al., 2022, 2022; Percic¢ et al.,
2022a). The chosen functional unit of “1 tkm transportation of a maritime vessel with a power output
of 10 MW" is therefore in accordance with previously conducted LCA studies in the field and comparison
of results is enabled. 1 tkm of transportation was additionally preferred as it enables comparison of the
results to the data of conventional maritime shipping as present in the ecoinvent database (ecoinvent
Association, 2022).

3.4 System Models and Boundaries

The considered scope for the sustainability analysis of the FuelSOME system is Well-to-Wake, as
recommended in the IMO Guidelines on Life Cycle GHG Intensity of Marine Fuels. The consideration of
Well-to-Wake quantifies the full life cycle impacts for a given fuel and fuel pathway, used in a given
energy converter on board, including extraction of raw materials, fuel production, transportation and
bunkering, and emissions from fuel utilisation onboard, including leaks (IMO, 2023). An overview of
processes considered in the FuelSOME system is shown in Figure 3. The product system can be divided
into the foreground system, consisting of all processes inside the system boundary (dashed line), and
the background system, which is represented by the inputs of the background processes.

3.4.1 Product System Boundaries

The life cycle stages of the FuelSOME system can be divided into feedstock production, fuel production,
fuel processing, production of the propulsion system, use phase and the End-of-Life (EoL) phase.

The focus regarding the considered fuels is on e-fuels from different electricity sources. The feedstock
production therefore includes the provision of electricity from photovoltaic (PV) energy generation
systems, wind energy generation systems and electricity from grid mixes. Also included in the feedstock
production stage is the transportation and storage of the electricity.

The subsequent life cycle stage of the fuel production describes the process of synthesising ammonia,
methanol and hydrogen from the electricity. For each fuel, different supply chains are considered.
Primary inputs for the fuel synthesis are energy — electricity as well as heat, chemical elements for the
chemical reactions and infrastructure. After the fuel production, the fuel processing follows, which
includes the storage of the fuel at the production site, fuel transportation and distribution.

The production of the propulsion system represents a next life cycle stage, which includes the
production of the SOFC reforming and processing units. The reforming/cracking units describe the
process of ammonia cracking and methanol steam reforming. The processing unit enables operation
with direct internal fuel conversion in the stack, full external fuel conversion and autothermal external
conversion. The components included in the processing unit are ammonia and methanol feed
controllers, steam generators, methanol evaporator, reformer/cracker and catalyst. Another integral
part of the production of the propulsion system is the SOFC stack production. The SOFC stack is
composed of fuel cells (anode, cathode, electrolyte), sealing material, metallic interconnect (IC) plates
and protective coatings. Together with the electric engine and electronics (inverters), the
reforming/cracking units, reforming unit and SOFC stack make up the multi-fuel SOFC propulsion
system.

The use phase includes two steps, which is the fuel storage on board of the ship, and the operation of
the maritime vessel. For the fuel storage on board of the ship, main inputs include the infrastructure
needed to store the fuel and the energy needed to keep the fuel at a specific temperature and pressure.
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During the operation of ship, the fuel is combusted, which leads to direct emissions of CO: in the case
of methanol.

Finally, the EoL life cycle stage describes the disposal of the system components, which primarily
regards the disposal of the propulsion system. The reference system at the bottom (in grey) reflects a
simplified representation of a conventional maritime vessel operated on fossil fuels in an ICE. Equal to
the FuelSOME system, the functional unit of the reference system is 1 tkm transportation of a maritime
vessel (conventional), in order to enable comparison between the two systems.

3.4.2 Geographic and Temporal Boundaries

The geographical boundaries for the TEA and LCSA of the FuelSOME system is general Europe, with a
focus on Spain and Denmark, considering the availability of PV and wind energy, respectively. However,
TEA and LCSA can be influenced be different geographical und cultural issues across the European
Research Areas (ERAs) as environmental impacts, consumption patterns, regulations, and resource
availability vary across regions. Geographic variability affects data accuracy, and cultural preferences
affects consumer choices. Regional regulations and supply chain complexities must be considered in
international LCSA and TEA, and resource availability and local environmental challenges can vary
widely. Different cultural values, livelihood factors, and country development also play roles in TEA and
LCSA results and must be considered when extending the geographic boundaries.

Regarding the temporal boundaries the TEA and LCSA look at the current situation with the reference
year 2024 and the prospective assessment covering expected developments until the year 2030 as well
as 2050.
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3.5 Data Collection

Data collection for LCSAs relies on various data sources and databases. Regarding the data collection
for the product system as described in section 3.4, the overall system can be divided into the foreground
and background system.

The foreground system consists of all processes within the system boundary and will be modelled based
on primary data and data projections based on results of the respective work packages. The background
system relies on generic data on the connected value chains, e.g., infrastructure for the component
production. It is important to note that the collection of relevant data for a LCSA may differ depending
on the analysed dimension (environmental, socio-economic and techno-economic).

The following section describes the different data collection approaches used in the TEA (Techno-
Economic Assessment), E-LCA (Environmental Life Cycle Assessment) and S-LCA (Social Life Cycle
Assessment) within the FuelSOME project.

3.5.1 Foreground Data Collection

Foreground data collection involves gathering information directly from the FuelSOME consortium,
which includes collecting inventory data on inputs (e.g., raw materials, energy, water) and outputs
(e.g., emissions, waste) associated with all the processes in each life cycle stage in cooperation with
the corresponding experts from the other WPs. Additionally, this primary data or primary data projects
will have to be complemented by data from literature, surveys and interviews with stakeholders,
including employees, experts, suppliers, and customers, in order to obtain data for missing information
on process parameters, material composition, transportation distances, energy sources, and other
relevant factors. In some cases, direct measurements are necessary to quantify specific parameters
such as emissions from a specific process or energy consumption of a machine, requiring the use of
appropriate measurement techniques and instruments to ensure accurate data collection.

3.5.2 Background Data Collection

The collected information for the foreground system will relate to generic data to establish the link to
the corresponding supply chain. The background data collection will rely on publicly or commercially
available databases that provide information on the connected supply chains. Established Life Cycle
Inventory (LCI) databases like ecoinvent (ecoinvent Association, 2022) or industry-specific databases
provide LCI data with detailed information on various life cycle stages, serving as valuable resources
for data collection. Additionally, leveraging LCA software tools with built-in databases and data
repositories can automate calculations and data retrieval, ensuring consistency and accuracy
throughout the process.

3.5.3 Environmental LCA

The foreground data for the E-LCA will be collected via questionnaires from the consortium (primarily
WP1, WP2 and WP3) and complemented with information from literature and databases as needed.
Based on the system models and deliverables from other WPs the corresponding questionnaires will be
compiled and completed together with the respective experts from the other WPs. The FuelSOME SOFC
propulsion system will only be operated at pilot scale during the duration of the project. Accordingly,
the information collected via the questionnaires must be translated to a prospective (ex-ante)
assessment since an assessment based on actual information (ex post) will not be possible.

The background data for the E-LCA will be obtained from the ecoinvent v3.9 database (ecoinvent
Association, 2022) (or most recent). The modelling and analysis were conducted using the life cycle
assessment software SimaPro v9.4 (SimaPro 9.4, 2022).

The results of the E-LCA are determined by the amount and type of materials used as well as the arising
emissions from the respective processes. The country where a process occurs is relevant but will not
fundamentally change the results. Accordingly, the data collection for the E-LCA will focus on material
flows and emissions.
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3.5.4 Social LCA

Foreground data collection for the S-LCA involves gathering information directly from relevant
stakeholders. This includes conducting surveys or interviews with workers, local communities, suppliers,
and other stakeholders to obtain data on social aspects such as working conditions, employee
satisfaction, labour rights, and community interactions. On-site observations could also be conducted,
where relevant sites are visited to observe the working environment, employee well-being, and
community interactions, noting any visible indicators of social conditions and collecting relevant data.
Additionally, requesting relevant records from companies, such as employee turnover rates, training
programs, safety records, grievance mechanisms, and community engagement initiatives, provides
valuable insights into social practices and impacts.

The FuelSOME SOFC propulsion system will only be operated at pilot scale during the duration of the
project. Accordingly, the information collected via the questionnaires must be translated to a
prospective (ex-ante) assessment since a S-LCA based on actual information (ex post) will not be
possible.

The background data for the S-LCA will be obtained from the PSILCA v3.1 database (Maister et al.,
2020) (or most recent). The modelling and analysis will be conducted using the LCA software OpenLCA
(GreenDelta, 2022).

The results of the S-LCA are determined by the country and sector in which the activities take place
used as well as working hours and wage levels. The materials use and emissions (with exception of
harmful emissions for humans) are less relevant. The country where a process occurs is therefore, in
contrast to the E-LCA, highly relevant for the S-LCA. Accordingly, the data collection for the S-LCA will
focus on the relevant sectors and countries for the FuelSOME related working activities as well as their
respective working conditions.

3.5.5 Techno-economic assessment

The foreground data for the techno-economic assessment will be performed by collecting data from
the consortium. In this context, questionnaires to some WPs leaders (primarily WP2 and WP3) will be
prepared and distributed. The expected data concern the costs set for both SOFC system and for the
BoP components. Besides, a deeply literature analysis is also performed for collecting much more data
and for comparing these latter with the market ones. Since the developed system has to be scaled up
for MW size, it is needed to evaluate how the costs of the considered technologies change according
to a scale-up approach for multi-MW applications. As matter of fact, costs scale-up functions from the
technical literature will be implemented.

3.6 Allocation

As the FuelSOME system does not lead to the production of multiple outputs, allocation will not be
applied in the TEA and LCSA.

3.7 Target Audience

The target audience for the TEA and LCSA of the FuelSOME system are the project consortium,
stakeholders in the maritime industry and fuel industries as well as political entities.

3.7.1 FuelSOME Consortium

This target audience comprises environmental and sustainability professionals, researchers, and
consultants. They are interested in studying the sustainability impact of the multi-fuel propulsion system
and identifying opportunities for resource optimization and circular economy practices. The TEA and
LCSA results can offer valuable data and insights regarding the environmental, social and economic
benefits and potential trade-offs within the value chains of the FuelSOME system. It is important to
provide detailed information on the environmental, social and economic indicators used, methodology
applied, and specific findings related to energy consumption, water usage, greenhouse gas emissions,
waste reduction, and other relevant metrics.
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3.7.2 Maritime / Fuel industries

This audience consists of professionals working in the maritime and fuel industries, including producers,
sustainability managers, and supply chain managers. The sustainability analysis aims at fostering the
understanding of the environmental and social benefits and potential cost savings associated with the
multi-fuel propulsion system.

The TEA and LCSA results can provide insights into the environmental, social and economic hotspots
and opportunities for improving the sustainability performance of their operations. Key information to
address would include the potential reduction in carbon emissions, resource efficiency gains, and the
economic viability of the multi-fuel propulsion system described in FuelSOME.

3.7.3 European Commission / Political entities

The third target audience are political entities in order to implement sustainable practices on a broader
scale and to drive systemic changes. As political entities shape environmental policies and regulations,
it is relevant to include them as a target audience. The benefits of targeting political entities include
informing policy development by presenting the positive impacts of alternative maritime shipping.
Demonstrating the economic benefits can encourage support for sustainable initiatives, while engaging
political entities fosters collaboration among stakeholders. Additionally, showcasing environmental and
social performance can build trust and potentially lead to preferential treatment or grants. Clear and
concise communication of TEA and LCSA results is vital to emphasize the environmental and social
benefits, economic considerations, and policy implications.

3.8 Data Quality and Uncertainty

The TEA and LCSA for the multi-fuel capable propulsion system are essential to evaluate the
environmental, social, and economic benefits and potential trade-offs associated with the envisaged
technology. However, ensuring data quality and addressing uncertainties in this specific context are
necessary for generating reliable insights.

To ensure data quality, it is essential to address aspects such as detailed data on the specific processes
and efficiencies along the supply chain (e.g. COz source, fuel production method, electrolysis efficiency,
SOFC efficiency, engine efficiency) and comprehensive data covering the entire supply chain, including
transportation, energy consumption, and emissions depending on the different fuels need to be
addressed.

Additionally, technological developments in fuel production or SOFC technologies over the duration of
the project introduce uncertainties in their efficiency and environmental performance. Moreover, socio-
economic factors, such as stakeholder acceptance, introduce uncertainties in measuring the overall life
cycle impacts, incorporating market demands and societal preferences. Properly identifying and
addressing these uncertainties are imperative to enhance the credibility and usefulness of study.

To enhance the credibility, specific strategies should be implemented. Firstly, fostering collaboration
and data sharing among all researchers and stakeholders of the FuelSOME project can lead to more
comprehensive data collection and improved data quality. Secondly, conducting sensitivity analyses to
examine the effects of varying input parameters helps identify critical uncertainties and areas for
improvement. Thirdly, regularly updating the life cycle inventory with new data and technologies
ensures that the TEA and LCSA remains relevant and reflective of the current state of the project.
Lastly, stakeholder engagement throughout the assessment process ensures that diverse perspectives
and uncertainties are adequately considered, contributing to a more robust assessment.
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4.Life Cycle Sustainability Assessment (LCSA)

As mentioned before, FuelSOME aims to focuses on developing a multi-fuel capable propulsion system
based on Solid Oxide Fuel Cell (SOFC) technology for maritime shipping. The proposed fuel cell-based
propulsion system is specially catered for long-distance maritime shipping, and will be able to operate
on ammonia, methanol or hydrogen. A core part of the FuelSOME project is to identify and assess
short- and long-term supply chains for these synthetic fuels, and to quantify their prospective life cycle
sustainability impacts.

This chapter will provide a comprehensive overview of the specific LCSA methods selected for the
analysis. These methods allow for the holistic evaluation of the environmental, social, and economic
dimensions of the studied products. By employing robust assessment frameworks, the study aims to
quantify and compare the life cycle sustainability performance of the multi-fuel capable propulsion
system developed within the FuelSOME project.

The selected LCSA methods will address a range of impact categories, including climate change,
resource depletion, biodiversity, and primary energy demand. By applying these methods, the study
will assess the environmental impacts associated with the multi-fuel propulsion system develop within
the FuelSOME project, comparing them with alternative and conventional propulsion technologies.

Moreover, the chapter will delve into the social dimensions of the studied system, examining potential
financial gains derived from the alternative ship propulsion. Social implications, such as job creation
and community engagement, will also be considered within the LCSA framework.

The chapter aims to provide a comprehensive understanding of the LCSA methods employed in the
study, highlighting their relevance and suitability for evaluating the environmental, social, and economic
aspects of the innovative propulsion system developed within the FuelSOME project. By employing
assessment methodologies, this research seeks to contribute to the advancement of alternative
propulsion technologies in the maritime industry.

4.1 Environmental Life Cycle Assessment (E-LCA)

The E-LCA is a systematic approach for evaluating the environmental impact of a product, process, or
service throughout its entire life cycle, from raw material extraction to production, use, and disposal.
E-LCA typically consists of several distinct phases.

In the Goal and Scope Definition phase, the purpose, boundaries, and metrics for comparison are
established, along with the identification of relevant environmental impacts. The LCI phase entails
gathering of comprehensive data on inputs and outputs throughout the entire life cycle, while the Life
Cycle Impact Assessment (LCIA) analyses this data to quantify environmental impacts using impact
assessment methods like global warming potential. Finally, the interpretation phase involves identifying
key impact contributors, assessing data uncertainties, comparing different options, and drawing
conclusions to support decision-making.

4.1.1 Impact Assessment Methods

For the impact assessment of an E-LCA, various methods are utilised to evaluate different environmental
impacts. For the E-LCA within the FuelSOME project, the methods employed include global warming
potential (GWP100a) based on IPCC guidelines (IPCC, 2021), which focuses on quantifying the potential
for global warming. Additionally, the assessment includes cumulative energy demand (CED) (Hischier
et al., 2010) and environmental footprint (EF 3.1) recommendation (Andreasi et al., 2023; Fazio et al.,
2018) to assess energy consumption and overall environmental pressures associated with the project,
respectively. For the impact assessment, the methods listed in Table 5 are considered in the study.
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Table 5: Impact assessment methods.

Method What is being considered Unit
IPCC (IPCC, 2021) Global Warming Potential (GWP100a) kg CO2-eq
Cumulative Energy Demand (CED)

(Hischier et al., 2010) Cumulative Energy Demand (CED) MJ-eq
Midpoint impact assessment Depletion of the Ozone Layer, Human Indicator-
methods for the environmental Toxicity, Particulate Matter (PM), Ionizing | specific
footprint according to PEF (Fazio et | Radiation, Photochemical Ozone

al., 2018) Formation, Acidification, Terrestrial

Eutrophication, Aquatic Eutrophication,
Freshwater Ecotoxicity, Land Use

4.1.1.1Global Warming Potential

As an initial step in the impact assessment, the environmental indicator "global warming potential" is
calculated using the IPCC 2021 GWP100 method (IPCC, 2021). This method enables the determination
of greenhouse gas emissions and their respective global warming potentials over a 100-year timeframe.
The emissions of greenhouse gases are converted into kilograms of carbon dioxide equivalent (kg CO2-
eq), utilising the characterization factor specific to each gas, and then summed. This value represents
the potential GWP of a product, also known as its CO2 balance or CO: footprint. A higher value indicates
a greater contribution of the product to climate change.

The IPCC 2021 GWP100 method is an update to the 2013 IPCC method developed by the
Intergovernmental Panel on Climate Change (IPCC). It incorporates IPCC climate change factors with
a time horizon of 100 years. The total GWP100 is made up of fossil, biogenic, and land transformation
emissions.

It is important to note that the IPCC characterisation factors employed in this method consider the
direct GWP of air emissions and do not account for several factors, such as the indirect formation of
nitrous oxide from nitrogen emissions, radiative forcing from emissions of substances like NOx, water,
sulphate in the lower stratosphere and upper troposphere, a range of indirect effects indicated by the
IPCC, and the indirect effects of carbon monoxide emissions. Additionally, normalisation and weighting
are not included in this method (IPCC, 2021).

4.1.1.2 Cumulative Energy Demand

The cumulative energy demand (CED) method used in this analysis is based on the methodology
published by ecoinvent version 1.01, with additional enhancements by PRé Sustainability to incorporate
energy resources available in the SimaPro database. The CED calculation considers the higher heating
values of fuels and incorporates extra substances from the ecoinvent database version 2.0.

CED is characterised by dividing energy resources into five impact categories: non-renewable fossil,
non-renewable nuclear, renewable biomass, renewable wind, solar, geothermal, and renewable water.
Normalisation is not included in this method. To obtain the cumulative energy demand, each impact
category is given an equal weighting factor of 1, indicating equal importance in assessing energy
demand (Frischknecht et al., 2007; Hischier et al., 2010).

4.1.1.3 Environmental Footprint 3.1 (adapted)

The environmental footprint (EF) 3.1 method (Andreasi et al., 2023; Fazio et al., 2018), developed by
the European Commission, is a comprehensive impact assessment framework designed for use within
the Environmental Footprint (EF) initiative. This methodology serves as a standardised approach to
assess the environmental performance of products and organisations.

EF 3.1 is the latest version of the method and is recommended for application in Product Environmental
Footprint Category Rules (PEFCRs), Organisation Environmental Footprint Sector Rules (OEFSRs), as
well as Product Environmental Footprint (PEF) and Organisation Environmental Footprint (OEF) studies
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conducted during the EF Transition Phase. One notable update in EF 3.1 compared to the previous
version, EF 3.0, is the inclusion of revised impact categories. The revised categories encompass climate
change, acidification, photochemical ozone formation, human toxicity, and ecotoxicity. These updates
align with current scientific knowledge and reflect the evolving environmental priorities.

The EF 3.1 methodology employs LCA principles and methodologies to collect and analyse data on
inputs, processes, and outputs throughout the product life cycle. It considers both direct and indirect
environmental impacts, aiming to provide a comprehensive evaluation of the environmental footprint
associated with a product or system. Characterisation factors and impact assessment models are
applied within EF 3.1 to convert the collected data into impact scores or indicators. These indicators
allow for quantitative representation of the environmental performance of the assessed product or
system, facilitating comparison and analysis.

This methodology has been specifically designed for the EF initiative and is intended to enhance
transparency, comparability, and informed decision-making. By adopting EF 3.1, researchers and
practitioners can conduct rigorous and standardised environmental assessments, promoting sustainable
practices across various sectors and industries (Fazio et al., 2018; Hauschild et al., 2011).

The environmental footprint according to PEF in Table 6 includes a collection of 12 models for impact
assessment as recommended by the Joint Research Council of the European Commission for calculating
the Environmental Footprint (EF) for the Product Environmental Footprint (PEF) (Fazio et al., 2018).

Table 6: Impact categories of the Environmental Footprint according to Fazio et al. (2018).

Impact category | Model Unit Source Further information
Ozone depletion Steady-state | kg CFC-11eq | (World Evaluates the potential for
ozone- Meteorological reducing ozone
depleting Organization concentration in the
potential (WMOQ), 2014) stratosphere.
Human toxicity, USEtox 2.1 CTUh (Rosenbaum et | Two aspects: Both cancer
cancer and non- model al., 2008) and non-cancer effects are
cancer effects assessed USing the

Comparative Toxic Unit for
Human Health (CTUh).

Particulate PM model Disease (Fantke et al., Change in mortality due to
matter/Respiratory | fecommende | incidences 2016) PM emissions, expressed
inoraanics d by UNEP in deaths per kilogram of
9 PM2.5 emissions.
Ionising radiation, | Human kBq U*> (Frischknecht et | The impacts on human
human health health effect al., 2000) health are considered.
model
Photochemical LOTOS- kg NMVOC (Goedkoop et Increase in tropospheric
ozone formation EUROS eq al., 2009; van ozone concentration due
Zelm et al., to emissions.
2008)
Acidification Accumulated | mol H+ eq (Posch et al., Evaluates the impact of
Exeedance 2008; Seppala et | acidifying substances on
al., 2006) soil and water.
Eutrophication, Accumulated | mol N eq (Posch et al., Evaluates the impact of
terrestrial Exeedance 2008; Seppala et | nutrients in sensitive
al., 2006) terrestrial ecosystems.
Eutrophication, EUTREND kg P eq, (Goedkoop et Two aspects: Evaluates
aquatic freshwater | mode kg N eq al., 2009) nutrients in freshwater

(phosphorus as the
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and aquatic limiting nutrient) and in
marine marine waters (nitrogen).
Ecotoxicity USEtox 2.1 CTUe (Rosenbaum et | Toxic effects on aquatic
freshwater model al., 2008) freshwater species.
Land use LANCA -Soil | Dimensionles | (Bos et al., The LANCA model
quality index | s, 2016) considers various
aggregated indicators for a range of
index of: soil properties. It assesses
kg biotic the impacts due to land
production/ use: erosion resistance,
(m? *a) kg mechanical filtering,
soil/ (m? *a) physical-chemical filtering,
3 groundwater recharge,
m° water/ and biotic production
(m? *a) m3 P '
g.water/
(mZ*a)

4.1.2 Life Cycle Biodiversity Impact

The FuelSOME project wants to put a special focus on the evaluation of the biodiversity impact.
Biodiversity is considered in addition to other environmental impacts analysed in the E-LCA. According
to the proposal, FuelSOME aims to contribute to biodiversity preservation by quantifying the positive or
negative impact of the development of the project activities on the biodiversity aspects of the natural
environment caused by the utilised materials as well as their corresponding supply chains.

Biodiversity is a complex issue that is not defined in detail and can be measured in different ways.
DelLong (1996) provides the following definition:

“Biodlversity is a state or attribute of a site or area and specifically refers to the variety within and
among living organisms, assemblages of living organisms, biotic communities, and biotic processes,
whether naturally occurring or modified by humans. Biodiversity can be measured in terms of genetic
diversity and the identity and number of different types of species, assemblages of species, biotic
communities, and biotic processes, and the amount (e.g., abundance, biomass, cover, rate) and
structure of each. It can be observed and measured at any spatial scale ranging from microsites and
habitat patches to the entire biosphere.”

Based on that definition, the following aspects must be defined for a biodiversity impact assessment:

Aspect of biodiversity measured, e.g. number of species
Spatial scale of biodiversity

The geographic boundaries must be defined as well because the effect of activities affecting
biodiversity are highly site, habitat, and ecosystem specific. We focus the analysis on the production
and processing steps of the fuel feedstocks, as this is where the highest biodiversity impacts are
expected (Tudge et al., 2021).

The impact on biodiversity reflects the damage that occurs in an area of protection -in this case
biodiversity - and are therefore called “Endpoint-Indicators”. They are opposed to the direct
measurement of negative impact on the environment called “Midpoint-Indicators”, as an example
climate change or eco-toxicity.

Certain environmental impacts on the midpoint level that are typically being considered in the
environmental LCA also influence biodiversity, for instance eco-toxicity or climate change.

Other aspects, for example the introduction of new species (invasive neobiota), is typically not
considered within existing methods. The direct exploitation of species is however a potential threat to
biodiversity. Maritime shipping is known to be the primary reason for the dispersal and introduction of
marine non-indigenous species (NIS) (Costello et al., 2022; Letschert et al., 2021). Within the FuelSOME
project, the potential introduction of invasive species is therefore a relevant aspect. The assessment of
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the impacts of invasive species is out of scope for this project. However, potential methodologies will
be indicated as well as a potential framework to include such impacts.

The commonly measured and likely most relevant aspect influencing biodiversity is land use and land
transformation. Within this project, it is expected that the area needed to obtain the fuel feedstock to
be relevant. The direct land use caused by the production of the propulsion system components will be
included as well.

4.1.2.1Land Use Intensity-Specific Global Characterization Factors

In their 2018 study, Chaudhary & Brooks focused on biodiversity impact assessment and specifically
highlighted the concept of increased spatialization. They emphasized the importance of considering the
spatial distribution of ecosystems and their vulnerability when assessing the impact of biodiversity. The
researchers also emphasized the need to differentiate between different types of land use and the
intensity of their usage, as these factors can significantly affect biodiversity.

Chaudhary & Brooks (2018) employed a methodology that involved utilizing the countryside Species-
Area Relationship (SAR) (Figure 4) model to derive updated characterization factors (CFs) for projecting
potential species losses resulting from different land use types and management intensities. They
focused on five broad land use types and considered three intensity levels to account for variations in
management practices.

Covering 804 terrestrial ecoregions, the study incorporated recent global land use intensity maps and
the International Union for Conservation of Nature (IUCN) habitat classification scheme to parameterize
the SAR model accurately. By calculating CFs for each combination of land use type and intensity level,
the researchers quantified the biodiversity impact associated with specific land use practices.
Furthermore, they conducted a case study comparing CFs for different forest management regimes in
India to demonstrate the improved applicability of the updated CFs. The analysis also considered
uncertainties, and the updated CFs showed smaller uncertainty intervals, enhancing the precision in
estimating biodiversity impacts. Overall, the methodology provided more accurate estimates of potential
species losses and increased the practical applicability of biodiversity impact assessments in life cycle
analyses. The UNEP-SETAC life cycle initiative recommended the utilization of the countryside species—
area relationship (SAR) model for calculating CFs to assess the biodiversity impact associated with land
use throughout a product's life cycle.

The study limited its examination of land use types to forestry and agriculture, and other sectors were
not yet considered in their assessment. This suggests that the study's findings and conclusions may not
fully capture the potential impact of biodiversity loss or conservation efforts in sectors outside of forestry
and agriculture.
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Figure 4. a) Projected species loss per ecoregion calculated using countryside SAR for four vertebrate taxa
combined (mammals + birds + amphibians + reptiles). (b) Projected species loss for plants (Chaudhary &

Brooks, 2018)

4.1.2.2LC-Impact Approach

The LC-Impact approach, as outlined by Verones et al. (2020), focuses on deriving CFs at the damage
level for 11 impact categories, with 8 specifically addressing ecosystem quality. These impact categories
are associated with three Areas of Protection (AoP): human health, natural resources, and ecosystem
quality (Figure 5). Spatial differentiation is incorporated into 7 of the 11 impact categories, considering
various spatial scales. The ecosystem quality category considers a vulnerability factor, and value choices
are applicable within the approach, particularly regarding the time horizon and the level of scientific
evidence. This involves the utilization of four sets of CFs that correspond to different levels of scientific
evidence. Overall, the LC-Impact approach provides a comprehensive framework for assessing the
impacts of different activities and products on various aspects of the environment, incorporating spatial
differentiation, and accommodating value choices in terms of time horizon and scientific evidence.

An endpoint approach is implemented to evaluate the impact on the disappearance of species resulting
from various environmental factors. This endpoint approach considers impact categories such as climate
change, ozone formation, acidification, marine and freshwater eutrophication, ecotoxicity, water stress,
and land stress. It provides a comprehensive assessment of the potential loss of species due to these
environmental stressors. The approach is implemented in SimaPro. It considers different aspects that
can influence biodiversity, allowing for a more holistic evaluation of the impacts associated with the
studied activities or products. By incorporating both the LC-Impact approach and the endpoint
approach, a more comprehensive understanding of the environmental impacts, particularly in relation
to biodiversity loss, can be achieved.
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Figure 5: Overview of the broad impact categories and Areas of Protection (AoP) covered so far in LC-IMPACT.
The colour of the lines indicates to which AoP the impact categories are related. Within ecosystem quality, three
different ecosystems types are distinguished (Verones et al., 2019 in Verones et al., 2020)

4.2 Social Life Cycle Assessment (S-LCA)

S-LCA is a method that evaluates the social impacts of products and services over their entire life cycle
(from raw material extraction to the final stage). For this purpose, both quantitative and qualitative
data are combined in the modelling to obtain information on the social aspects. A S-LCA provides
information on social and socio-economic aspects for decision-making, with the intention of improving
the social performance of an organization; it is based on a combination of methods, models, and data.

Consideration of different data sources is important for S-LCA to compare information and identify
possible similarities and differences. The appearance of contradictions when using different data
sources is very likely. On the one hand, one's own perception (subjectivity) plays a role in qualitative
data, and on the other hand, sensitive information is involved. For example, a company's own data on
social hotspots is generally less reliable than publicly available data from non-governmental
organizations (NGOs), but there may also be incorrect reports from NGOs. Some information is only
available from a single source, such as the manufacturing company, because not every company has
been investigated by independent organizations. Information from employees can also be very valuable
and helpful in identifying vulnerabilities, but employee perceptions are subjective and shaped by
individual experiences and personal characteristics. Consequently, the data sources for the S-LCA
should include recognized NGOs, governmental organization, literature, participating companies and
employees (UNEP, 2020).

In FuelSOME, the S-LCA approach is aligned with the method of the "Guideline for Social Life Cycle
Assessment of Products and Organizations 2020" from the United Nations Environment Programme
(UNEP) (UNEP, 2020) and can either be conducted using the Product Social Impact Life Cycle
Assessment (PSILCA) method, and be modelled and presented in the OpenLCA software (GreenDelta,
2022; Maister et al., 2020), the Product Social Impact Assessment (PSIA) method of PRé Sustainability
(Goedkoop, M.J. et al., 2020b, 2020a) or follow the approach of the Social Footprint method (Weidema,
2018).
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4.2.1 Product Social Impact Life Cycle Assessment (PSILCA)

PSILCA is a database directly adapted to the needs of S-LCA and developed following the UNEP/SETAC
guidelines. It contains data for 25 subcategories and 88 qualitative, quantitative, and semi-quantitative
indicators on social and environmental risks, opportunities, and positive impacts for 5 stakeholder
groups (Table 7). Approximately 15 000 country-specific industries and products in 189 countries are
included. To provide insights into global supply chains, PSILCA uses a multi-regional input/output
(MRIO) database, based on the Eora framework. Sources and survey dates are also documented
(Maister et al., 2020). PSILCA has been used for an initial screening S-LCA for the FuelSOME system
and if proven adequate, will be the method used for the final S-LCA.

Table 7: One example of unit of measurement to analyse impact of one indicator for one particular subcategory
within one stakeholder group (UNEP, 2021 ).

Stakeholder Subcategory Indicator Unit of measurement
Workers Child labour Children in employment % of children ages 7 - 14
Local community Local employment Workforce hired locally % of local employees
Society Corruption Carries out a programme | Written document
Consumer Transparency Report Publication of a report
Value chain actors Fair competition Statement Written document

One way to calculate the social impacts in an S-LCA, is by using the "Social Impact Weighting Method".
Since social impact assessment is still being researched and no universally recognized method has been
developed thus far, the "Social Impact Weighting Method" is rather rudimentary. This method
aggregates the indicators and provides a result at the level of each respective subcategory. The
reference unit used is "Medium Risk Hours," which allows the presentation and comparison of the
results (Eisfeldt, 2017). Table 8 illustrates the impact factor that is applied based on the corresponding
risk level, enabling the estimation of "Medium Risk Hours."

Table 8: Impact factors for the subcategories to calculate reference unit "Medium Risk Hours" (Eisfeldt, 2017)

Risk level Factor
Very low risk 0.01
Low risk 0.1
Medium risk 1

High risk 10
Very high risk 100

No risk 0

No data 0.1

4.2.2 Product Social Impact Assessment (PSIA)

The PSIA methodology is unique in its focus on assessing the social impacts of individual products and
services, rather than the overall impact of a company. It shares strong connections with the E-LCA
methodology. However, there are fundamental differences between social and environmental life-cycle
approaches.

From 2013 to 2020, a group of proactive companies collaborated in a roundtable format to establish
consensus on how to assess the positive and negative social impacts throughout the life cycle of
products and services. This publication represents the fifth iteration of the Handbook, with each
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iteration incorporating several changes and improvements compared to the previous versions. The
roundtable members have gained valuable experience by applying the methodology in case studies and
internal procedures. Additionally, the roundtable engages with other initiatives and approaches related
to social metrics, such as fruitful collaborations with the WBCSD (Chemical Working Group and Social
and Human Protocol) and the Social LC Alliance.

The development of the PSIA methodology as a joint effort stem from the shared understanding among
member companies of the importance of consensus on methodology. Rather than competing on
methodologies, companies aim to compete based on the results achieved. This conviction forms the
foundation of the Product Social Metrics Roundtable, where member companies actively contribute their
insights to reach a consensus.

The initial inspiration for the PSIA methodology in 2013 was the UNEP/SETAC document "Guidelines
for Social Cycle Assessment of Products" (2009), developed by a group of experts, along with other
similar publications. One significant distinction from the UNEP/SETAC Guidelines is the emphasis on
practicality and business applicability. The formation of this roundtable was driven by the recognition
among companies of the necessity for a social impact assessment methodology that aligns with
business needs. Throughout the roundtable discussions, the emphasis was placed on real-life cases,
knowledge sharing, and practical experiences to thoroughly assess the feasibility and effectiveness of
the method (Goedkoop, M.]. et al., 2020b).

In the PSIA methodology, information related to each social aspect, structured by performance
indicators, is evaluated using a scale. This scale allows to compare the data against a benchmark,
typically an international standard or convention. If the assessment method is customized for a specific
study, the reference points can be established as targets for improvement. The referencing stage plays
a crucial role in interpreting the results and facilitating informed decision-making.

PSIA is designed to consider both positive and negative impacts of the product or service, employing a
5-point scale. Each position on the scale represents a performance reference point with a score ranging
from -2 to +2. A score of -2 indicates unacceptable performance, while +2 represents ideal performance
(Goedkoop, M.J. et al., 2020b). Table 9 illustrates a reference scale, which can be adapted for each
social topic.

Table 9. Generic scale to assess social performance (Goedkoop, M.J. et al., 2020b)

Scale Description
_l best in class, continuous improvement
+1 beyond generally acceptable situation, continuous improvement

generally acceptable situation

unacceptable situation but improving

0
=1
_l unacceptable situation, no improvement

4.2.3 Social Footprint Method

The method of Weidema (2018) combines a top-down approach using input-output data to prioritise
data collection efforts on processes with high value added or a high number of work hours. It
incorporates a streamlined impact assessment that reduces the need for detailed impact pathway
descriptions and inventory data. Instead, the method focuses on the macro-scale impacts of income
redistribution and productivity impacts of missing governance, which are considered nonproduction-
specific impacts.

These impacts are unrelated to enterprise-specific actions and technology choices, making them
quantifiable using national statistics without the need for detailed technology- or enterprise-specific
data. The method allows for further refinement and detail in areas of specific interest for a particular
product or project.

It is demonstrated that non-production-specific impacts create most social and economic impacts. The
importance of income inequality in the impact assessment is highlighted. A novel approach is applied
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to combine impacts on productivity and impacts on human well-being, revealing the greater influence
of inequality on well-being compared to interventions solely affecting consumption levels.

The method enables comprehensive assessments of social footprints for products with reduced efforts
compared to existing approaches. The potential credits for positive action are found to be significantly
higher in countries with missing governance, providing a compelling argument for locating activities in
such countries, provided that enterprises can pursue an active strategy to create shared value.

A novel approach is applied to combine impacts on productivity and impacts on human wellbeing. It is
demonstrated that inequality implies that an intervention altering the amount of quality-adjusted life
years (QALY) for a population group consistently results in a larger change in wellbeing compared to
an intervention of the same monetary value that solely affects the level of consumption for the same
population group (Weidema, 2018).

4.3 Techno-Economic Assessment

The Techno-Economic Assessment is focused on the analysis and the optimization, from the techno-
economic perspective, of different FuelSOME configurations, starting from preliminary assessment and
results coming from WP1, WP2 and WP3. Results will allow to define a set of guidelines to develop
viable and sustainable solutions for maritime shipping sector, with the aim of guaranteeing competitive
costs for Hydrogen, Methanol and Green Ammonia. Outcomes will be available in terms of replicable
indicators (KPIs), considering different type of ships and routes, and voyage durations, useful for
industrial stakeholders.

As already mentioned, the methodology, for assessing the techno-economic performances of
FuelSOME, is divided into four main steps (Figure 2):

1. System Definition

2. Modelling and Operating Data
3. Costs Definition

4. Techno-Economic Performance

A more detailed scheme of the methodology is illustrated in Figure 6, where the four steps are
accurately depicted.
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Figure 6: Detailed flow chart of the Techno-Economic Analysis Methodology.
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From this detailed flow chart, it is possible to note that each step consists of several points, linked to
each other. Following, the description of each step is presented.

@FuelSOME 2022 Page 44 of 85



[l
[DA4.1 'Report on TEA and LCSA methodology and overarching impact assessment FU e [ S — M E
framework’]

4.3.1 System definition

ATENA in collaboration with ZHAW, has analysed the SOFC-based system architecture by considering
different feedstock fuels. Figure 7 shows the general overview of the system architecture in accordance
with the layout by AVL (WP3). The feedstock fuels are Ammonia, Methanol and Hydrogen that will be
processed, from thermal and/or chemical points of view, before feeding the SOFC.

As is illustrated in Figure 7, the power unit system consists of the SOFC modules, the electric engine,
and the electronic auxiliaries (Converter/Inverter).

The Balance of Plant (BoP) is designed by integrating several components such as: Pumps, Heat
Exchangers (Pre-Heaters, Evaporators), Chemical Reactors (Reformer/Cracker, Catalytic Burner) and
Auxiliary Devices.

The integration of these components is realised by optimising the internal heat recovery.

MULTI FUEL SOFC SYSTEM J
BOP Power Unit
Feedstock Fuels
Components System
. Fuel pump
Ammonia-NH; SOFC
Fuel evaporator
Methanol-CH;0H Pre Heat Exchanger Electric engine
Reformer/Cracker Electronics/
Hydrogen-H, Bre-Manifold Inverters

Heat Exchanger

Air Pre-heater
Air heater

NH3/CH3COH/H2
Supply Chain

Catalytic burner

Auxiliary devices (i.e
blower, etc.)

Figure 7: Multifuel SOFC system architecture overview.

Identifying the components is the first step in carrying out the evaluation and researching the costs to
be considered, using data from the literature or from the market.

4.3.2 Modelling and Operating Data

The layout of the Multifuel-SOFC system designed by AVL (Figure 8) as well as the main estimated
operating data, have been used for developing the numerical model in Aspen Plus Environment.
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SOFC Single System (Level 2)

Venting system

Auxilaries Fleﬂ

system Heat Recovery system

Fuel Supply system
HV system
Stack modul
Power Pack

Air system

énmn

Water system for start-up

Water
Evaporator
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Figure 8: Multifuel SOFC system general layout by AVL.

The modelling approach is needed to characterize the system in terms of mass and energy balances in
order to size the components for the cost estimation (i.e €/kW).

Figure 9 shows the flowsheet of the model for the Multifuel SOFC system.

1~ Mthanol "1
Evaporator HEX|
i

Fuel HEx

Figure 9: Flowsheet of the SOFC-based power system model.
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4.3.3 Costs Definition:

The techno-economic assessment will be performed by collecting data from the consortium and by
analysing the technical literature, as explained in section 4.5.5.

4.3.3.1Cost items assessment

According to the layout of the Multifuel SOFC system and by considering the characteristics and the
size of each component, the tota/ investment cost is calculated as follows:

Cinv,tot = CPU + CBoP (1)

Where Cp; and Cp,p are the investment costs related to the power unit (stack/engine/devices) and BoP,
respectively. In particular, the Cg,p is defined as:

Cpop = Cpp + Cpg + Cppp + Cpyc + Cpypp + Cqp + Ccp + Cyp (2)

In Table 10 each cost is explained.

Table 10: Cost item for each BoP component

Cost item Description
Crp Fuel Pump
Crg Fuel Evaporator
Cpug Pre-Heat Exchanger
Cryc Reformer/Cracker
Comue Pre-Manifold Heat Exchanger
Can Air Heater
Cep Catalytic Burner
Cap Auxiliary Devices

In order to consider all costs related to the system installation like the equipment erection, piping,
instrumentation and control, electrical, materials, offsites, contingencies, design and engineering, the
total fixed capital cost (Cgc) is introduced. This cost represents the total cost of the system ready for
the start-up.

The total fixed capital cost is estimated by applying the of Sinnott and Tower equation (TOWLER GAVIN;
SINNOTT RAY, 2008) whose factors are listed in Table 11.

Crc = Copor (L4 F) fn+ For+fa + i+ fo + i+ )] (1+0S)-(1+D&E+X) (3)

This equation has been developed for estimating the total costs of chemical plants, therefore, in this
analysis some factors are not considered (they are neglected) because not applicable (see Table 11)
for the development and the installation of a new power train for shipping propulsion.
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Table 11: Cost factors for estimation of fixed capital cost (TOWLER GAVIN,; SINNOTT RAY, 2008)

Item Values
Equipment erection (f,,) 0.3

Piping (f,) 0.8
Instrumentation and control (f;) 0.3

Electrical (f.;) not applicable
Civil (£.) not applicable
Structure and buildings (f;) not applicable
Lagging and paint (f;) not applicable
Material Factor (f,,,) 1.3

Offsites (0S5) 0.3

Design and Engineering (D&E) 0.3
Contingency (X) 0.1

The operating and maintenance costs (Cpey), are related to the Multifuel SOFC system operations
and they refer to a specific year (n); in particular the operating costs are calculated by considering the
annual fuel consumption (mg,,;) during the sailing time and its cost (Cr,,;) and the maintenance costs
are estimated as a percentage of the total investment cost:

Cogm = COperating + Craintenance = (CFuel 'mFuel) + [f “(Cpy + CBoP)] (4)

The term f refers to the percentage assumed for the maintenance cost estimation; it depends on the
type of component and ranges from 1% to 10% according to the values suggested in the literature.
The power system consists of components (i.e the SOFC unit) that require to be replaced during the
plant lifetime; therefore, the economic analysis must also take into account the replacement cost (C,.,)
that refers to the replacing of a component at a specific year according to its maximum number of
operating hours.

Since January 2024, the EU's Emissions Trading System (EU ETS) EU ports, regardless of the flag they
fly. This means that shipping companies have to purchase and surrender (use) EU ETS emission
allowances for each tonne of reported CO2 (or CO2 equivalent) emissions in the scope of the EU ETS
system. It is the role of administering authorities of EU Member States to ensure compliance using
similar rules as for the other ETS sectors. To ensure a smooth transition, shipping companies only have
to surrender allowances for a portion of their emissions during an initial phase-in period:

o 2025: for 40% of their emissions reported in 2024;
o 2026: for 70% of their emissions reported in 2025;
o 2027 onwards: for 100% of their reported emissions.

Under this new regulation, the emitted CO2. becomes a cost (operating cost), and consequently, the
avoided COz can be considered as a revenue or saving in the economic analysis. In this case, because
the Multi-fuel SOFC system is not fed by fossil fuel, zero (hydrogen or ammonia) or low CO2 emission
(methanol) are assured.

In this case the revenue (Rev,,,) is calculated as follows:

Revcoy,, = CCOZ(ETS) "Mco24, (5)

where Ceozsrs) is the cost of the CO2 according to the Emission Trading System and the m,,  is the
amount of avoided CO during the ship sailing.

4.3.3.2 Scale-up evaluation

Once all cost items have been defined and calculated for a small system (6 kW), it is necessary to
evaluate how these costs change according to a scale-up approach for multi-MW applications.

Using a paper available in the technical literature (Roberto Scataglini et al. , 2015) focusing on SOFC
power systems for stationary applications, some scale-up functions have been developed based on the
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size of the SOFC module and the associated BoP, as well as on the annual production volume of the
SOFC-based power unit.

Figure 10 a and b depict the scale up functions developed for the SOFC unit and its BoP, respectively.

Stack - Scale up function
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Figure 10: Scale-up functions for estimating the cost reduction of the stack (a) and of the BoP (b) for different
annual manufacturing volumes.

The illustrated scale-up functions are related to Cost Reductions of the Stack unit (ACZ,cx) and of its
BoP (ACE,p) with respect to size (S) and to the annual manufacturing volume (v) that are equal to 100,
1000 and 10000 units. The functions are:

ACKS e = 0.4936 - S~0432 ACHo} = 0.3221- 570274 6,7)
ACH9%, = 0.108 - §70227 ACHoR° = 0.2491 - 5702 (8:9)
ACL = 0.03 AC30p°° = 0.2075 - 5702%° (10,11)

By using these functions, it is possible to estimate the costs of the Stack unit and of the BoP for higher
sizes (50-250 kW) with respect to the costs of 1 kW stack (Csqcx (1)) and its BoP (Cgop (1))
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CzTACK(S) = ACSrack * Cstack [€)) CZOP(S) = ACgop " Cpop [¢)) (12,13)

By analysing these trends, it is possible to note that the costs of the Stack unit and of the BoP decrease
with the increase of the stack power as well as with the increase of the annual manufacturing volume,
as expected. In particular, it appears that stack cost reduction stops when the manufacturing volume
reaches a value of 10000 items per year, while this is not the case for the BoP since these costs are
not related to the stack but to other components as already presented.

4.3.4 Techno-Economic Performance (TEP)

As illustrated in Figure 11, the last step of the proposed TEA methodology consists of the evaluation of
the Techno-economic performance (TEP) that is related to the estimation of 3 KPIs that are: Specific
Fixed Capital Cost (Src), Specific Operating Costs (Sop), Specific Net Present Cost (Swec).

\ Saving/Revenue |

| (avoided CO;) |
L T S S —
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Total fixed capital costs (Snpc) < f

(direct and indirect costs)

—
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Figure 11: Schematic architecture of the techno-economic performance estimation

4.3.4.1 Annualized costs

TEA is conceived for calculating all costs related to the installation and operation of the proposed
powertrain system in order to assess its competitiveness throughout its lifetime (N). For this reason, it
is important to take into account some economic parameters such as the real interest rate (I,.), the
nominal discount rate (i) and the expected inflation rate (f) that are linked according to following
equation (Perna et al., 2023)

L _i=f (14)
"1+ f
As a consequence, some costs like the operating, maintenance and replacement costs

(Con » Crns Crepn=¢) as Well as the revenue (Revco,,,») Can be annualized at a fixed year (n) according
to the following equations:

C — COperating (15)
o T (14 L)

C — CMaintenance (16)
(R BT

Crep (17)

Crepn=t = A+ L)

where tis the year at which the component must be replaced.
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Reveoa,, 18
Reveoo,on = 7(1 YT (18)
.

4.3.4.2 Key performance Indicators
The proposed TEA introduces 3 KPIs, calculated in terms of specific cost (€/kW).

= KPIi: Specific Fixed Capital Cost (Skc), calculated as the ratio between the total fixed
capital cost and the nominal power of the propulsion system:

Crc [ €
KPI, = Spc = % [W] (19)

= KPI2: Specific Operating Cost (Sor), calculated as the ratio between the operating costs
during the plant lifetime and the nominal power of the propulsion system:

SNA(Co ) 1€ (20)
== |

= KPIs: Specific Net Present Cost (Snec), calculated as the ratio between the net present
cost (NPC) and the nominal power of the propulsion system:

KPIZ :Sop =

NPC | €
T e

The NPC is defined as the present value of all the costs of installing and operating the system'’s
components over the project lifetime (N), minus the present value of all the revenues that it earns over
the project lifetime; therefore it is calculated as:

N-1 22
NPC = Cp¢ + Zn—o (CO, n + CM’ nt Crep, n=t, — Rev(;()zav’n) ( )
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4.4 Integrated Assessment (TEA, E- & S-LCA)

Upon completing the LCSA for the multi-fuel capable propulsion system based on SOFC technology
developed within the FuelSOME project, we will need to integrate the results into a comprehensive
framework that addresses the environmental, social, and economic dimensions. To this end, we will
explore three distinct options for integrating the LCSA results, each offering unique perspectives and
insights, which are summarised below:

Option 1: TEA with environmental externalities & social externalities

This approach involves integrating the results of TEA with the environmental and social externalities
identified in the LCSA. TEA serves as the foundation, providing insights into the economic viability and
costs of the studied products. The identified environmental and social externalities derived from the
LCSA are then incorporated as additional factors that complement the economic assessment, and it is
all expressed in a monetary value added.

By considering environmental externalities such as carbon emissions, resource depletion, and
biodiversity impacts, alongside social externalities like community well-being, health, and job creation,
this integrated approach offers a comprehensive understanding of the products' overall sustainability
performance. This option facilitates a holistic evaluation, enabling for a broader spectrum of impacts
beyond the financial realm.

Option 2: TEA as basis, social impacts based on (minimal) wellbeing, environmental
impacts as limitations for the solution space

In this option, TEA remains the basis for the integration, providing essential economic insights. Social
impacts, instead of being quantified in detail, are qualitatively evaluated based on minimal wellbeing
considerations. By focusing on key indicators related to the well-being of stakeholders and communities
affected by the studied products, decision-makers can assess the social implications more intuitively.

Meanwhile, environmental impacts serve as constraints or limitations for the solution space. The results
from E-LCA guide decision-makers in identifying environmentally sustainable choices and avoiding
potential adverse effects. This option facilitates an approach where social considerations are
streamlined while ensuring that the solutions align with strict environmental and planetary boundaries.

Option 3: Independent analysis of TEA, E-LCA, and S-LCA, Integration of results with a
qualitative approach

In this option, the TEA, E-LCA, and S-LCA are conducted independently, with each providing valuable
insights into the economic, environmental, and social dimensions, respectively. The results are then
integrated through a qualitative approach, such as expert judgment or multi-criteria analysis.

The strengths of each assessment method can be drawn independently, considering their individual
perspectives, uncertainties, and limitations, while recognizing the interconnections among the three
dimensions. This approach allows for a more distinct understanding of the products' sustainability
performance, considering a wide range of factors and perspectives.

Each integration option offers a distinct approach to incorporate the results of the LCSA into the
decision-making process for the innovative bio-based products developed within the FuelSOME project.
By carefully considering the trade-offs and strengths of each option, the project can effectively
communicate the products' life cycle sustainability performance, supporting more informed, holistic,
and sustainable decisions within the maritime industry. For the final results, we will focus on one
integration method. However, we will need to explore the different options in more detail before the
final selection of the integration method.

@FuelSOME 2022 Page 52 of 85



[D4.1 ‘Report on TEA and LCSA methodology and overarching impact assessment FueIS M E
framework’]

5.Screening E-LCA

The following chapter describes the screening E-LCA, that was performed for the entire FuelSOME
system. This E-LCA is aimed to give a first insight into the environmental performance of the propulsion
system and thereby support decision-making for the further course of the project.

5.1 Life Cycle Inventory Analysis

For the screening E-LCA, focus was put on the e-fuels and the comparison to the fossil reference. An
overview of the analysed scenarios is given in Table 12. For the three fuels each, a conventional scenario
with natural gas as the energy source was included. The natural gas was assumed to be synthesized
into the fuels through a steam-reforming process. These scenarios represent the fossil-based reference
cases.

In addition to the fossil-based scenarios, different e-fuel scenarios for each fuel were included. The
electricity for the alkaline water electrolysis was assumed to be derived from the three following
sources:

e  Electricity from the average European grid mix (ENTSO-E)

e Electricity from a PV rooftop installation in Spain

e  Electricity from a wind farm in Denmark
The chosen scenarios allow a comparison of e-fuel scenarios with different electricity sources,
comparison of the three alternative fuels ammonia, hydrogen and methanol amongst one another, as
well as their comparison to the conventional reference based on fossil fuels.

Table 12: Overview of the modelled scenarios for the E-LCA.

Fuel Source Ammonia Hydrogen Methanol
feedstock

Natural gas - Steam-reforming Steam-reforming Steam-reforming
Electricity ENTSO-E Alkaline electrolysis | Alkaline electrolysis | Alkaline electrolysis
Electricity PV [ES] Alkaline electrolysis | Alkaline electrolysis | Alkaline electrolysis
Electricity Wind [DK] Alkaline electrolysis | Alkaline electrolysis | Alkaline electrolysis

The scenarios described in Table 12 for the screening E-LCA were partly based on assumptions through
literature data, as well as some project-specific inputs provided by project partners. The most relevant
assumptions and inputs are summarised in Table 13.

The type of ship for the mentioned scenarios was assumed to be a container ship, which was modelled
using the according dataset from ecoinvent v3.9 (ecoinvent Association, 2022). The SOFC stack was
modelled using a suitable dataset developed by Wettstein et al. (2018). In the respective project, the
modelling of the SOFC was based on a study by Canovas et al. (2013) and complemented with project-
specific information on a newly developed SOFC anode. The modelled SOFC thereby represents the
target status for 2019. Lifetime of the SOFC stack was defined within the FuelSOME project as 40°000
h and engine power were set at 12 MW. The fuel consumption by the SOFC was calculated according
to the formular described by Wu et al. (2022b):

Productive energy consumption

Equivalent fuel consumption =
1 f P Lower calorific value x system efficieny

The relevant assumptions for this calculation are shown in
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Table 14. Lower calorific value of the fuels was based on IMO (2022). The system efficiency of an ICE
operating on HFO was based on Gospi¢ et al. (2021) and the average fuel consumption of 2.52 g/tkm
was taken from a corresponding dataset of ecoinvent v3.9.

The BoP components of the propulsion system were based on a study by Rillo et al. (2017), as project-
specific data were not yet available. The BoP components modelled in the named study include a
support structure, piping, heat exchangers, cabling and an inverter.

Regarding efficiencies, electric motor and converter efficiency were assumed to be equal among the
fuels, at 90% and 98% respectively, according to Albatayneh et al. (2020). Electrolysis efficiency was
also assumed equal among the three fuels at 70%, according to Wettstein et al. (2018).

The efficiencies of the SOFC stack are fuel-dependent and are based on project-specific information
communicated by project partners. The total system efficiency accordingly amounts to 30.3% for
ammonia, 27.2% for hydrogen and 32.7% for methanol.

The detailed LCI of the screening E-LCA can be found in Table 16 - Table 18 in Annex I.
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Table 13: Overview of most relevant assumptions and inputs for the screening E-LCA.

Input Unit Ammonia | Hydrogen | Methanol | Source
a | Type - Container | Container Container ecoinvent v3.9
ey
O Lifetime tkm M tkm 180000 180000 180000 ecoinvent v3.9
Lifetime h 40000 40000 40'000 Project-specific
Engine power MW 12 12 12 Project-specific
% Fuel kg/tkm | 5.55E-03 9.58E-04 4.80E-03 Calculated
v | consumption
Reinforcing steel | t 12.2 12.2 12.2 (Rillo et al., 2017)
Stainless steel t 3.6 3.6 3.6 (Rillo et al., 2017)
% Zinc t 4.1 4.1 4.1 (Rillo et al., 2017)
Nickel t 2.0 2.0 2.0 (Rillo et al., 2017)
Inverter MW 12 12 12 (Rillo et al., 2017)
Electric motor % 90 90 90 (Albatayneh et al.,
2020)
9 Converter % 98 98 98 (Albatayneh et al.,
S 2020)
jé SOFC stack % 49 44 53 Project-specific
| Electrolysis % 70 70 70 (Wettstein et al.,
2018)
Total system % 30.3 27.2 32.7 Calculated
Table 14: Values for the calculation of the fuel consumption per fuel.
Value Unit HFO Ammonia Hydrogen Methanol
Lower calorific MJ/kg 40.2 18.6 120 19.9
value
ICE / SOFC % 50 49 53 44
efficiency
Average fuel g/tkm 2.52 - - -
consumption
Productive energy | MJ/tkm 0.051 0.051 0.051 0.051
consumption
Equivalent fuel g/tkm - 5.55 0.96 4.80
consumption

5.2 Life Cycle Impact Assessment

The following chapter shows LCIA results of the screening E-LCA for the following assessment methods:
IPCC GWP 100a, total environmental impact according to the ecological scarcity method, particulate
matter emissions and cumulative energy demand.

Global warming potential according to IPCC 100a
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The reference for the analysed scenarios is displayed at the top of Figure 12, a vessel operated with
conventional HFO. The GWP of the reference case is 11.9 g of CO2-eq per tkm. From the different
scenarios for ammonia, hydrogen and methanol analysed, the e-fuels from wind power compete the
closest with the fossil-based reference case. While wind-based e-ammonia and e-methanol have a
slightly higher GWP with 13.1 and 15.8 g of CO2-eq / tkm, e-hydrogen from wind power shows the
overall lowest GWP of 7.8 g of CO2-eq / tkm. The highest GWP among the e-fuel scenarios analysed is
shown by e-ammonia and e-methanol in similar ranges. E-ammonia has the highest energy
consumption for the production of 1 kg compared to methanol and hydrogen, with a considerable share
of non-renewable heat. While the production of e-methanol has a lower energy consumption compared
to e-ammonia, the additional CO: input brings its GWP into a similar range. As e-hydrogen can directly
be used as a fuel rather than being synthesised to a different chemical first, the GWP of the e-hydrogen
scenarios is the lowest in comparison.

A common feature for the majority of scenarios analysed, is that the fuel production dominates the
impacts. The two exceptions are the conventional HFO and the conventional methanol scenario, which
are dominated by direct emissions of the fuel combustion. Regarding the remaining scenarios, the fuel
production of the conventional scenarios is dominated by direct emissions due to the use of natural
gas. For the ENTSO-E scenarios, the impact of the fuel production is dominated by the electricity needed
for electrolysis, which stems from mostly non-renewable energy sources. Regarding the PV scenarios,
fuel production is dominated by the energy-intensive production of the PV panels, which are mostly
produced in China and thus by energy from coal. In the wind scenarios, fuel production is dominated
by the heat needed for the fuel synthesis, in the case of ammonia and methanol, and by the production
of the wind turbine in the case of hydrogen.
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Figure 12: Global warming potential of 1 tkm transport of a maritime vessel with a power output of 12 MW,
according to IPCC (2021). A comparison between various synfuel scenarios and a fossil-based reference is made.
The synfuel scenarios include ammonia, hydrogen and methanol from a fossil soure and as e-fuels from different
electricity sources. Impacts are divided into different stages throughout the supply chain.

Total environmental impact according to ecological scarcity method

Regarding the total environmental impact, a generally similar picture can be seen as for the GWP
(Figure 13). Overall however, the ammonia, hydrogen and methanol scenarios compete more closely
with the conventional HFO reference. Total environmental impact of the conventional HFO scenario is
26 eco-points. This is in a similar range as the conventional ammonia, hydrogen and methanol
scenarios, which show environmental impacts between 22 and 31 eco-points. The same general
observations as for the GWP can be made: total environmental impacts of the ENTSO-E scenarios are
the highest among all analysed scenarios, the wind-based scenarios show the lowest impact among the
e-fuels, the hydrogen scenarios show lower impacts compared to ammonia and methanol and the fuel
production is the primary driver in all synfuel scenarios analysed. The reason why the PV-based e-
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ammonia and PV- and wind-based e-methanol show higher impacts compared to conventional ammonia
and methanol are the considerable contributions of non-renewable heat and the additional chemicals
(N and CO., respectively) needed for the synthesis of the fuel.
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Figure 13: Total environmental impact of 1 tkm transport of a maritime vessel with a power output of 12 MW,
according to the ecological scarcity method (2021). A comparison between various synfuel scenarios and a fossil-
based reference is made. The synfuel scenarios include ammonia, hydrogen and methanol from a fossil soure and
as e-fuels from different electricity sources. Impacts are divided into different stages throughout the supply chain.

Particulate matter emissions

A different picture can be seen when analysing the PM emissions of the different fuel scenarios (Figure
14). The e-fuel scenarios show significantly higher PM emissions compared to conventional ammonia,
hydrogen, methanol and HFO. Primary reason for the higher PM emissions in the e-fuel scenarios is the
considerable amount of electricity that is needed for the electrolysis. Regarding the e-fuels where
electrolysis is powered by the ENTSO-E mix, the high amount of PM emissions can be explained by the
share of non-renewable energy from coal within this mix. The e-fuels from PV electricity show PM
emissions close to those of the ENTSO-E scenarios, which is also due to the use of non-renewable
energy but further up in the supply chain. The energy-intensive production of the PV panels and more
specifically the wafer is largely fuelled by coal and therefore the main reason for the high PM emissions
of the PV scenarios. Regarding the wind-based e-fuels, the PM emissions can also be explained by the
use of non-renewable energy in the supply chain, for the production of the wind turbine (steel
production and road construction).

The lowest PM emissions across all scenarios analysed are shown by conventional ammonia, hydrogen
and methanol. Primary reason for the lower PM emissions is the considerably lower use of coal-based
energy for the fuel production, in comparison to the e-fuels. Compared to the conventional HFO
scenario, the conventional synfuels show lower overall PM emissions due to the lack of direct emissions
during the combustion of the fuel.
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Figure 14. Particulate matter emissions of 1 tkm transport of a maritime vessel with a power output of 12 MW,
according to the Environmental Footprint method (2018). A comparison between various synfuel scenarios and a
fossil-based reference is made. The synfuel scenarios include ammonia, hydrogen and methanol from a fossil soure
and as e-fuels from different electricity sources. Impacts are divided into different stages throughout the supply
chain.

5.3 Interpretation and Conclusion

The screening E-LCA gives a first insight into the environmental performance of the FuelSOME system
based on different fuel scenarios. Analysis of conventional as well as e-fuel scenarios of ammonia,
hydrogen and methanol and their reciprocal comparison as well as their comparison to a conventional
HFO reference were performed. A common finding across all environmental impacts analysed is the
identification of the fuel production as the primary driver for the majority of fuel scenarios.

It was further found that the energy source for the electrolysis is the determining factor of the
environmental performance of the e-fuels. E-fuels, where electrolysis is powered by the ENTSO-E mix
consistently showed the highest environmental impacts. In turn, the e-fuels from renewable energy
sources showed amongst the lowest environmental impacts and competed most closely with or
outperformed the conventional syngas scenarios and HFO reference.

Regarding energy source, it was found that wind-based synfuels show the lowest environmental
impacts, across all indicators analysed. It was further found that regarding the different synfuels
analysed, lower environmental impacts arise when hydrogen is directly used as a fuel, rather than
synthesising it to a different fuel (ammonia or methanol).

A trade-off can be seen when evaluating the PM emissions of the different fuel scenarios. While e-fuels
from renewable energy sources competed closely with or outperformed conventional scenarios
regarding GWP and total environmental impact, they lead to considerably higher PM emissions.

For the worldwide fleet to be operated with fuel cells would mean a substantial increase in the electricity
demand. This is shown to an extent is this screening E-LCA. To get an idea of the magnitude of this
additional electricity demand, a simple calculation is performed. According to UNCTAD (2022), the
worldwide fleet amounted to 103’000 vessels and total fuel consumption to 420 Mio t, in 2022. This
equals to an annual energy consumption of 4’700 TWh in the form of HFO. For fuel cells operated with
ammonia, with a system efficiency of 30.3%, annual energy demand would amount to 7’750 TWh,
representing 29% of the global energy consumption per year. For fuel cells operated with hydrogen
and methanol, the respective additional energy demand would amount to 32% and 27% of the annual
global energy consumption.
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6.0ptimisation and Scale-up

The optimization of the FuelSOME system will focus on maximizing its economic feasibility, by
minimizing the negative environmental and social impacts.

The TEA and LCSA of the FuelSOME system will be assessed on industrial scale through system scale-
up. Within work packages 2, the multi-fuel capable propulsion system will be developed at lab scale.
The size of the system for the lab scale development and testing is a 6 kW SOFC stack module. Since
the multi-fuel capable propulsion system is essentially catered for long-distance maritime shipping, the
system is scaled-up to a higher power output for actual use on marine vessels, as examined in work
package 3. Thus far, a power output of 10 MW is assumed for the industrial-scale system, as this is the
power output generally required for long-distance marine vessels (Bass, 2023).

Within WP3, Task 3.4, a scale-up study for the SOFC propulsion system was carried out. The focus of
the task was to investigate the feasibility of scaling up a 6 kW TRL4 prototype to a 10 MW propulsion
system in terms of fuel flexibility, modularization, availability of key components and sizing. The
expected time frame of the vessel design is assumed to be 2030. The detailed system simulations of
the 6kW multifuel SOFC system show that the system can be operated with hydrogen, methanol and
ammonia at electrical system efficiencies of >50%. No system simulations for a MW system where
performed.

The key components were scaled up based on experience by using a scale up factor. The interim results
of the scaled up SOFC system show that the operational profile of the system is most efficient when
constant electrical power need is requested by the vessel. Therefore, it was decided that 10 times 1
MW SOFC single systems operated at 80 nominal power have to be considered. As the highest efficiency
point for the SOFC system is at approx. 80% of its load, it is advised that a high electrical and propulsion
power need vessel is the best use case for the SOFC.

Furthermore, it was found that the expected space need is much larger for an SOFC system compared
to ana conventional diesel engine. Nevertheless, it has to be mentioned that the results of this study
are based on upscaling factors and assumptions since no system simulations and detailed supplier
screenings where performed. Therefore, it can be assumed that in terms of sizing, further improvement
can be achieved by detailed system simulations and component screenings. The interim results of this
scale up study highlight that, an SOFC system could be used as a main propulsion system on an ocean-
going vessel in terms of usability, dimensions, efficiency and fuel flexibility.

In order to assess the installation of the proposed powertrain systems on board vessels, an ocean-
going vessel, was considered and the sizing of the systems according to the vessel power requirements,
the fuel consumption, and the volumes of the proposed key components in comparison with a
conventional diesel powertrain system are evaluated. From a feasibility perspective, the interim results
demonstrate that higher volumes and masses as well as additional auxiliaries are required in comparison
with a reference diesel engine, resulting in a mass carrying capacity reduction, of around 5-10%. In
Figure 15 the interim 3d Design of a 10 MW SOFC system on an ocean-going vessel is represented.
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Figure 15: 3d design of a 10 MW SOFC system on an ocean-going vessel.

6.1 Assessment: From Screening to Full-Scale Analysis

The initial assessment of the FuelSOME system involves obtaining preliminary information from WP1,
regarding the fuel pathways. The gathered information contains relevant data on various aspects of
the fuel pathways, such as the SOFC efficiency per fuel, the electrolysis efficiency, CAPEX, losses during
distribution and others. These values serve as a valuable starting point for conducting the screening
environmental assessment as documented in section 5. The purpose of this screening E-LCA is to
identify potential ecological hotpots within the FuelSOME system, which is a valuable insight regarding
further in-depth examination in subsequent stages.

In the second stage, questionnaires will be designed and distributed to all relevant WPs involved. The
goal will be to collect more specific data and insights related to the different life cycle stages. The
questionnaires will cover topics such as process efficiency, costs, material consumption, and potential
challenges.

6.2 Prospective Scenarios and Sensitivity Analysis

In the context of the TEA and LCSA of the multi-fuel propulsion system, prospective evaluations on an
industrial scale will be considered since the project will only test the system on a pilot scale. Accordingly,
sensitivity analyses to assess the influence of uncertainties and variations in specific parameters on the
results are necessary to test the robustness of the results. This involves systematically varying key input
parameters within a reasonable range to examine their impact on the final outcomes. By conducting
sensitivity analyses, valuable insights can be gained regarding the parameters that hold the greatest
significance in shaping the TEA and LCSA results, as well as providing an understanding of areas where
data uncertainty or variability may influence the overall conclusions.

Additionally, it is important to evaluate different scenarios that include variations in key parameters or
system boundaries within the TEA and LCSA assessment. These scenarios can cover a range of factors,
such as variations in the production process, raw material sourcing, energy sources, transportation
distances, waste management options, or end-of-life scenarios. By comparing different scenarios, the
overall environmental performance can be comprehensively assessed, enabling an understanding of
the impacts resulting from these variations.
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Within the context of the FuelSOME project, the focus is on the multi-fuel propulsion system, meaning
a propulsion system that can be fed with three different fuels. Regarding the fuel pathways specifically,
there is a variety of feedstocks and production methods to be considered. A focus is on the comparison
of different e-fuels for ammonia, hydrogen and methanol. Prospective scenarios will therefore include
a variety of electricity sources for the production of the e-ammonia, e-hydrogen and e-methanol, which
is to include PV electricity, wind power and country-specific grid mixes. While less relevant for the E-
LCA, it will be further relevant for the S-LCA to consider different countries of origin per electricity
source. Since the analyses will primarily focus on e-fuels, it is anticipated that notable differences will
arise in relation to the chosen electricity source, making the consideration of these scenarios highly
relevant. Conducting diverse scenarios is important to ensure the applicability of the FuelSOME
approach across various types of alternative ship propulsion systems. By exploring different scenarios,
it becomes possible to evaluate the effectiveness and adaptability of the FuelSOME approach in different
contexts and settings. This involves considering variations in key parameters, system boundaries, and
operational characteristics that may exist among different types of propulsion systems. By conducting
such scenario analyses, valuable insights can be gained regarding the feasibility, scalability, and
potential challenges that may arise when implementing the FuelSOME approach across a range of
propulsion systems.

A relevant aspect to be considered in sensitivity analyses concerns the assumed efficiencies and losses
throughout the FuelSOME system. Since the primary data for the TEA and LCSA will rely on laboratory
experiments, the efficiencies and losses along the supply chains for the full-scale analysis will be based
on estimations. Both of these parameters are expected to have a significant influence on the results of
the TEA and LCSA and it will therefore be relevant to test these parameters for their robustness. These
sensitivity analyses will allow a comprehensive understanding of the environmental, social and
economic implications associated with the multi-fuel propulsion system. By evaluating the full Fuel[SOME
system, individual value chains, and the substitution of conventional feedstock, the study can capture
a range of scenarios and variations.

6.3 Scale-up from TEA perspective

As discussed in section 5.3.2.2, all cost items defined and calculated for a small system (6 kW), have
to be scaled up. As matter of fact, since the goal of the FuelSOME Project is to realize a multi-MW
system for maritime applications, it is needed to evaluate how the defined costs change according to a
scale-up approach for multi-MW applications. In this purpose, in section 5.3.2.2 some scale-up functions
have been developed considering both the SOFC module and the associated BoP.

It is important to underline that the costs can decrease according to different parameters, such the
increase in size, the increase in production volume as well as the growth of the market requirements.
The study available in the technical literature, (Roberto Scataglini et al. , 2015), analyses some scale-
up trends for SOFC power systems costs (for a stationary application) by considering the stack and the
BoP. Figure 16 shows these trends with respect to the direct costs; it is worth noting the costs
decreasing by increasing both the system size and annual production volume of the SOFC-based power
system.
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Figure 16: Direct costs for SOFC CHP systems as a function of system size and manufacturing volume (Roberto
Scataglini et al. , 2015).

In the figure is highlighted that, the increase of the system size has a larger impact with respect to the
increase of the manufacturing volume. As matter of fact, it is noticed that for the same manufacturing
volume, the decrease in size involves having a reduction in costs. The manufacturing volume of 50,000
systems/yr, for example, involves having a cost a little higher than 1,000$ for 10 kWe; for the same
manufacturing volume, this cost decrease of about 50% (little higher than 500%$) by increasing the size
to 250 kWe.

6.4 Technology maturity

The Technology Readiness Level (TRL) is a method for defining the state of development or
maturity of a technology and its relation to the market. The European Commission decided to
introduce it in its research and innovation projects since H2020.

The following definitions of TRL apply, unless otherwise specified:

TRL 1 — Basic principles observed

TRL 2 — Technology concept formulated

TRL 3 — Experimental proof of concept

TRL 4 — Technology validated in a lab

TRL 5 — Technology validated in a relevant environment (industrially relevant environment in

the case of key enabling technologies)

e TRL 6 — Technology demonstrated in a relevant environment (industrially relevant
environment in the case of key enabling technologies)

e TRL 7 — System prototype demonstration in an operational environment

e TRL 8 — System complete and qualified

o TRL 9 — Actual system proven in an operational environment (competitive manufacturing in

the case of key enabling technologies, or in space)

Typically, new technologies go through the various stages of the TRL scale in their life cycle (Figure
17). During the research and development phases, it is possible to have iterations among the different
TRL levels. In this sense, the TRL scale also helps to evaluate the project progress (Guiding notes to
use the TRL self-assessment tool, CORDIS, 2022).
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Technology Readiness Level (TRL)

Figure 17: Availability of resources for new product development at various TRLs. The gap in the
middle is sometimes referred to as "The Valley of Death” (Hensen et al., 2015).

The Horizon European portal (NCP Portal) offers a TRL self-assessment tool (developed under CORDIS,
2022) to identify the TRL of different processes or projects. Background information is summarized in
the following table to assess the TRL of an industrial process (

Table 15).

Table 15: Summarize of TRLs of an industrial process

TRL Summary Description

TRL-1 Basic principles observed When a technology is at TRL-1,
scientific research has just started, and
the first results are used to be
translated into future research and
development.

TRL-2 Technology concept formulated At TRL-2 basic principles have been
studied and first experiments/tests are
designed based on the initial findings.
TRL 2 technology is still very
speculative.

TRL-3 Laboratory experiments are designed | When results from experiments/tests
to verify that the conceptual process | supports the initial idea, the technology
works as expected. is at TRL-3. Generally, both analytical
and laboratory studies are required at
this level to see if a technology is ready
to go to the development phases. At
TRL-3, a proof -of-concept model is
constructed.
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TRL-4 Process components are validated At TRL-4, the validation of the
individually and could be integrated technology has been performed at the
in an ad hoc manner at lab scale. laboratory level, testing each

component so at this point a laboratory
prototype is available.

TRL-5 Integrated validation of the process TRL-5 is a continuation of TRL-4, but
to produce small outputs or short the testing environment become as
batches of the end product. closer as possible to a realistic one,

although still the environment is under
a control mode. Reaching to this point,
one can conclude that the new
technology is feasible from a
technological point of view.

TRL-6 Development of a pilot-scale testing In TRL-6, the prototype must be
plant or unit (1/100th of commercial | demonstrated in a real environment, so
scale) including engineering-scale to confirm the engineering is feasible.
equivalents of all the operations that
will be required at scale.

TRL-7 Successful demonstration of the At TRL-7 the technology requires that
continuous operation of the pilot the working model or the prototype
plant/unit during a relevant developed to be demonstrated in an
timeframe. operational environment, typically

under industrial conditions and timings.
Reaching to this point, one can
conclude that the new technology is
reliable from the technological point of
view.

TRL-8 Demonstration plant is constructed In TRL-8 technology is ready for
(1/10th of commercial scale) and implementation into an already existing
operated in continuous mode, technology or technology system.
including working outside normal
parameters.

TRL-9 Commercial plant/unit set up and Once the technology system has been
running for full range of operating proven during operations, it can be
conditions. called TRL-9 and considered a

commercial technology. Reaching to
this point, one can conclude that the
new technology is feasible from a
scientific point of view.

The technology maturity analysis will be carried out at two different levels. The first will refer to the
unit processes with the specifications indicated for each equipment (including reforming / cracking
units, processing unit and SOFC stack). This analysis will allow us to know the degree of difficulty to
implement this technology and where the main drawbacks will be found. In addition, the degree of
maturity that the technology will reach after the implementation of FuelSOME will be indicated.

On the other hand, it will be necessary to know the level of maturity of the interrelation of the processes
considered, as well as the level of maturity depending on the fuel that is being fed to the SOFC stack.
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It is noteworthy to acknowledge that conducting S-LCA during the early stage (TRL-5) of the production
process development is a highly complex undertaking. However, it is crucial to prioritize this task in
order to ensure appropriate social conditions during the implementation of the process. Currently, there
is a shortage of systematic and quantitative methodologies available to assist researchers in effectively
applying S-LCA (Cadena et al., 2019).
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7. Conclusions and Next actions

The aim of the FuelSOME system is to decarbonize marine shipping by introducing an SOFC powered
propulsion system that can use three different fuels, (1) ammonia, (2) hydrogen or (3) methanol. In
this deliverable, a comprehensive approach to assess positive and negative impacts of the FuelSOME
propulsion system is described. The methodological TEA & LCSA approach aims to assess a broad range
of environmental, social, and techno-economic impacts of the FuelSOME system as subsequent
processes for the fuel supply chains as well as the SOFC system and its installation and operation on
board of marine vessels. By integrating LCA, S-LCA, and TEA a holistic sustainability assessment of the
system can be achieved.

This report describes the methodological framework for LCSA and TEA. This includes a description of
the goal and scope of both assessments, the functional unit applied for the production system, a
detailed description of the production system with system models including their boundaries and
potential data sources for data collection. Furthermore, approaches for the integration of the
environmental, social and techno-economic performance as well as data quality and uncertainty are
discussed, the target audience is defined and data quality concerns are outlined.

In addition, the selected indicators for the TEA and LCSA are described in the chapter 4 covering a wide
range of economic, environmental, and social indicators covering the whole life cycle of the FuelSOME
system. This includes environmental indicators like greenhouse gas emissions, cumulative energy
demand and biodiversity impact, social indicators like working conditions, corruption, and inequality as
well as economic indicators like net present value, capital expenditures, and operational expenditures.

After the compilation of this methodological report on the TEA and LCSA we identified 3 main challenges
for the assessment: (1) manifold pathways for the synthetic fuel supply chains, (2) upscaling input data
from pilot scale to actual industrial scale and (3) integration of the results from the economic, social
and environmental dimensions. However, this report also outlines strategies on how to tackle these
challenges with scenario techniques, sensitivity analysis, prospective assessments as well as an already
conducted initial screening assessment in order to identify the most relevant hotspots in the analysed
value chains.

This report is the methodological basis to perform a full-scale TEA and LCSA, integrating and evaluating
environmental, social, and techno-economic, aspects with a holistic view of the impacts of the Fuel[SOME
system. By integrating various assessment tools and aspects into the LCSA and TEA framework, we
aim to develop a comprehensive understanding of the complex interactions between different e-fuels
pathways and use in SOFCs on board of marine vessels.
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Annex I

Life cycle inventory of screening E-LCA

In this chapter, the detailed LCI of the screening E-LCA is shown. The inputs and outputs listed in these
tables represent the modelling of the scenarios in SimaPro.

The LCI for the FuelSOME propulsion system based on conventional ammonia, hydrogen and methanol
is depicted in Table 16. Inputs include a container ship, which was taken from the ecoinvent v3.9
database. The only adjustment made to this dataset is the removal of the maritime engine. The value
for 1 tkm transport was taken from the dataset 7ransport, freight, sea, container ship {GLO}. For the
scenario with conventional ammonia, natural-gas based ammonia was used for the modelling of the
fuel input. The fuel consumption per tkm was calculated according to Table 14, which equals to 5.55 g
of ammonia per tkm, plus 12% to account for conversion losses of the electric motor and converter.
This results in a fuel consumption of 6.22 g/tkm for conventional ammonia. The conventional hydrogen
was modelled using a dataset for liquid, natural-gas based hydrogen. The fuel consumption per tkm
was equally calculated according to Table 14 plus the 12% for conversion losses. Regarding
conventional methanol, a dataset for natural-gas based methanol was used as the basis and a direct
CO2 emission was added, see Table 17. Fuel consumption per tkm was subsequently calculated as
described for ammonia and hydrogen. For the modelling of the SOFC stack, an available dataset by
Wettstein et al. (2018) was used. This dataset includes the production of a SOFC stack, a fuel processor,
electronic components, a desulphurisation unit and maintenance inputs. As depicted in Table 13, the
lifetime of the SOFC stack is 40’000 h, which had to be converted to tkm given the functional unit of
1 tkm. According to the International Maritime Organization (2020), average speed of a container ship
is 13.4 kn, which equals to 24.8 km/h. With a lifetime of 40’000 h, this thus equals to 992’700 lifetime
km. Assuming a load capacity of 43’000 t according to the ecoinvent dataset of a container ship, this
therefore amounts to 4.27E+10 tkm over the lifetime of the SOFC stack. Since the available SOFC
dataset is modelled for a cell stack with an electrical output of 1 kW, it was therefore scaled up to
12 MW and divided by the lifetime tkm of the SOFC stack. As an approximation for BoP components,
inputs were modelled as explained in Table 17. The lifetime of the BoP components was assumed to
be equal as that of the SOFC stack. As the BoP components are modelled for a 250 kW SOFC system,
it was scaled up to 12 MW and divided by the lifetime of the SOFC stack. Finally, an input for port
facilities was included, according to the dataset 7ransport, freight, sea, transoceanic ship {GLO}, to
account for any additional inputs related to port activities.
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Table 16: Life cycle inventory of the FuelSOME propulsion system based on conventional ammonia, hydrogen
and methanol. Green shows the resulting processes and in yellow, all in- and outputs from and to the
technosphere are shown. Values of the in- and outputs for 1 tkm transport of a maritime ship are shown in blue.

Transport, Transport, Transport,
= SOFC, SOFC, SOFC,
Name ) X X Remarks
> conventional | conventional | conventional
ammonia hydrogen methanol
Location RER RER RER
InfrastructureProcess no no no
Unit tkm tkm tkm

1 tkm transportation of a maritime vessel, multi-fuel
capable energy generation system based on SOFC
technology, fuelled with fossil-based ammonia, with
a power output of 12MW

1 tkm transportation of a maritime vessel, multi-fuel
capable energy generation system based on SOFC
technology, fuelled with fossil-based hydrogen, with a
power output of 122MW

1 tkm transportation of a maritime vessel, multi-fuel
capable energy generation system based on SOFC
technology, fuelled with fossil-based methanol, with a
power output of 122MW

Adjusted ecoinvent dataset without maritime engine,
p 5.54E-12 5.54E-12 554E-12 [Value from: Transport, freight, sea, container ship
{GLO}| transport, freight, sea, container ship

Transport, freight, sea, maritime ship
Production {RER}| SOFC, conventional ammonia tkm 1
pathway | FuelSOME

Transport, freight, sea, maritime ship
{RER}| SOFC, conventional hydrogen tkm 1
pathway | FuelSOME

Transport, freight, sea, maritime ship
{RER}| SOFC, conventional methanol tkm 1
pathway | FuelSOME

Container ship {GLO}| container ship

LEEIEE production | FuelSOME

Ammonia demand for 1 tkm, assumed system
efficiencies: 50% (HFO), 49% (ammonia), plus 12%
to account for conversion losses of electric motor and
converter

Hydrogen demand for 1 tkm, assumed system
efficiencies: 50% (HFO), 44% (hydrogen), plus 12%

Ammonia, anhydrous, liquid {RER}|
market for ammonia, anhydrous, liquid kg 6.22E-03
| Cut-off, U

Hydrogen, liquid {RER}| market for | Cut-

off, U kg ) 107803 to account for conversion losses of electric motor and
converter
Methanol demand for 1 tkm, assumed system
Methanol, combusted {GLO}| market for efficiencies: 50% (HFO), 53% (methanol), plus 12%
kg - o 5.37E-03 K s
| FuelSOME to account for conversion losses of electric motor and
converter
. . 1 p refers to SOFC stack with an electrical output of 1
S?CFS} F:;L?‘QF%E;;ENTSO)’ el p 2.81E-07 2.81E-07 2.81E-07 [kw, therefore scaled up to electrical output of 12 MW,
p Y and divided by lifetime of stack
BoP components for a 250 kW SOFC system,
SR GRS CiEOIRE s | p 1.12E-09 1.12E-09 1.12E-00 [therefore: 12000 kW / 250 kW lifetime of SOFC
FuelSOME
system
Port facilities {GLO}| market for | Cut-off, 3 127E-14 127E-14 127E-14 Value from Transport, freight, sea, transoceanic ship

U {GLO}| processing | Cut-off, U

Specific inputs and outputs for the modelling of the methanol combustion and the BoP components are
listed in Table 17. For the methanol combustion, the dataset Methano/ {GLO}/ market for was used.
The sole adjustment to this dataset was the addition of a CO2 emission. The CO2 emission was
calculated based on the reaction equation of methanol:

2 CH30H + 302 - 2C02 + 4H20

Accordingly, the relative atomic mass of 2 CHsOH is 64 g, and 88 g for 2 CO2 (Eni Generalic, 2023). The
combustion of 1 kg of methanol therefore emits 1.38 kg of CO..

As for the BoP components, in- and outputs were modelled according to a study by Rillo et al. (2017).
The BoP components modelled in said study include a support structure, piping, heat exchangers,
cabling and an inverter. Specific material inputs include stainless steel, reinforcing steel, zinc oxide for
the cleaning unit, nickel as catalyst and a 250-kW inverter. Electricity and heat inputs for the system
assembly include 122 GJ of natural gas and 12 MWh of electricity.
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Table 17: Life cycle inventory for the methanol combustion and the BoP components. Reference units are 1 kg of
methanol and 1 p of BoP components.

Name E izt 2P Remarks
> combusted | components
Location RER RER
InfrastructureProcess no no
Unit kg p
. Methanol, combusted {GLO}| market for | 1 kg of combusted methanol, based on the market
Production kg 1
FuelSOME for methanol GLO dataset
BoP components of SOFC system | BoP components for the SOFC propulsion system,
FuelSOME P 2 based on Rillo etal. 2017
Materials el {{EtLOO (e et ey el | Qe kg 1.00E+00 - Methanol input for 1 kg combusted methanol

u

Steel, chromium steel 18/8, hot rolled {RER}|
steel production, chromium steel 18/8, hot kg - 3.60E+03 |Value from Rillo etal. 2017
rolled | Cut-off, U

Steel, low-alloyed {GLO}| market for steel, low-

alloyed | Cut-off, U kg - 1.22E+04 |Value from Rillo etal. 2017
Hotrolling, steel {GLO}| market for hot rolling, kg : 122E+04  |Value from Rillo etal. 2017
steel | Cut-off, U
Nickel, class 1 {GLO}| smelting and refining of "
- 97E+ .
nickel concentrate, 16% Ni | Cut-off, U kg 1.97E+03 |Value from Rillo etal. 2017 (reformer catalyst)
Zincioxdel(Cloliparetiogzineoxtellicht kg - 4.08E+03 |Value from Rillo etal. 2017

off, U
BoP by Rillo etal. 2017 refers to a 250 kW SOFC

p - 5.00E-01 system, therefore electric output of the inverter from
ecoinvent (500kW) is divided by 2

Inverter, 500kW {GLO}| market for inverter,
500kW | Cut-off, U

Natural gas, burned in gas turbine {GLO}|

ElEE market for natural gas, burned in gas turbine | GJ - 1.22E+02 |Value from Rillo etal. 2017
Fuels
Cut-off, U
Electricity, medium voltage {ENTSO-E}| market
group for electricity, medium wvoltage | Cut-off, MWh - 1.20E+01 |Value from Rillo etal. 2017
u
. . L . CO2 emitted during th busti f methanol,
Emissions to air Carbon dioxide, fossil kg 1.38E+00 emitied during the combustion ofmethano

according to reaction equation

The modelling of the e-fuel scenarios for ammonia, hydrogen and methanol is identical to the
conventional scenarios described in Table 16, with the only difference being the fuel dataset that is
being used. As described in Table 12, for the e-fuel scenarios, all e-fuels are assumed to be produced
by the means of hydrogen from alkaline electrolysis. An available dataset for hydrogen from electrolysis
(70% efficiency) by Wettstein et al. (2018) was used.

Regarding ammonia, the same dataset as for the conventional scenario was used as the basis, see
Table 18. The only adjustment made to this dataset, is the replacement of the natural gas with hydrogen
from electrolysis and nitrogen (only the changed inputs are listed in the corresponding column of Table
18). The heat needed for the ammonia synthesis is thus kept as natural gas. The amount of hydrogen
was calculated based on the energy content of the natural gas that it replaced. Per kg ammonia, 0.61 m3
of natural gas are used, which corresponds to 24 MJ. The amount of hydrogen per kg of ammonia is
thus 0.2 kg. Aside from hydrogen, nitrogen is needed for the synthesis of ammonia. The amount of
nitrogen was calculated based on the reaction equation of ammonia.

For the e-fuel scenario of methanol, the same calculation as described for ammonia was followed. The
amount of natural gas (25.9 MJ) was replaced with hydrogen from electrolysis (0.22 kg). Next to
hydrogen, 1.38 kg of CO2 are needed for the synthesis of methanol.

As for hydrogen, the fossil-based hydrogen was replaced with the same dataset for hydrogen from
electrolysis that was used for ammonia and methanol. In the case of hydrogen, this can directly used
as the fuel input, as the hydrogen does not have to be synthesised to a different chemical.

In order to model the different e-fuel scenarios in question, the electricity input in the hydrogen from
electrolysis dataset was set to the ENTSO-E mix, PV electricity from Spain and wind power from
Denmark respectively.
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Table 18: Life cycle inventory of the FuelSOME propulsion system based on e-fuels of ammonia, hydrogen and
methanol, as well as the production of ammonia and methanol from hydrogen. Reference unit is 1 tkm for the
transport datasets and 1 kg for the ammonia and methanol dataset.

- Transport, | Transport, | Transport, | Ammonia, | Methanol
Name 5 SOFC, e- [ SOFC, e- | SOFC, e- [market for, [market for, |Remarks
ammonia | hydrogen | methanol e-fuel e-fuel
Location RER RER RER RER RER
InfrastructureProcess no no no no no
Unit tkm tkm tkm kg kg
. - . 1 tkm transportation of a maritime vessel, multi-fuel capable energy generation system
Production UIEEIEFPGIE, (K2 SCR, MED il tkm 1 based on SOFC technology, fuelled with e-ammonia from non-renewable and
{RER}| SOFC, e-ammonia | FuelSOME )
renewable energy sources, with a power output of 122MW
Transport, freight, sea, maritime ship 1 tkm transportation of a maritime \/e5§el. multi-fuel capable energy generation system
{RER}| SOFC, e-hydrogen | FuelSOME tkm 1 based on SOFC technology, fuelled with e-hydrogen from non-renewable and
' 9 renewable energy sources, with a power output of 122MW
Transport, freight, sea, maritime ship 1 tkm transportation of a maritime ve5§el. multi-fuel capable energy generation system
tkm 1 based on SOFC technology, fuelled with e-methanol from non-renewable and
{RER}| SOFC, e-methanol | FuelSOME )
renewable energy sources, with a power output of 122MW
Ammonia {RER}| market for ammonia, e- I 1 1 kg of e-ammonia from non-renewable and renewable energy sources through
fuel | FuelSOME 9 hydrogen electrolysis
Methanol {GLO}| market for, e-fuel | 1 kg of e-methanol from non-renewable and renewable energy sources through
kg 1
FuelSOME hydrogen electrolysis
. Container ship {GLO}| container ship Adjusted ecoinvent dataset without maritime engine, Value from: Transport, freight,
SRR production | FuelSOME p SR | Bai=R | Bt sea, container ship {GLO}| transport, freight, sea, container ship
Ammonia {RER}| market forammonia, [Ammonia demand for 1 tkm. Energy source of natural gas substituted with hydrogen
Al kg 6.22E-03 - - - - N "
liquid, e-fuel | FuelSOME from electrolysis and nitrogen.
Hydrogen, frorp hydrogen electrolysis kg . 1.07E-03 . 201E-01 | 2.16E-01 Hydrogen demand for 1 tkm / Hydrogen demand for the synthesis of 1 kg of ammonia
(70%), at senvice station, kg {CH} or methanol
Methanol, {GLO}| market for, e-fuel | Methanol demand for 1 tkm. Energy source of natural gas substituted with hydrogen
kg - - 5.37E-03 - = - A
FuelSOME from electrolysis, carbon dioxide and oxygen.
SOFC, EU electricity mix (ENTSO), SP3, p 1 p refers to SOFC stack with an electrical output of 1 kw, therefore scaled up to
{CH} | assembly {2019} P QLY || 2EN=Y || L=y electrical output of 12 MW, and divided by lifetime of stack
BOP components of SOFC system | b 112E-09 | 1.12E-09 | 1.12E-09 R B BoP components for a 250 kW SOFC system, therefore: 12000 kW / 250 kW / lifetime of
FuelSOME SOFC system
Port facilities {GLO}| market for | Cut-off, U P 1.27E-14 | 1.27E-14 | 1.27E-14 - - Value from Transport, freight, sea, transoceanic ship {GLO}| processing | Cut-off, U
Nluggen. e RERHI S eREHR ECOSTy kg - - - 8.24E-01 - Amount of nitrogen for the synthesis of 1 kg ammonia from hydrogen
liquid | Cut-off, U
Carbon dioxide, liquid {RER}| market for . ~ . ~ .
carbon dioxide, liquid | Cut-off, U kg 1.37E+00 [Amount of carbon dioxide for the sythesis of 1 kg methanol from hydrogen
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