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Fuel generation
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Fuel pathway

Fuel storage
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Description

Airman Certification Standards

A biochemical reaction is the transformation of one molecule to a
different molecule inside a cell. Biochemical reactions are mediated
by enzymes, which are biological catalysts that can alter the rate and
specificity of chemical reactions inside cells.

Balance of Plant
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costs "around" the purchase)

Fuel which does not contain C or does not emit C during combustion
and/or conversion
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chemical intermediates
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facility or device designed for providing fuels to a fuel storage (e.g.,
tank)
Multifuel SOFC system with Maritime Energy vectors

Grant Agreement

Greenhouse gases
fuel produced from biomass or renewable electricity

chemical element hydrogen in the diatomic molecular form H
Formaldehyde
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Heavy Fuel Qil

higher heating value

amount of heat released by a specified quantity (initially at 25°C) once
it is combusted and the products have returned to a temperature of
25°C
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International Energy Agency

International Maritime Organization
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International Renewable Energy Agency
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amount of heat released by combusting a specified quantity (initially
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@FuelSOME 2024


https://aeeintecaustria.sharepoint.com/sites/wpt/Shared%20Documents/FuelSOME/Deliverable%201.1/transport

[D1.2 ‘B: Technology concept design for a multifuel SOFC system including final report FueIS M E
on specifications of suitable green fuels and qualities for SOFC’]

SOFC Solid Oxide Fuel Cell, electrochemical conversion device that produces
electricity directly from oxidizing a fuel

SOFC Stack hundreds of cells are connected in series to form an “SOFC stack”.

Stripping physical separation process which transfers a liquid to gas by
desorption

Sustainable Fuel See Green fuel

TEA techno-economic analysis

TEU Twenty-foot equivalent unit

Thermochemical heat energy associated with chemical reactions and/or phase changes

such as melting and boiling. A reaction may release or absorb energy,
and a phase change may do the same.

TRL Technology Readiness Level

TSA Temperature swing absorption
Vessel ship or large boat

VMD Vaporization Membrane Distillation
WP Work Package
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1. Executive Summary

This report provides an overview of potential technology concepts and fuel pathways for
multifuel SOFC systems for ocean-going vessels. Multifuels in the context of the FuelSOME
project are hydrogen, ammonia, and methanol. These fuels can be produced with relatively
low carbon footprint if renewable energy sources such as wind or solar power, sustainable
biomass or industrial or municipal waste streams are used for the fuel pathways.

The proposed technology concept of the SOFC system can be powered by any of the three
fuels mentioned above. In this document, key parameters of the SOFC system are defined,
such as the electrical system efficiency for each multifuel. Furthermore, the fuel quality
requirements and specifications regarding potential contaminants are elaborated and
defined.

In providing sufficient fuel quantity at the required quality of multifuel for the SOFC system,
the target fuels need to be generated, processed, transported, stored, and fuelled into the
ship defining the most important components of a multifuel pathways or multifuel supply
chains. We propose a generic structural diagram to modularly define fuel sources and
generation technologies along the multifuel pathways.

This deliverable provides a comprehensive overview of the status quo, the novel SOFC
technology concept, description, and structural representation of the main components of
the multifuel pathways. In this updated Version (D1.2B) additional use cases on emerging fuel
production technology pathways for the target fuels were included which will be analysed
and calculated using the FuelSOME Pathway Tool (see Deliverable D1.3A). The refined results
of all presented use cases after optimized fuel pathways will be presented as part of D1.4B in
the final months of the project.
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2. Introduction

The objective of the deliverable is to establish and describe a technology concept of a SOFC
system for ocean going vessels, focusing on the usage of so called “renewable” fuels and their
associated supply chain. Globally, reducing the carbon footprint of ocean-going vessels used
for global shipping is a key measure to mitigate climate change. To achieve the 1.5 °C goal of
the Paris Agreement?, the energy demand of global shipping and GHG must be reduced. This
may be achieved by energy efficiency measures and usage of renewable fuels and alternative
propulsion technologies. However, key for this transformation are the usage of an adequate
technology concept and its feasibility for providing the required quantities and qualities of
fuel for the chosen propulsion technology within the supply chain including its dependencies.
One example of such a renewable fuel is hydrogen (H>), also referred to as “green” hydrogen.
The colour “green” indicates that the energy source for the hydrogen electrolysis must be
renewable electricity (e.g., wind, solar, hydro) or derived from sustainable biomass (European
Parliamentary Research Service, Gregor, Erbach, and Sara, Svensson 2023). This allows the
differentiation to other forms of hydrogen production, such as “blue” hydrogen (e.g., usage
of natural gas as energy source but with carbon capture storage or “grey” hydrogen (natural
gas as energy source without carbon capture storage). Similarly, ammonia and methanol can
be distinguished by colour and their main source of energy. Figure 2-1 shows the different
types of hydrogen sources.

Hydrogen by new Hydrogen by colour
definitions

Renewable hydrogen Green hydrogen (renewable electricity through
(sometimes referred toas  EEEIGHIVEE)|
clean hydrogen)

Low-carbon hydrogen Blue hydrogen (natural gas with CCS)

Fossil-based hydrogen
(without CCS)

Electricity from
grid
(electrolysis)

Figure 2-1: Hydrogen by colour — EU Rules for renewable hydrogen (European Parliamentary Research Service,
Gregor, Erbach, and Sara, Svensson 2023).

2 https://unfccc.int/process-and-meetings/the-paris-agreement
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2.1 Mapping Projects’ Outputs

FuelS—ME

Table 2-1: 'Adherence to FuelSOME GA deliverable and task description’

Respective
FuelSOME Task Document Justification
Chapter(s)
The aim of this task is to define the SOFC Section 1.1 - | Objective a) of the
technology concept, namely the SOFC Objectives FuelSOME project is the
system and its technical architecture and “Design for the FuelSOME
beyond defining all required components technology concept and
along the supply value chain. This proceed with its modelling,
technology concept definition is the basis for considering fuel
defining the core research on SOFC (linking specifications as well as fuel
to WP 2 and 3) as well as defining the storage and distribution
required inputs and generated outputs to a aspects.”
larger SOFC system for maritime transport
and will be done together with AVL, VTT and In this deliverable:
ELCO. Together with stack performance tests - The description of the
in 2.1 this will also define the required fuel technology concept of the
quality, and the consideration of the future SOFC is part of this D1.2B.
propulsion systems the necessary fuel - Fuel specifications are
Task 1.1: amount. This task also addresses the described in chapter 4.3
Technology demand and definition of the whole value including quality
concept chain aspects (generation, distribution, requirements for all fuels
design for a storage, shipyards) as basis for the new and air.
multifuel multi-fuel supply. A supply backbone for the
SOFC fuels “Hydrogen”, “Ammonia” and
“Methanol” is conceptually developed and
mapped. The new Multi Fuel Supply
Backbone Concept includes: Section 1.2 The technology concept is
*ldentification of industrial and emerging - described in chapter 1.2.1.
fuel generation pathways that could be Methodolog | highlighting green fuels as
deployed for maritime transport with focus y possible multifuels for a
on green fuels *Analysis of suitable fuel SOFC and the required
transport and distribution systems, infrastructure.
staggered according to fuel type, transport
distances, etc. and storage systems. In 1.2.2., the research
Conception of the new required hypothesis 6 states that “it
infrastructure like pipelines, refueling and is It is possible to define and
storage system in harbors and potentials for ensure optimal fuel quality
the reallocation and further use of existing requirements”.
fuel infrastructure. (Output: D1.1A, D1.2B).
T1.2.1: Specification of industrial processes / In this deliverable:
technologies for ammonia, methanol and The evaluation of fuel
Task 1.2: hydrogen fuel production which meets the quality requirements for the
Screening of | qualitative requirements of a SOFC system:A SOFC s discussed chapter
available required technology screening comprises a 4.5
streams, systematic evaluation of existing and
industrial emerging technologies for green ammonia,
processes, green methanol and hydrogen fuel Section 2 The Impact section does not
and production in relation to a predefined address the technology
technologies requirement profiles for the SOFC fuel concept, fuel specifications
quality, demanding high gas quality. The or fuel pathways discussed
required fuel qualities for the screening are in D1.2B. However, it is clear
defined in WP2. This work will be done by all it is required to investigate
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FuelS—ME

partners under the lead of AEE and WUT in
an open innovation process, including
workshops with stakeholders from industry

the availability, feasibility,
and sustainability of
multifuels in the right

to ensure a market-near setup with high quality and quantity to
R&D outlook The workshops will be done by determine if SOFC is an
AEE, WUT, AVL. This forms the basis for the appropriate technology for
modelling of the FUELSOME concept and the EU GHG goals by 2050.

setup including the technology assessment
for the subsequent conceptual development
of a new multi-fuel supply, done in T 1.3. All
screened processes, the subsequent
parameters and technologies are mapped
and will be available in a database matrix
serving as basis for the system modelling
and simulation.

T1.2.2: Specification of preconditioning
(preprocessing) methods for fuels to reach
SOFC requirements.

Sulfur and Chlorine are two examples of
catalyst poisons to the fuel cell stacks, but
only the more detailed research of multifuel
components (specifically methanol) and
available qualities will determine the
necessity of fuel preconditioning. The aim of
the subtasks is to map the available qualities
from Subtask 1.2.1. with the SOFC multifuel
quality requirements studied in WP2, to
define preconditioning requirements and
further identify (through literature research
and modelling) respectively preconditioning
technologies. This also includes the
definition of future research questions for
multifuel preconditioning, specifically when
the fuel components would come from more
early-stage technologies. The results of the
preconditioning analysis are included in the
database generated in 1.2.1. (Output:
included in D1.1A, D1.2B)

Section 3

Section 3 offers a detailed
description of WP 1 as
shown in the task
description in this table (2
column).

nd

The critical risk of not
identifying sources of green
ammonia and methanol is
discussed in the deliverable.

FuelSOME Deliverable
D1.2B ‘Technology concept design for a multifuel SOFC system including final report on specifications of
suitable green fuels and qualities for SOFC’.

This Deliverable represents the final results of Task 1.1. and Task 1.2. by M24. It contains the description of
the technology concept of the multifuel SOFC; initial identification of suitable fuel pathways as 8 use cases
(which will be modelled in more detail in Task 1.3); and the findings on required fuel quality specifications.
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2.2 Deliverable Overview and Structure

The deliverable will give an overview of the technology concepts of the multifuel pathway.
First of all, terms and definitions of the multifuel, the fuel pathway and ocean-going vessels
are introduced in chapter 3.1. The state of the art is described in chapter 3.2 leading to the
chapter with novel multifuel pathways for SOFC (chapter 3.3) and its main components
(chapter 3.4).

In chapter 4 the development of a structural diagram is presented (chapter 4.1) which is the
basis for the pathway calculation. In chapter 4.3 the fuel specifications are discussed which
was a key outcome of the first year in the FuelSOME project. Then, a brief overview of existing
norms and standards for multifuels are given (chapter 4.4) and the possible refinement
processes discussed (chapter 4.5). In chapter 4.6, the development of 8 use cases is described
in detail.
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3. Overview: Technology concept for multifuel pathway
for SOFC

This section provides an overview of the main components of the investigated technology
concept including definitions and boundaries.

3.1 Terms and Definitions
An overall summary of terms and definitions can be found in the list of abbreviations, more
detailed definitions can be found below.

3.1.1 Multifuel

The term “multifuel” is defined in this project as one of the alternative individual fuels for
powering a solid oxide fuel cell (SOFC) such as hydrogen (Hz), ammonia (NH3) and methanol
(MeOH). Usage of multifuel for SOFC is defined by the energy conversion of one of the above-
mentioned fuels within an SOFC, not a mixture of such. Fuel mixtures or blends are not
considered within WP1 and are not taken into consideration for the proposed fuel pathways
below. However, the proposed pathways may provide the requirements for considering
blends and mixtures of the fuels they were not designed for such a purpose.

3.1.2 Fuel pathway
The term “fuel pathway” includes all steps and processes involved from transforming a raw
material (any type) by any technology to a state where the resulting product (i.e., fuel) fulfils
the required specification and the quantity which is required for powering the propulsion
system within the propulsion systems limit at a specific utilization efficiency.

3.1.3 Ocean-going vessel

An ocean-going vessel refers to a ship or boat that is designed and capable of navigating and
operating in the open ocean. These vessels are specifically built to withstand the challenges
and conditions of long-distance voyages across the ocean (Felski and Zwolak 2020).They are
typically larger and more powerful than other types of ships and are used for a variety of
purposes, including transporting cargo and people. Some examples of ocean-going vessels
include container ships, bulk carriers, general cargo ships, passenger ships, oil and product
tankers, and barges.

3.2 State of the art fuel pathways for combustion engines

3.2.1 Fuel demand
According to (Neher 2023), the European Union's transport sector consumes about 300
million tons of oil products per year, representing approx.. 60% of the EU's total oil
consumption. Main oil products used for transportation are diesel (46%), gasoline (24%), jet
fuel (13%), and fuel oil (8%). Gasoline and diesel alone accounted for 70% of Europe's
transport fuel demand in 2020, jet fuel 15% and other fuels also 15%. The IEA projects
gasoline and diesel demand will decrease to 1.2 million barrels per day (bpd) by 2030. In terms
of the EU's planned phase-out of combustion engine cars, Italy and Germany have both
demanded that the EU allow sales of new combustion engine cars after 2035 if they run
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exclusively on carbon-neutral e-fuels, which could support manufacturers of combustion
engine cars and parts (Abnett 2023). The European Commission has drafted a plan to allow
sales of new cars with internal combustion engines after 2035 if they run only on climate-
neutral e-fuels (Wacket 2023).

The fuel demand for ocean-going vessels, such as container ships, is a complex function
influenced by a myriad of factors, including (i) ship's size, (ii) engine capacity, and (iii) optimal
speed. The size and engine capacity of the ship directly impacts the amount of fuel it can
carry.

In the maritime industry, twenty-foot equivalent unit (TEU), is a standard measure used to
define the size and capacity of a container ship (Karanassos 2016; Molland 2008).
Representing a standard shipping container that is 20 feet long, the capacity of a
containership is often referred to the number of TEUs it can carry (Molland 2008; Yahalom
and Guan 2022).

The consumption of bunker fuel, the primary fuel utilized by ocean-going vessels today, can
be substantial. For an 8,000 TEU containership, approx. 225 tons of bunker are consumed per
day at a cruising speed of 24 knots. Container ships, depending on their size and engine
capacity, can carry anywhere between 2.5 - 3.5 million gallons of fuel. For example, a Panamax
container ship, can consume up to 23,8000 Liters of marine fuel per day at cruising speeds of
20 - 25 knots. Interestingly, the relationship between fuel consumption and cruising speed
follows an exponential function above 14 knots. This means that slight adjustments in speed
can result in significant changes in fuel consumption leading to significant reductions of fuel
consumption by approx. 33% if for example speed is lowered from 24 to 21 knots (Rodrigue
2020; F. Spingern 2020; transportgeography.org 2017).

However, other factors can also influence the energy consumption of container ships. These
include the number of refrigerated containers, or reefers, onboard, as well as environmental
factors such as wind and sea temperature. Reefers account for 10% of the total carrying
capacity of container ships on a global average and add to the energy demands of the ship.
Specifically, the energy consumption of the auxiliary engine, which powers the refrigeration
units, is proportional to the number of reefers transported (Yeh et al. 2022).

To address the complexity of fuel use and requirements, researchers have developed various
fuel models utilizing sensor data from container ships to predict fuel consumption and suggest
ways to enhance engine performance and reduce emissions (Czermanski et al. 2021; Hu et al.
2021).

3.2.2 Development needs

Looking forward, the fuel demand for ocean-going vessels, notably container ships, over the
next 50-100 years is anticipated to undergo substantial transformations. As of now, oil-based
fuels are responsible for more than 99% of the total energy demand in international shipping
(IEA 2023). Nevertheless, the escalating need to decarbonize the shipping industry and
decrease greenhouse gas emissions signals a shift toward cleaner and more sustainable fuels.
Beyond merely switching fuels, researchers are actively exploring zero-emission technologies
for ships. Advances in electric propulsion systems, fuel cells, and energy storage solutions
have the potential to substantially reduce, if not eliminate, container ships' reliance on fossil
fuels.

Adding to these technological advancements, regulatory frameworks and international
agreements are being set up to encourage the adoption of cleaner fuels and lower emissions
from the shipping sector. The International Maritime Organization (IMO), for instance, has set
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ambitious targets to reduce greenhouse gas emissions from international shipping by at least
50% by 2050 compared to 2008 levels.

The long-term prognosis for fuel demand of ocean-going vessels, especially container ships,
suggests a transition towards cleaner and more sustainable fuel alternatives using novel zero-
emission technologies (IRENA 2021). Regulatory actions and international agreements will
likely serve as critical drivers in this transition, ultimately helping reduce the shipping sector's
greenhouse gas emissions.

3.2.3 Efficiency of current propulsion systems
Efficiency in propulsion systems for ocean-going vessels, especially container ships, is
becoming increasingly important as ship owners and regulators alike focus on sustainability
and cost-effectiveness. A variety of trends and developments suggest that achieving greater
efficiency is a primary objective.
Environmental considerations and regulatory pressure are steering the industry's investment
decisions. The push for decarbonization and the implementation of stricter environmental
regulations are driving ship owners to invest in more efficient, low-emission technologies
(Snyder 2023) .
One promising avenue is the development of electric propulsion systems. These systems offer
a potential solution to reduce emissions, especially for high-powered vessels (Nader R.
Ammar and Seddiek 2021). Both PEMFCs and SOFCs are seen as innovative technologies with
high potential (Gear 2022).
The electrification trend is already making a significant impact in the maritime markets, with
the global market for electric ships witnessing substantial growth (K. Kim et al. 2020).
Simultaneously, the exploration of alternative fuels is underway, with options such as
ammonia, methanol or LNG being considered as potential fuel sources for propulsion
systems. These fuels could provide a more sustainable and efficient way to power container
ships. However, ship operators are not only seeking efficiency and environmental friendliness
but also cost-effectiveness. They typically require propulsion systems with low initial costs,
sufficient auxiliary power to operate reefer containers, and minimal impact on the
environment (Resilience 2022). Balancing these diverse needs presents a significant challenge
but also drives innovation.
Indeed, the marine propulsion systems market is experiencing significant momentum,
stimulated by the demand for faster, cleaner, and more fuel-efficient engines. Recent
technological advancements in this market are likely to further foster industry growth
(Yildirim 2023).
The current trends and developments in propulsion systems underscore efficiency as a
priority for ocean-going vessels, particularly container ships. The industry's shift towards
reducing emissions, the exploration of alternative fuels, and the advent of electric propulsion
systems all point towards a future where shipping is not only more efficient but also more
environmentally friendly.

3.2.4 Current vessel and harbour infrastructure
Ocean-going vessels, including container ships, command vast fuel requirements due to their
size and the considerable distances they cover. Their fuel needs primarily bifurcate into two
categories: propulsion, which moves the ship, and auxiliary power that operates internal
systems such as lighting, heating, and air conditioning (C. J. McKinlay, Turnock, and Hudson
2021).
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The fuel types of these vessels utilize hinges on several factors like the ship's size, age, and
the governing regulations in the areas where they operate (Barreiro, Zaragoza, and Diaz-Casas
2022) . Heavy fuel oil, marine diesel oil, and liquefied natural gas constitute some of the most
employed fuels (Barreiro et al., 2022).

Considering the recent push to curb emissions from ocean-going vessels, innovative
technologies and fuels have seen a surge in development. Hybrid or dual fuel propulsion
systems, for example, present promising solutions that can cut emissions and improve fuel
efficiency (Nader R. Ammar and Seddiek 2023; Wu, Miao, and Chan 2022). In addition, solid
oxide fuel cells and ammonia cracker-integrated fuel cell technology have been proposed as
potential alternatives to traditional fuels (C. J. McKinlay, Turnock, and Hudson 2021).
Meeting the substantial fuel demands of these vessels necessitates a robust infrastructure
encompassing storage facilities and transportation systems (Al Baroudi et al., 2021). Storage
facilities need to have the capacity to store large fuel quantities and must be located
conveniently for ship access (Dantas and Theotokatos 2023). Concurrently, transportation
systems must efficiently and securely deliver fuel from storage facilities to the vessels (Al
Baroudi et al. 2021).

Ocean-going vessels, especially container ships, have a considerable fuel demand that entails
vast fuel quantities. The fuel type used is contingent on several factors, and there's an
escalating emphasis on reducing emissions and improving fuel efficiency. This substantial fuel
demand requires an infrastructure featuring storage facilities and transportation systems.

@FuelSOME 2024 19



[D1.2 ‘B: Technology concept design for a multifuel SOFC system including final report FueIS M E
on specifications of suitable green fuels and qualities for SOFC’]

Apart from these fuel requirements, as shown in Figure 3-1, container ships, as a subset of
ocean-going vessels, need a spectrum of infrastructure and storage facilities to function
effectively. These include ports equipped with container handling equipment, cranes, and
storage facilities for loading and unloading cargo. The efficiency of ports is crucial for the
seamless operation of container ships, hence the growing trend towards automation
(Oloruntobi et al. 2023).

Additionally, container ships necessitate bunkering infrastructure for fuel supply,
encompassing fuel storage tanks, pipelines, and fuelling stations. Secure, weatherproof
storage facilities, either at ports or inland locations, are required for containers when not in
use (Imai et al. 2006). Container ships also depend on navigation infrastructure like buoys,
beacons, charts, and maps for safe waterway navigation (Stough, 2005).

Vessel design also impacts the infrastructure and storage needs of container ships. For
instance, an increase in size over time has led to the classification of the largest ships as “post-
Panamax” because of their inability to pass through the Panama Canal (Goetz 2009; Prpi¢-
Orsi¢, Parunov, and Siki¢ 2014).). Moreover, the design of container ships affects their fuel
efficiency and environmental footprint (Dantas and Theotokatos 2023).

To summarize, container ships require a range of infrastructure and storage facilities for
effective operation. The efficiency and sustainability of these facilities are pivotal for the
smooth functioning of container ships.

Port facilities are equipped to handle various types of cargoes and vessels, including those
that manage major cargoes, welcome passenger vessels carrying over 150 passengers, or
receive vessels on international routes (Johnstone 2015; Sarkar and Shankar 2021). Cargo
ports deal with general and bulk cargoes, packaged cargo of different sizes and weights, or
uniform goods (Talley 2006).

Regarding infrastructure, ports and port processes are critical components in the
transportation industry (Stough, 2005) . The amount of port infrastructure available can vary
based on the location and size of the port. For instance, the Eastern Economic Corridor in
Thailand possesses 18 terminals serving various types of vessels and cargoes (Senarak 2020).
Furthermore, cargo handling equipment is a crucial consideration for ports. There is a need
to strike a balance between enabling a ship to load and unload its cargo and relying on port
equipment (Sforza 2014).

There are numerous ports and port facilities worldwide equipped to handle overseas cargo.
The volume and type of infrastructure available depend on the port's location and size. The
Port of Rotterdam exemplifies an advanced port combining traditional cargo handling
capacities with digital innovation to enhance operational efficiency, sustainability, and
competitiveness.

As shown in Figure 3-2, The Port of Rotterdam, as the largest port in Europe, is managed,
operated, and developed by the Port of Rotterdam Authority. It is designed to handle a
diverse range of cargoes, including bulk and general cargoes, coal, ores, crude oil, agricultural
products, chemicals, containers, and cars. The port's throughput figures for 2022 matched
those of 2021, standing at a total of 467.4 million tons (Port of Rotterdam 2023; Rahman
2023).
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Top 10 EU freight ports, 2018
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Figure 3-2: EU freight ports in numbers(Eurostat 2020).

The port of Rotterdam describes itself as dedicated to enhancing efficiency, trade flows,
sustainability, digitization, and innovation. Apart from the physical infrastructure, the Port of
Rotterdam provides a digital platform for logistics and transport movements within the port
area. Many investments are being made in the platform economy and disruptive technologies
to stimulate new service types and create opportunities for the development of innovative,
sustainable services (Port of Rotterdam 2023; Rahman 2023).

3.2.5 Need for infrastructure development

The future development of port infrastructure for overseas vessels involves a complex
interplay of various key aspects. Firstly, physical infrastructure development is a critical facet,
focusing on the construction and expansion of physical assets like berths, quays, and other
supportive facilities and equipment. Given the trend of increasingly larger vessels and
heightened cargo volumes, the ports of the future will need to significantly expand their
physical infrastructure (Dincer and Bicer 2018; Senarak 2020).

Alongside the physical elements, non-physical infrastructure development forms a substantial
part of the future of ports. This involves advancements in information and communication
technology such as automated cargo handling systems and real-time tracking and monitoring
of vessels and cargo. To boost efficiency and cost-effectiveness, future ports will need to
make strategic investments in these technological systems (de Langen 2023; Sunitiyoso et al.
2022).

Beyond the physical and non-physical, ports must also focus on overcoming institutional
barriers. These challenges can encompass issues related to bridge construction and repair,
the streamlining of intermodal transport and transshipment systems, and tackling regulatory
and policy constraints (Stough 2005). In the future, it will be imperative for ports to work
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closely with government agencies and other stakeholders to address these barriers, thus
creating a more conducive environment for port development.

Finally, digitalization is becoming an increasingly vital component in the operations of ports.
The role of digital technologies is escalating, with future ports needing to adopt advanced
technologies like blockchain, artificial intelligence, and the Internet of Things to improve
efficiency, minimize costs, and bolster security (Inkinen, Helminen, and Saarikoski 2021).

In essence, the development of port infrastructure for overseas vessels is a synthesis of
enhancements in physical and non-physical infrastructure, overcoming institutional
challenges, and embracing digitalization. Adapting to these changes is crucial for ports to
remain competitive and meet the diverse needs of the global shipping industry in the
forthcoming years.

3.3 Novel multifuel pathways for SOFC
The future energy landscape is likely to witness significant shifts as the world grapples with
growing energy demand and environmental concerns. According to the International Energy
Agency's World Energy Outlook 2022, global oil demand is projected to reach 103.5 million
barrels per day (mb/d) by 2040, marking an increase from 97.9 mb/d in 2019 (Birol 2022). Yet,
the COVID-19 pandemic's profound impact on energy demand has rendered the outlook
uncertain for the upcoming years.
Multifuel SOFC systems offer several advantages over single-fuel systems, making them
attractive for clean and efficient energy production. The ability to accommodate multiple
fuels, such as hydrogen, ammonia, and methanol, provides enhanced flexibility and reduces
dependency on a single fuel source, thereby increasing the system's resilience. Furthermore,
the high-temperature operation of SOFCs enables the cogeneration of heat, improving overall
system efficiency by utilizing the generated heat for various applications on the ship (e.g.,
heating of rooms and hot water demand). This cogeneration capability is particularly valuable
in industrial heat and electricity supply applications (Cammarata et al. 2022; A. Hussain et al.
2022; Illathukandy et al. 2022; Shaheen et al. 2020; Shen 2021; Sieniutycz 2020; Stambouli
and Traversa 2002; Zarabi Golkhatmi, Asghar, and Lund 2022).
Moreover, the utilization of green fuels, hydrogen ammonia and methanol, in multifuel SOFC
systems can significantly reduce the environmental impact. Biogas, for example, is a
renewable fuel source that can be derived from organic waste, thereby reducing reliance on
fossil fuels, and contributing to sustainable energy production. The integration of green fuels
into SOFC systems aligns with the growing focus on environmental sustainability and the
transition to a low-carbon economy (lllathukandy et al. 2022; Zarabi Golkhatmi, Asghar, and
Lund 2022).
Thus, multifuel SOFC systems offer great potential for various applications by enabling the
utilization of different fuels such as hydrogen, ammonia, and methanol. The technical
requirements for integrating these fuels into SOFC systems, including high purity, high
operating temperatures, and consideration of system durability, play a crucial role in
determining the feasibility and performance of the system.
The utilization of multifuel SOFC systems provides several advantages, including fuel
flexibility, higher efficiency, improved durability, and reduced environmental impact, making
them a promising technology for clean and efficient energy production (Cammarata et al.
2022; F. Hussain et al. 2019; lllathukandy et al. 2022; Shaheen et al. 2020; Shen 2021;
Sieniutycz 2020; Stambouli and Traversa 2002; Zarabi Golkhatmi, Asghar, and Lund 2022).
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In parallel, there is increasing focus on reducing greenhouse gas emissions in sectors like
transport, which accounts for roughly a quarter of such emissions in the European Union (EU).
The European Commission aims to cut transport emissions by 90% by 2050 as part of its
environmental goals (Bodewig 2022). This necessitates a shift towards alternative, cleaner
fuels.

A report by the International Council on Clean Transportation (ICCT) predicts that in the EU,
demand for liquefied natural gas (LNG) as marine fuel is set to triple between 2019 and 2050
(Comer, O’Malley, and Osipova 2022). However, the report underscores the potential of
alternative fuels like ammonia to lower emissions within the shipping sector.

To enable the use of alternative fuels like hydrogen, ammonia and methanol, new propulsion
systems are being explored. For instance, Lloyd’s Register Group Limited and UMAS (2017)
investigated four propulsion systems for a 2500 Twenty-foot Equivalent Unit (TEU) container
feeder ship, all powered by ammonia. The study suggests that ammonia-fuelled ships could
emerge as a viable alternative to traditional fossil fuel-powered vessels, considering both
environmental and economic feasibility.

In essence, while the outlook for the next 50-100 years is nebulous, there's an evident
emphasis on emission reduction within the transport sector, including shipping. The
exploration of alternative fuels such as ammonia reveals promising potential for substantial
growth in the demand for these fuels in the coming years (K. Kim et al. 2020). The emerging
focus on multifuel pathways, such as those incorporating hydrogen, ammonia, and methanol
in Solid Oxide Fuel Cells (SOFCs) systems, further underscores this potential shift towards
cleaner energy solutions.

Solid Oxide Fuel Cells (SOFCs) are intriguing electrochemical devices, as shown in Figure 3-3,
that can directly transform the chemical energy stored in fuel into electricity at high
temperatures, making them highly efficient energy converters (Taccari et al. 2015).
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Figure 3-3: Basic structure and working principle of a SOFC (Singh et al., 2021).
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One innovative approach in this context involves establishing a multifuel pathway, where
multiple fuels such as hydrogen, ammonia, and methanol are used in SOFC systems to
generate electricity. Hydrogen is a clean-burning fuel known for its high energy density.
Derived from diverse sources including natural gas, coal, and renewable energy like wind and
solar power, hydrogen presents an efficient path in electricity generation through SOFCs.
Similarly, ammonia, which can also be produced from renewable energy, holds promise due
to its high energy density, making it a suitable candidate for applications such as
transportation (Ghassemi et al., 2020). Methanol, on the other hand, although it has a lower
energy density compared to hydrogen or ammonia, is easier to transport and store due to its
liguid state at ambient conditions. It can be produced from either natural gas or renewable
sources like biomass (Ghassemi, Kamvar, and Steinberger-Wilckens 2020).

Building a multifuel pathway that involves hydrogen, ammonia, and methanol in an SOFC
system necessitates key components including fuel processing systems, the fuel cell stack,
and balance of plant components. Fuel processing is vital to eliminate impurities from the fuel
and convert it into a form compatible with the SOFC, which may involve procedures like
reforming or partial oxidation (Dogdibegovic, Fukuyama, and Tucker 2020).

The fuel cell stack, the core of the SOFC system, is where the fuel's conversion into electricity
occurs. This stack comprises several cells linked in series, each cell encompassing an anode,
cathode, and electrolyte (Taccari et al. 2015). Balance of plant components, including pumps,
compressors, and heat exchangers, handle the flow of fuel and air, regulate the system's
temperature, and transform the waste heat into useful energy (Rokni 2013).

Solid Oxide Fuel Cell
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Figure 3-4: Applications for SOFC in the Industry (Singh, Zappa, and Comini 2021).

The multifuel pathway in conjunction with the SOFC system carries significant potential as a
highly efficient, low-emission electricity source. Yet, certain technical and economic
challenges persist, such as enhancing the SOFC stack's reliability and durability, cutting down
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system costs, and advancing more efficient fuel processing methods (Zarabi Golkhatmi,
Asghar, and Lund 2022). As research in this area continues to advance, SOFC systems could
play an integral part in future energy solutions for mobility applications.

As an application for SOFC (Figure 3-4), the global shipping industry is one of the industries at
the forefront of the energy transition, with its total energy demand in 2020 recorded at
approximately 9.5 EJ, predominantly supplied by Heavy Fuel Oil (HFO) and Marine Gas QOil
(MGO) (Thanikachalam 2015). As the sector moves towards reducing its carbon footprint,
various energy scenarios, accounting for factors like geopolitical changes, trade volume
variations, and uptake of energy efficiency measures, have been developed.

According to a base energy scenario, the industry's energy demand could reach 12.4 EJ by
2050. Yet, as sown in Figure 3-5, under the International Renewable Energy Agency's (IRENA)
1.5 °C Scenario, the projected energy demand falls to about 7.9 EJ, illustrating a significant
reduction in energy intensity from around 15 MJ/ton-mile to below 8 MJ/ton-mile (IRENA
2021). A major shift projected in this scenario is the reliance on alternative fuels. Green
ammonia is anticipated to cover a significant portion of this demand, demonstrating the
potential of ammonia as a carbon-neutral energy carrier. Additionally, liquefied natural gas
(LNG), methanol, and biofuels are expected to contribute considerable shares to the
industry's energy mix (Dang, Nguyen, and Van Hung 2022). These projections signify a growing
shift towards cleaner, alternative fuels in the global shipping industry. These changes align
with the broader momentum for transitioning to a low-carbon energy system, including the
exploration of multifuel pathways in Solid Oxide Fuel Cells (SOFCs) systems.

E-ammonia refers to a specific method of ammonia production that utilizes renewable
electricity as the primary feedstock for generating the required hydrogen, representing a
significant step towards a more sustainable means of ammonia production. The principal
feedstocks for e-ammonia production include low-emission electricity, water, and nitrogen,
reflecting a commitment to reducing environmental impact. The production of e-ammonia
requires power-to-X (P2X) technology, which allows for the conversion of electrical energy
into a form like hydrogen that can be utilized in the ammonia production process. This
integration represents an essential bridge between renewable energy sources and the
production of valuable chemical products. However, making e-ammonia a viable option on a
broader scale entails challenges such as the need for scaling up the production of low-
emission electricity and technological advancements in P2X technologies to make the process
more efficient and cost-effective (Seyedehhoma et al. 2021). E-ammonia represents a
promising avenue for making ammonia production more sustainable, but achieving this
requires overcoming significant challenges in scaling and technology development.
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Figure 3-5: Energy demand and energy intensity of global shipping for the 1.5 °C Scenario (IRENA 2021).

Today's global fuel supply primarily comprises petroleum-based products like gasoline, diesel,
and jet fuel, followed by natural gas and coal (Kaplin et al.,, 2022). However, there's a
discernible shift towards renewable energy sources, including wind, solar, hydroelectric, and
biofuels. Despite the growing prevalence of these renewable energy sources, they currently
constitute a smaller fraction of the overall fuel supply compared to traditional fuels (Kaplin et
al. 2022).

Within the maritime sector, heavy fuel oil (HFO) or bunker fuel, a residual fuel derived from
crude oil refining, is the mainstay for container ships. Despite its relatively lower cost and high
viscosity, bunker fuel poses environmental challenges due to its high sulphur content
contributing significantly to air pollution. Consequently, there has been a shift towards
cleaner alternatives, with some ships now using marine diesel oil (MDO) or marine gas oil
(MGO). Furthermore, exploratory use of liquefied natural gas (LNG) and biofuels to reduce
emissions is in progress (Ferahtia et al. 2020).

For the future, many changes are projected for the transportation sector over the next 50-
100 years, focusing on reducing fuel consumption and emissions. These modifications will
likely include advancements in electric propulsion, hydrogen fuel cells, and potentially nuclear
propulsion for large vessels. As a result, the usage of traditional fossil fuels like bunker fuel is
anticipated to decline in favour of more sustainable alternatives. This transition implies a rise
in the adoption of alternative fuels like biofuels. To enable this shift, substantial
infrastructural changes will be necessary, such as developing refuelling and charging stations
for electric and hydrogen-powered vessels and storage facilities for alternative fuels (Sandrini
et al. 2023).

While the current infrastructure for alternative fuels and charging stations for electric vessels
is limited compared to traditional fuel infrastructure, increased investments are anticipated
in the coming decades to build a robust and extensive infrastructure accommodating
alternative fuels. This infrastructure growth will encompass expanding bunkering facilities at
ports, establishing hydrogen refuelling stations, and creating larger-scale biofuel production
facilities (M. A. Khan, Young, and Layzell 2021). The transportation sector is thus expected to
undergo substantial changes in the upcoming decades, focusing on more efficient propulsion
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systems and the adoption of alternative fuels (Bencheikh and Settou 2021; Deutz et al. 2018;
Kramel et al. 2021).

However, it's crucial to thoroughly understand the climate implications throughout the life
cycle of these alternative fuels before a global transition strategy can be implemented. While
the shift towards renewable energy sources is anticipated to continue, petroleum-based
products will likely maintain their dominance in the global fuel supply for some time (Kramel
et al. 2021). One of the key advantages of multifuel SOFC systems is their fuel versatility,
allowing the utilization of different fuel types such as hydrogen (H.), ammonia (NHs), and
methanol (CH30H). The fuels possess specific physical and chemical characteristics and energy
densities, rendering them suitable for utilization in SOFC systems (Zarabi Golkhatmi, Asghar,
and Lund 2022).

Hydrogen

As a clean fuel, offers high potential for SOFC systems. However, the use of hydrogen in SOFCs
requires high purity to prevent catalyst poisoning and carbon deposition on the SOFC Stack,
which can adversely affect the performance and efficiency of the system. Sulphur and silicon
are two examples of relevant impurities to consider. SOFC systems are designed to operate
at elevated temperatures, typically ranging from 600 to 1200°C, to achieve optimal efficiency
and mitigate the risk of carbon deposition. This necessitates careful consideration of
hydrogen purification techniques and appropriate thermal management strategies

(Dwivedi 2020; Minh 2004; Stambouli and Traversa 2002; Wang et al. 2022).

Ammonia

Ammonia presents another viable fuel option for SOFCs due to its high hydrogen content and
compatibility with existing storage infrastructure, given its widespread usage as a global
commodity in the fertilizer industry. However, employing ammonia directly in SOFCs brings
forth challenges, notably the risk of nitrous oxide (N.O) formation, a potent greenhouse gas
(Asmare and llbas 2020; Cheddie 2013). Recent research has explored the potential of using
ammonia in Solid Oxide Fuel Cells (SOFCs), revealing intriguing prospects and challenges. A
study conducted by (Oh et al. 2022) investigated conventional large-area anode-supported
SOFCs for direct ammonia operation. They discovered that ammonia decomposition was
almost complete at 700°C, with performance mirroring that of hydrogen operation. However,
a slight performance loss was observed during direct ammonia operation, attributed to the
temperature decrease inside the cell due to the ammonia decomposition reaction.
Complementing this finding, (Weissenberger et al. 2022) focused on the combustion of
ammonia SOFC off-gas surrogate over various catalysts, aiming to mitigate the formation of
NOx, a common challenge in ammonia-based SOFCs. In a unique approach, the
Ammonia2Power project has developed a system that combines a combustion flame with an
SOFC in a simple "no-chamber" setup, demonstrating preliminary success in ammonia gas
recovery via Vaporization Membrane Distillation (VMD) for fuel cells (Guillén-Burrieza et al.
2019). Overall, while these studies collectively establish ammonia as a promising fuel option
for SOFCs, they also underscore the need to address significant challenges such as NOx
formation before wide adoption is feasible. The ongoing research is shedding light on these
challenges, contributing valuable insights that could pave the way for more efficient and
environmentally friendly ammonia based SOFCs.
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Methanol

A carbon-containing and under ambient conditions liquid fuel, with high volumetric energy
density (compared to NHs - Table 4-1). Methanol can be considered as an alternative fuel for
SOFCs. However, its utilization in SOFC systems requires a reforming step to convert methanol
to hydrogen, which is subsequently utilized as the fuel. It is worth noting that methanol can
potentially cause carbon deposition and reduce the performance of SOFCs, necessitating
careful consideration of system durability. The high-temperature operation range, as in the
case of hydrogen and ammonia, is vital to ensure effective fuel conversion and to prevent
carbon deposition in multifuel SOFC systems utilizing methanol (Dwivedi 2020; D. Kim, Jeong,
and Lee 2018; Lanzini et al. 2013; Saadabadi et al. 2019; Zarabi Golkhatmi, Asghar, and Lund
2022).

3.4 Main components of the multifuel pathway for SOFC

Hydrogen, ammonia, and methanol are the fuels which can be utilized in an SOFC. The
chemical element hydrogen (H) is the lightest and contains one electron and one proton
(Dawood, Anda, and Shafiullah 2020). Currently, 96 % of hydrogen (H.) is manufactured using
fossil fuels at present (Nguyen et al. 2019). Ammonia, which is typically produced by the
Haber-Bosch process using natural gas or coal, is mostly used for fertilizer production. The
global ammonia production emits approximately 1.0 % of global greenhouse gas emissions
(MacFarlane et al. 2020). To this day, methanol is mostly produced with natural gas and coal.
Methanol is essential for the chemical industry, pharmaceutical industry and the production
of synthetic hydrocarbons (Sollai et al. 2023).

Figure 3-6 shows the main components of the multifuel pathway in a simple flow chart. Those
four steps will be shown in detail in the following paragraphs. The fuel pathway includes all
steps from the raw material dismantling to the use of the fuel for powering the propulsions
system of the vessel.

Fuel Generation Transport, .
. . Powertrain
Raw Materials 1 and Industrial Storage, Technolo
Technologies Distribution Yy

Figure 3-6: Main components of a fuel pathway.

Figure 3-7 shows the detailed steps for the raw materials, including input and output streams.
Raw materials include all materials needed to produce fuels. Those can be for instance
different kinds of biomass, fresh water, or air. Firstly, the raw materials are generated from
different sources containing carbon, nitrogen, hydrogen, oxygen, etc. For this also energy is
needed. The output of this process is the raw material, which must be transported and stored
afterwards. During the raw material transport energy is needed and secondary products, for
instance CO2-emissions, are outputs. The same applies for raw material storage.
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Figure 3-7: Steps for raw materials including inputs and outputs.

In Figure 3-8 the steps for producing the fuels are listed. The fuel generation process is a step
in the fuel production pathway which can be based on a physical, chemical, or biological
process. A catalytic process involves a chemical reaction which is speeded up by a catalyst,
facilitating a reaction. Chemical intermediates, which can react more readily with each other
or with another reactant, to form the desired product, are formed. Thermochemical reactions
involve heat in the chemical reactions. Heat is either consumed by the reaction (endothermic
process) or is released (exothermic process).
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Figure 3-8: Steps for Fuel Generation Processes and Industrial Production Technologies including inputs and
outputs.

Figure 3-9 represents the steps after the production of the fuel. First the fuel is transported
to the port and stored. Fuel transport is needed between the processes, to physically move
the fuels to the next step in the pathway. Both processes and the fuelling station require
energy and secondary products (e.g., Oz, Ny, etc.) are outputs. The fuel storage are devices,
that hold the fuels at any time during the pathway. In addition to that, heat losses are
considered as not usable outputs. One of the last steps is the fuelling station, which is a facility
or device used, to provide a storage system with the generated fuels.
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Figure 3-9: Transport, Storage, Distribution with their inputs and outputs

Figure 3-10 displays the last step, which is the powertrain technology on the ship. After
fuelling, the fuel is stored in the reservoir on the ship for later usage. Similar to the steps
before, energy is needed, and emissions are emitted. Thereafter is the SOFC Reformer and
then the stack, which provides the energy for the electric motor on the ship.
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Figure 3-10: Steps of Powertrain Technology

3.4.1 SOFC technology

A Solid Oxide Fuel Cell (SOFC) transforms chemical energy into electrical energy and heat. The
core of a SOFC is the stack. In a SOFC, a single cell consists of four layers stacked together and
is typically only a few millimetres thick. Hundreds of these cells are then connected in series
to form an “SOFC stack”. The reformer is used in the stack of the SOFC and converts the fuels.
Additionally, the stack and reformer must be integrated in a Balance of Plant (BOP) (Peng et
al. 2021). Balance of plant components, including pumps, compressors, and heat exchangers,
handle the flow of fuel and air, regulate the system's temperature, and transform the waste
heat into useful energy (Rokni 2013).

As shown in Figure 3-11, The full cell and stack assembly denotes the complete SOFC stack,
incorporating the anode supported planar SOFC and the interconnect plates that link the cells
together (Lim et al. 2008). The anode-supported design offers several advantages, including
high electrochemical performance and thermal robustness, making it suitable for long-term
operation.
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Figure 3-11: SOFC stack assembly schematic and photograph (Pfeifer 2017).

Summarizing the input and output of a SOFC system:
Input:
e Fuel (either hydrogen, methanol, ammonia or hydrocarbon-based)
e Oxidant (air or oxygen)
e Heat (required for startup)
Output:
e Electricity
e Heat (waste heat can be harnessed for other purposes)
e Water vapor (a byproduct of the electrochemical reaction)
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Figure 3-12: Schematic diagram of an SOFC system, the stack is polarized with an exogenous current (Bunin et
al. 2010) .

Solid Oxide Fuel Cell (SOFC) systems, as shown in Figure 3-12, are characterized by their
capacity to convert a variety of fuel sources, such as hydrogen, into electrical energy. This
power can then be employed across a wide range of applications, from small electronic
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devices to powering large buildings, and even airplanes (Evrin and Dincer 2020; Lundberg et
al. 2000).

3.4.2 SOFC as propulsion system for ocean-going vessels
Several studies have explored the feasibility and benefits of implementing SOFC systems in
ocean-going vessels. SOFCs offer advantages such as high energy conversion efficiency, low
emissions, and the potential to leverage existing fuel infrastructure by employing reformers
(Abdalla et al. 2018; Del Zotto et al. 2021; Veldhuizen et al. 2022). They are fuel-flexible and
can use a variety of fuels, including hydrogen, natural gas, and ammonia (Gear 2022).

The successful implementation of SOFC systems on ships requires careful consideration of
factors such as fuel availability, cost, system size and weight, safety considerations, and the
specific requirements of marine operations (Del Zotto et al. 2021; Veldhuizen et al. 2022).
Various studies and case studies have analysed the feasibility and potential benefits of SOFC
hybrid generation in marine applications, considering factors like energy, cost, and emission
savings (Baldi et al. 2020; 2020; Micoli, Coppola, and Turco 2021). Additionally, researchers
have explored integration options such as SOFC-internal combustion engine (ICE) hybrids and
SOFC-gas turbine combined systems for marine applications (Feng et al. 2023; Sapra et al.
2021; van Biert et al. 2016).

It is essential to consider the specific needs of marine operations, fuel infrastructure
availability, and the economic feasibility of SOFC technology deployment in ocean-going
vessels (Wu, Miao, and Chan 2022). Continued research and development are needed to
address these considerations and guarantee the successful integration of SOFCs in marine
applications.

3.4.3 Harbor infrastructure and fuelling station

Harbor infrastructure plays a vital role in supporting the implementation of multifuel Solid
Oxide Fuel Cell (SOFC) systems. Although direct search results for harbour infrastructure
specifically related to Multifuel SOFC systems may be limited, various articles on SOFC
systems provide relevant information. (Ghassemi, Kamvar, and Steinberger-Wilckens 2020)
discusses the practical design of SOFC systems and their components, highlighting the
benefits of modelling SOFCs as power-generating burners. (D. Kim, Jeong, and Lee 2018)
explores the potential of SOFC/GT hybrid systems in reducing the levelized cost of electricity
and COz-emissions compared to standalone SOFC systems. Regarding hydrogen refuelling
stations, (Bento 2016) addresses safety concerns for high-pressure hydrogen refuelling
stations.
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Figure 3-14: Infrastructure for ammonia bunker fuel (‘Vopak Singapore Eyes Expanding Infrastructure for

Ammonia Bunker Fuel’ 2022).

A fuelling station, as shown in Figure 3-13, is a crucial component of a Solid Oxide Fuel Cell
(SOFC) system, which enables efficient electricity generation and contributes to CO;
reduction. The Office of Fossil Energy focuses its research on SOFCs fuelled with gasified solid
hydrocarbons (Ghassemi, Kamvar, and Steinberger-Wilckens 2020). SOFCs generate primary
power using Bloom Energy Servers, known as 'Bloom Boxes' (Braun et al. 2012), and can utilize
the heat produced in the electrochemical oxidation process for endothermic steam
reforming. Furthermore, solid oxide fuel cells (SOFCs) are emerging as a promising energy
source, with compatibility across various sustainable and eco-friendly fuels. Hydrogen can be
utilized in SOFCs through the oxidation of hydrogen-containing fuels, marking it as a
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renewable energy source (Stambouli and Traversa 2002). Methane is another option, with
studies on anode-supported SOFCs (AS-SOFCs) revealing promising results (Birnbaum,
Steinberger-Wilckens, and Zapp 2012). Furthermore, alcohols such as ethanol and methanol,
along with hydrocarbons like propane and butane, have been successfully employed in SOFCs.
Ammonia's high energy density and low carbon content make it a viable alternative fuel for
SOFCs (Y. Xu et al. 2021). Finally, hydrogen derived from biomass represents a renewable and
sustainable fuel option, further expanding the applicability of SOFCs_(Husain et al. 2021).
Together, these diverse fuel sources demonstrate the potential of SOFCs to serve as an
environmentally clean and efficient energy solution, contributing to a shift toward greener
energy systems. However, challenges in building fuelling stations for SOFCs include cost,
lower power density compared to other fuel cell types, and durability issues (Hou et al. 2014;
Yi et al. 2005). Additionally, accommodating different fuel types and integrating SOFCs with
other technologies require careful design and optimization (Eguchi et al. 2002). Nonetheless,
recent research has explored the use of gasoline as a fuel for SOFCs and the fuel flexibility of
SOFCs with internal steam reforming (Hou et al. 2014; Eguchi et al. 2002). Integrated SOFC
systems have also been studied for building applications (Zink, Lu, and Schaefer 2007).

In the context of harbour fuelling stations for ocean-going vessels, (Kalikatzarakis et al. 2022)
emphasize the importance of technical infrastructure, including storage tanks, as shown in
Figure 3-14, pipelines, pumps, and dispensers.

The storage requirements depend on fuel demand and refuelling frequency, necessitating
safe and secure storage tank design to prevent leaks or spills (Kalikatzarakis et al. 2022;
Rivarolo et al. 2021). Safety equipment such as fire suppression and emergency shutdown
systems are also essential (Sharafian et al. 2017; van Biert et al. 2016). Different fuels used in
maritime applications require specific infrastructure, including liquid hydrogen refuelling for
zero-emission shipping corridors (Kalikatzarakis et al. 2022) and the exploration of hydrogen
fuel cells as alternative power plants for vessels (Genovese et al. 2023). Comparative analysis
of hydrogen fuel cells with other fuels like low-sulphur marine gas oil and liquefied natural
gas is being conducted for maritime applications (Genovese et al. 2023). Innovative
technologies for energy generation, including fuel cell systems, are being studied for maritime
applications, with multi-criteria decision analysis guiding the selection of suitable fuel cell
systems (Inal, Zincir, and Deniz 2022; Rivarolo et al. 2021; van Biert et al. 2016).

Harbors serve as essential locations for ships to dock, facilitating the loading and unloading
of cargo while providing a range of services that support maritime activities (Elkafas et al.
2023). They are critical hubs for trade and transportation, enabling seamless connectivity
between ships and land-based infrastructure.

Types of Harbors

Harbors can be categorized into various types, each catering to specific maritime activities.
Commercial harbours, for instance, are used primarily for commercial operations, such as
handling cargo from large container ships or bulk carriers. These harbours possess
comprehensive infrastructure, including cargo handling equipment, storage facilities, and
customs and immigration services. On the other hand, fishing harbours are designed
specifically to accommodate the fishing industry. These harbours provide docking facilities for
fishing vessels and enable easy access to essential services, such as ice and fuel. Then there
are recreational harbours, catering to recreational boating and water sports. These often
feature marinas with berths for private boats and amenities such as restaurants, shops, and
fuelling stations (Elkafas et al. 2023).
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One of the key services provided at harbours is the supply of fuel to ocean-going vessels via
fuelling stations. The types of fuel cells used for maritime applications can vary, and solid
oxide fuel cells (SOFCs) are one of them (Energy.gov 2023). Known for their high efficiency in
converting fuel to electricity, SOFCs use a hard, non-porous ceramic compound as an
electrolyte. The concept of fuelling stations catering to multifuel SOFC systems and their
integration into harbour infrastructure is an emerging area that warrants further research and
development (Elkafas et al. 2023).

Fuel storage at harbours is typically accommodated in large tanks or bunkers. The volume and
type of fuel stored at these facilities depend on various factors such as the size of the port, its
level of activity, and the fuel demand from the ships that dock there (Kinnon, Razeghi, and
Samuelsen 2021). Maintaining these facilities necessitates compliance with stringent safety
regulations to ensure the correct handling and containment of fuel, thereby preventing any
potential spills or leaks.

Harbors, with their versatile services and sophisticated infrastructure, are integral to global
trade and transportation systems. Their ability to provide fuelling facilities, particularly those
catering to innovative technologies such as SOFCs, is an evolving field that can lead to more
efficient and environmentally friendly maritime operations (Elkafas et al. 2023).

3.4.4 Multifuel storage and distribution systems
The shipping industry is requesting alternative fuels such as ammonia, hydrogen, methanol,
biofuels, batteries, and nuclear power to decarbonize its propulsion systems (Xing et al. 2021).
Various storage methods are available for hydrogen, ammonia, and methanol. Hydrogen can
be stored gaseous as compressed gas, liquid, or in metal hydrides. Ammonia can be stored as
gaseous, liquid, as dissolved NH3/NH4 or solid in the form of ammonia salt. Methanol can be
stored as a liquid. However, hydrogen's low volumetric energy density in its gaseous state
presents practical limitations for its use.
Ammonia is gaining attention as a marine fuel due to its well-established production, storage,
and transport infrastructure worldwide (Gore, Rigot-Miiller, and Coughlan 2022; Solakivi,
Paimander, and Qjala 2022).
Ammonia can also be used as a shipping cargo by converting hydrogen to ammonia, and
various shipping methods like liquid organic hydrogen carriers, liquid hydrogen, and
compressed gaseous hydrogen receive increasing interest in research, development, and
demonstration. Additionally, studies have assessed the cost-effectiveness and
competitiveness of alternative fuels in maritime transportation, including LNG, methanol,
green hydrogen, and green ammonia (Hansson et al. 2019; Solakivi, Paimander, and Ojala
2022).
Both hydrogen and ammonia can be transported in pipelines, although hydrogen pipelines
are typically smaller and constructed with lower strength steels compared to natural gas
pipelines. Large-scale long-distance hydrogen pipeline systems have been found to be more
cost-effective than other transport scenarios like ammonia, liquid organic hydrogen carrier,
and truck transport (Di Lullo et al. 2022; Nejat Veziroglu, Sherif, and Barbir 2005). Ammonia
pipelines are used in the oil and gas industry to transport hydrogen, and transportation costs
for ammonia, liquid organic hydrogen carrier, and truck transport scenarios are higher than
pure hydrogen pipeline transport (Boak and Kleinberg 2020; Di Lullo et al. 2022; Salmon,
Bafiares-Alcantara, and Nayak-Luke 2021). In the maritime sector, hydrogen, ammonia, and
methanol can be transported via ships using specially designed tankers. Liquid hydrogen
carriers, compressed hydrogen gas containers, ammonia tankers, and methanol tankers are
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used, adhering to safety standards for secure handling during transport (Dincer and Bicer
2018; C. J. McKinlay, Turnock, and Hudson 2021; Song et al. 2022).

Liquid hydrogen, ammonia, and methanol are considered suitable forms for hydrogen
international trade, with several ports ready to facilitate such trade (Chen et al. 2023).
Ammonia is seen as a strong option for the decarbonization of shipping (Inal, Zincir, and Deniz
2022).

Trucks can also be utilized for the transportation of hydrogen, ammonia, and methanol.
Hydrogen can be transported in high-pressure cylinders or tube trailers, while ammonia and
methanol require specialized tank trucks designed for their storage and transportation (C. J.
McKinlay, Turnock, and Hudson 2021; Obara 2019). It is important to follow safety measures
and comply with regulations for handling hazardous materials when transporting these fuels.
Although ammonia transportation costs can be higher, it remains an attractive alternative
due to its insensitivity to transportation plans (You, Kim, and Lee 2023). Furthermore,
ammonia and methanol offer compatibility with existing liquid infrastructure, making them
attractive as hydrogen carriers on a large scale (Abdin et al. 2021).

Transporting hydrogen, ammonia, and methanol through pipelines offers advantages such as
cost-effectiveness, continuous flow, and minimal environmental impact. Hydrogen pipelines
require specific materials and construction techniques, while ammonia pipelines are
constructed to withstand ammonia's corrosive nature. Methanol pipelines are designed to
prevent leaks or spills and may require measures to prevent methanol hydrate formation.
Ammonia pipelines have substantial transport and storage capacities, while ammonia, liquid
methanol, and MCH/toluene are suitable carriers for hydrogen transportation (Papadias,
Peng, and Ahluwalia 2021; Tsiklios, Hermesmann, and Miiller 2022). However, developing and
implementing pipeline infrastructure requires significant investment, planning, and
consideration of factors such as route selection, safety regulations, and environmental
considerations (Papadias, Peng, and Ahluwalia 2021).

Fuel distribution and transportation are complex processes influenced by a range of factors,
including route selection, safety regulations, environmental considerations, transportation
modes, vehicle efficiency, infrastructure, and operational characteristics (Mane, Djordjevic,
and Ghosh 2021). Each of these elements is interconnected, and their careful consideration
is paramount for an effective, efficient, and environmentally conscious fuel distribution
system. Route selection plays a significant role in determining fuel consumption and efficiency
of the distribution process. By carefully planning transportation routes, distances can be
minimized, congestion avoided, and certain road conditions bypassed that might otherwise
increase fuel consumption (Hakimelahi et al. 2016).

Adherence to safety regulations is equally crucial in the fuel transportation ecosystem. These
regulations guide the proper handling, storage, and transportation of fuels to safeguard the
environment and individuals involved (Anderhofstadt and Spinler 2019). These safety norms
help in mitigating risks and ensuring a secure and efficient distribution system.
Environmental considerations also significantly influence fuel distribution and transportation.
The environmental impact of fuel distribution can be minimized by using cleaner fuels,
implementing emission control technologies, and complying with relevant environmental
regulations (Kalghatgi 2019). The goal is to develop a sustainable fuel distribution system that
causes minimal harm to the environment.

The choice of transportation mode—whether pipelines, trucks, or railways—also greatly
affects the distribution of fuel (Mane, Djordjevic, and Ghosh 2021). Each mode presents
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unique considerations in terms of cost, efficiency, capacity, and environmental impact.
Therefore, the decision is often a balancing act of these various aspects.

Moreover, the efficiency of vehicles used for fuel transportation is a critical factor in fuel
consumption. Aspects such as vehicle design, engine technology, and maintenance practices
can all influence fuel efficiency (Kirby et al. 2000; Zargarnezhad, Dashti, and Ahmadi 2019).
Therefore, incorporating efficient vehicles and technologies into the distribution network can
lead to significant reductions in fuel consumption.

Furthermore, the availability and quality of infrastructure, including fuelling stations and
transport networks, influence the efficiency and reliability of fuel distribution. A robust and
well-maintained infrastructure is fundamental to ensure a smooth and efficient distribution
system. An optimal fuel distribution and transportation system must account for all these
factors, ensuring that it operates safely and efficiently, with minimal environmental impact.
The challenge lies in harmonizing these elements to build a sustainable, efficient, and safe
fuel distribution system. Lastly, operational characteristics such as driver behaviour, traffic
conditions, and load optimization can affect fuel consumption during transportation.
Monitoring and optimizing these factors can lead to improved distribution efficiencies and
lower fuel consumption (Mane, Djordjevic, and Ghosh 2021).

3.4.5 Hydrogen (Hz) fuel production
Hydrogen generation can be achieved by various processes based on either thermochemical,
electrolytic, biological, catalytic, or other currently unknown reactions. In the following an
overview of the basic H, generation processes is provided. Some of the processes are already
applied in industrial fuel production technologies and have high TRL others are still a
theoretical and/or lab scale technology.

The Figure 3-15 resents a comprehensive overview of various hydrogen (H,) fuel generation
processes.

Figure 3-15: Hydrogen generation processes grouped by reaction type (Readable version in Annex A).

It categorizes the methods into five main types: Thermochemical, Electrolytic, Biological, and
Catalytic processes.

¢ Thermochemical processes include water splitting through multiple or single
reactions and hybrid cycles.

¢ Electrolytic methods cover alkaline, solid oxide, and polymer electrolyte membrane
(PEM) electrolysis.

e Other processes consider novel and currently unknown theoretical methods.

o Biological processes involve microbial biomass conversion and photobiological
techniques.

o Catalytic processes focus on natural gas purification, photocatalytic methods, and
other unspecified catalytic approaches.
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This classification highlights the diverse approaches available for producing hydrogen fuel,
each with distinct technological pathways and potential applications.

As a first approach technologies which are currently used and have high TRL are used for
pathway evaluation and will be addressed in use cases such as proton-exchange membrane
(PEM) technologies. Once validated, other novel technologies currently having lower TRL but
are promising for future use will be investigated (e.g., photocatalytic).

After this initial screening, the following 3 hydrogen production methods were selected to be
fully considered in the fuel pathway calculations.

1) Hydrogen production by Proton Exchange Membrane (PEM) electrolysis.

This technology is said to increase the production of green hydrogen in the future and can be
utilized for different industrial processes (Acar and Dincer 2022). For water electrolysis the
excess energy from wind or solar power can be utilized. The Proton Exchange Membrane
(PEM) is the most promising kind of electrolyser when using renewable energy sources
because of the short start-up time. Furthermore, a high hydrogen purity can be achieved with
PEM-electrolysis. (Chi and Yu 2018). Table 3-1 and Figure 3-16 show the characteristics of
hydrogen production by PEM-electrolysis.

2) Hydrogen production from biomass by steam gasification.
The production of hydrogen through steam gasification of biomass represents a mature
production technology (Cao et al. 2020). Biomass gasification is a promising technology for
hydrogen production, as the heat requirement for the process can be met using renewable
electricity, thereby ensuring the sustainability of the process. Detailed information is provided
in Table 3-2 and Figure 3-17 where characteristics of hydrogen production via biomass
gasification are outlined.

3) Hydrogen production from biomass by pyrolysis.

Hydrogen production by biomass pyrolysis represents a promising technology (Cao et al.
2020). Hydrogen is recognized as one of the cleanest energy carriers, which can be produced
from renewable biomass as a promising feedstock to achieve sustainable bioeconomy.
Thermochemical technologies (e.g., gasification and pyrolysis) are the main routes for
hydrogen production from biomass. Although biomass gasification, including steam
gasification and supercritical water gasification, shows a high potential in field-scale
applications, the selectivity and efficiency of hydrogen production need improvement to
secure cost-effective industrial applications with high atom economy. This article reviews the
two main-stream biomass-to-hydrogen technologies and discusses the significance of
operating conditions and considerations in the catalytic system design. Challenges and
prospects of hydrogen production via biomass gasification are explored to advise on the
critical information gaps that require future investigations. (Cao et al. 2020; Fahmy et al. 2020;
Puhar Jan et al. 2021).

Under the absence of oxygen biomass is heated at elevated temperatures, inducing the
pyrolysis process where the organic material undergoes thermochemical decomposition. This
process is also known as destructive distillation. It is an irreversible process that results in a
change in the chemical composition and physical state of organic matter (Fahmy et al. 2020)
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Details about the process are presented in the Tables and Figures below.

Table 3-1: Characteristics of hydrogen production by PEM-electrolysis (Shiva Kumar and Himabindu 2019), (Chi
and Yu 2018), (Sollai et al. 2023), (Rouwenhorst et al. 2021)

Hydrogen production by proton exchange membrane (PEM) electrolysis

Water is split into protons, oxygen, and electrons at the anode. With the
proton conducting membrane hydrogen is brought to the cathode.
Hydrogen is produced at the cathode and oxygen at anode side. The
electrons leave the anode via the external power circuit, which supplies
the reaction with continuous voltage. Hydrogen is produced at the
cathode by combining protons and electrons. Figure 3-16 and the
Principle reactions below show the process of a PEM-electrolysis to produce
hydrogen. Reaction (3.1) shows the reaction on the anode side, (3.2) is
the cathode reaction and (3.3) the overall reaction.

1
H,0 —>§02+2H++Ze‘ (3.1)
2HT +2e~ - H, (3.2)
2H,0 - 0, + 4H" + 4e~ (3.3)
Technology electrocatalyst, continuous voltage, membrane electrode assemblies,
requirements | current collectors, separator plates
Input pretreated or pure water, green electricity
Output Hydrogen (Hz), Oxygen (02)
Facility/Factor
y 50-80 kWh/kg, continuous water supply
Requirements
TRL 8-9
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Figure 3-16: process graphic of PEM-electrolysis (Shiva Kumar and Himabindu 2019)

Table 3-2: Characteristics of hydrogen production by biomass gasification (Cao et al. 2020)

Hydrogen Production by Biomass Steam Gasification

nass steam gasification involves the conversion of raw biomass
materials into combustible gases. Biomass steam gasification mainly
contains the reactions of carbon gasification (Eq. 1), water-gas
conversion (Eg. 2), methane reforming (Eq. 3), and hydrocarbon
reforming (Eg. 4). Under the conditions of introducing water vapor,
the hydrogen content in syngas can be further increased by adding
catalysts and absorbents (Schweitzer et al. 2018), (Hernandez and
Martin 2018)

Principle
Eq.1 Carbon Gasification: C + H,0 > H, + CO AH298K = 131 kJ mol™*
Eq. 2 Water-Gas Conversion: CO + H,0 - H, + CO, AH298K = -40.9 kJ mol*
Eq. 3 Methane Reforming: CH, + H,O - 3H, + CO AH298K = 206.3 k) mol?
Eqg. 4 Hydrocarbon Reforming: CaHb + aH,O - a CO + (a+b/2) H,
Gasifier, Feedstock Preparation, Gas Cleaning, Gas Conditioning,
Technology

. Biomass Source and Sustainability, Sustainable Heat & Steam,
Requirements . .
Hydrogen Purifier, Renewable Energy Production

Input Biomass, Green Electricity, Sustainable Steam
Output 30-50 vol% Ha, 25-40% CO, 8-20 vol% CO,, 6-15 vol% CH4 as Syngas

Facility/Factory  Generally, 26.2505 mol kg -biomass (e.g. wood chip 28.30 mol kg?,
Requirement pine sawdust 28.55 mol kg?) (M. J. Khan and Al-attab 2022).
TRL 9
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Figure 3-17 Schematic representation of the biomass steam gasification process for hydrogen production

(Puhar Jan et al. 2021).

Table 3-3 Hydrogen Production from Biomass by Pyrolysis (Cao et al. 2020)

Hydrogen Production from Biomass by Pyrolysis

Principle

Pyrolysis is also considered another thermochemical conversion of
biomass for H, production, as shown in Fig. 10. This method worked
similarly to gasification, but under lower temperatures and with no use
of an oxidizing agent. The temperature range of 400 to 800 C and
pressures reaching 5 bar were considered typical for pyrolysis. Even
though the primary goal of the pyrolysis process was to produce bio-
oil, rapid or flashing pyrolysis under high temperatures along with
suitable residence time might result in the production of H2. Pyrolysis
was divided into three sorts depending on operating temperature:
flash pyrolysis, rapid pyrolysis, and slow pyrolysis. Nevertheless,
because of the lower operating temperatures, gas yields from flash
and rapid pyrolysis were lower than gasification. Most of the products
produced during biomass pyrolysis were CO;, CHs4, H, and CO.
Additionally, some other investigations on woody biomass's slow
pyrolysis were published, in which 42 vol% H2 was reported in the
syngas. Furthermore, it was discovered that increasing the
temperature from 480 - 680 °C could raise the H; yields 8.7 vol% to
45.3 vol% through a fast pyrolysis process and from 9.6 vol% to 28.8
vol% via slow pyrolysis process.

Eq. 1 Biomass Cracking
Biomass = Hy + CO + CO; + CHa + CnHm + Tar + Char + H,O

Eq. 2 Cracking of oxygenated compounds
CnHmMOk - CxHyOz + CaHb + CHs4 + CO + CO2 + C

Eq. 3 Reforming of bio-oil oxygenated compounds
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Technology
Requirements
Input

Output

TRL

CnHmMOKk + (2n-k) H20 = nCO; + (2n + m/2-k) H2

Eq. 4 Water-gas shift
CO +H20 5 CO2 + H;

Eq. 5 Simplified process
Biomass + Heat > H, + CO + CO; + CH4 + Bio—oil + Char

Biomass, Drying unit, Grind unit, Combustor, Pyrolysis reactor,
cyclone, chat collector, quencher, bio-oil storage

Biomass, Green Electricity, Sustainable Heat

Bio-oil, tar including aliphatic and aromatic compounds, phenaols,
aldehydes, and levoglucosan, hydroxy acetaldehyde, hydrocarbon
chains, and water

3-4 (Lanjekar and Panwar 2023)
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Figure 3-18. Schematic representation of Biomass Pyrolysis Process (Tarhan and il 2021).

3.4.6  Ammonia (NH3s) fuel production
Ammonia generation can be achieved mainly by thermochemical, stripping, catalytic or other
currently unknown reactions. In the following an overview of the basic NHs; generation
processes is provided. Some of the processes are already applied in industrial fuel production
technologies and have high TRL others are still a theoretical and/or lab scale technology. The
most predominant production method is based on an electro thermochemical reaction (i.e.,
Haber-Bosch Synthesis). However, due to the high energy demand of primary synthesis of
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NHs, stripping technologies from secondary sources such as industrial effluents, and/or by-
products gets more and more interesting as source material for NHs stripping processes.

The Figure 3-19 provides a detailed classification of various ammonia (NHs) fuel generation
processes.

Figure 3-19: Ammonia generation processes grouped by reaction type (Readable version in Annex A).

It organizes the methods into five primary categories: Thermochemical, Other (unknown),
Catalytic, Stripping, and a miscellaneous category.

e Thermochemical processes include solar thermochemical methods, electro-
thermochemical (such as the Haber-Bosch process), and cryogenic distillation in both
single and multi-step processes.

e Other processes feature novel and currently unknown theoretical methods.

o Catalytic processes encompass biocatalytic, electrocatalytic, and photocatalytic
methods.

e Stripping methods are divided into temperature-based techniques and membrane-
based approaches, which include membrane reactors and membrane distillation.

e Additional processes cover electrolysis, biological methods, and air/CO,-based
techniques.

Figure 3-19 highlights the diverse and innovative pathways available for producing ammonia
fuel, each with unique technological characteristics and applications.

After this initial screening, the following 3 ammonia production methods were selected to be
fully considered in the fuel pathway calculations.

1) Ammonia production by Haber-Bosch synthesis

The most common method to produce ammonia has been the Haber Bosch process for many
years. However, this technology currently uses hydrogen manufactured by fossil fuels and
emits about 1 % of global greenhouse gas emissions (MacFarlane et al. 2020). Therefore, a
green alternative must be found. The most popular green alternative seems to be the
production of hydrogen with electrolysis in combination with the Haber Bosch process and
the N is still produced from cryogenic air separation. Table 3-4 lists the main characteristics
of the pathway.

2) Ammonia production by ion exchange from wastewater
Ammonia can be produced through various advanced technologies that utilize different raw
materials and methods. One notable method is ion exchange using zeolites. This process
involves the use of zeolite materials to selectively adsorb ammonia ions from wastewater.
The use of ion exchange (IEX) systems for the selective removal of ammonium from
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wastewater is becoming increasingly attractive due to its high removal efficiency, low
greenhouse gas emissions, competitive cost, and relative simplicity of operation (Guida et al.
2020). This use case specifically focuses on ammonia production via ion exchange with
zeolites. For further information, please refer to Table 3-5 and Figure 3-21, which outlines the
characteristics of ammonia production via zeolite-based ion exchange.

3) Ammonia production by forward osmosis / membrane distillation from wastewater
Membrane distillation is an innovative process for recovering ammonia from wastewater.
This method uses a hydrophobic membrane to separate volatile ammonia from the water.
The ammonia vapor passes through the membrane, driven by a vapor pressure gradient, and
is then condensed into an acidic solution to form ammonium salts, which can be used as
fertilizer or fuel. Membrane Distillation have received much attention for removal of
ammonia in recent years due to the potentially low energy requirement and large surface
area that facilitates fast separation of the ammonia from the wastewater. This technique is
energy-efficient, operating at lower temperatures than traditional methods, and can be
paired with renewable energy. It offers a sustainable way to both reduce pollution and
recover valuable resources from wastewater, contributing to a circular economy (Guillen-
Burrieza, Muster-Slawitsch, and Moritz 2022).

Details about the process are presented in the Tables and Figures below.

Table 3-4: Characteristics of ammonia production by PEM electrolysis and Haber-Bosch synthesis (Smith, Hill,
and Torrente-Murciano 2020), (Rouwenhorst et al. 2021)

Ammonia production by PEM electrolysis and Haber-Bosch synthesis

H, and N; are synthesized to NHs by the Haber-Bosch process. H; is
produced by PEM-electrolysis, as mentioned above and N; is produced
by cryogenic air separation. The Haber-Bosch process is an exothermic
process, which is driven by a reduction in temperature and a rise in
pressure. High temperatures and pressure are necessary. A complete
conversion of H2 and N2 to NHs is not feasible, therefore recirculation

Principle . . . .
of the not converted reactants in the fuel is required. Equation (3.4)
demonstrates the reaction, that takes place in the Haber-Bosch
process. The pathway is illustrated in Figure 3-20.
1 3
—N, +=-H, - NH,4 (3.4)
2 2
Technology .
. Iron-base catalyst, 15-25 MPa, 400-450 °C
requirements
Input H2, N2
Output NH3
FaC|I|'.cy/Factory 5.92 kWh/kg
Requirements
TRL 6-7
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Figure 3-20: process graphic of Haber-Bosch process coupled with PEM-electrolysis (Rouwenhorst et al. 2021).

Table 3-5: Characteristics of Ammonia production by ion exchange from wastewater (Guida et al. 2020)

Principle

Technology
Requirements

Input

Output
Facility/Factory
Requirement
TRL

Ammonia production by ion exchange from wastewater

Ammonia production from wastewater with ion exchange is actually a recovery
process. It is formed by the reaction of ammonium ions with negatively charged
zeloites/resins. As seen in the equations, the process consists of three steps.
Currently, the most used ion exchange media for ammonium removal is the
natural zeolite clinoptilolite (in the activated Na-form) which has been showed
to have ammonium exchange capacity of up to 19 g NH4 +-N/ kg media (1.1 meq
NH4 +-N/g media) when treating domestic wastewater with
concentration of 27 mg NH4 +-N/L (1.5 meq NH4 +-N/L) and pH 7.7 [5]
Screening and Filtration Units, Zeolite Material (e.g., clinoptilolite, chabazite),
lon Exchange Columns/Beds, pH Monitoring and Control System, Chemically

initial

Resistant Piping and Valves

Wastewater, Zeolites, Regenerant Solution (NaCi), pH adjusting Agent (NaOH),
sustainable Heat&Electric

Ammonia NH3, Treated Wastewater

Natural zeolite clinoptilolite (in the activated Na-form) 19 g NH4 +-N/ kg-
zeolite

8
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Figure 3-21: Schematic representation Ammonia production by ion exchange from wastewater (Guida et al.

2020)

Table 3-6: Characteristics of Ammonia Production by Membrane Distillation from Wastewater

Ammonia Production by Membrane Distillation from Wastewater

Principle

Technology
Requirements

Input
Output
Facility/Factory
Requirement

TRL

Membrane distillation (MD) is an advanced technique for extracting
ammonia from wastewater. It uses a hydrophobic membrane that allows
only vapor to pass through, effectively separating ammonia from the
liquid. The process relies on a temperature gradient: the heated
wastewater (feed) has a higher vapor pressure, driving ammonia vapor
through the membrane to the cooler permeate side, where it condenses
into liquid. This method offers high separation efficiency, operates at low
temperatures, and can utilize waste heat, making it energy-efficient.
However, challenges include membrane fouling and heat loss
management. MD presents a promising solution for sustainable
ammonia recovery from wastewater

Membrane Module (Hydrophobic Membranes), Heat Exchanger,
Condensation Unit, Pretreatment Unit (Filtration of Wastewater),
Insulation, Sustainable Renewable Energy

Waste Water, Heat, Electricity

Ammonia-Enriched Permeate, Treated Waste water,

Average: Municipal wastewater 40mg/L-Ammonium , Livestock
wastewater (e.g., Chicken manure, swine wastewater) 2270 mg/L-
Ammonium , Dairy wastewater 36 mg/L- ammonium (Zhu et al. 2024)
7in 2020/ 9 in 2035 (Membrane Distillation (MD) — Desalplus)
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Figure 3-22 Schematic representation of Ammonia Production by Membrane Distillation from Wastewater
(Moradihamedani 2020)

3.4.7 Methanol (CH3OH) fuel production

Similar to the other two fuels, methanol is mainly produced by fossil fuels to this day (Sollai
et al. 2023). Carbon dioxide can either be captured from the air or exhaust gas from power
plants, or it can be sourced from biomass. Since the amount of CO; in the air is low and carbon
capture has therefore high costs, for the first pathway for methanol, biomass was used for
the carbon source.

Methanol synthesis is conducted with syngas produced from natural and biogas reforming or
by gasification technologies.
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Figure 3-23: Methanol generation processes grouped by synthesis type.

Figure 3-23 illustrates the various pathways for methanol (CHsOH) fuel generation, depicting
a schematic flow from the initial synthesis unit to different processing routes.

e The synthesis unit, represented at the center of the diagram, divides into two main
pathways: Gas Reforming and Gasification.

o Gas Reforming is further divided into three sub-processes:
* Natural Gas Reforming (2-step process)
= Biogas Reforming (2-step process)
= CO, Capture (2-3 step process)

o G@asification is also split into two distinct processes:
» Coal Gasification (3-step process)
» Biomass Gasification (3 or 4-step process)

Highlighting the different technological approaches available for methanol production from
various feedstocks, such as natural gas, biogas, CO,, coal, and biomass. This classification
emphasizes the diverse and complex methodologies involved in methanol fuel generation.

After this initial screening, the following 2 methanol production methods were selected to be
fully considered in the fuel pathway calculations.

1) Methanol production by biogas conversion
The production of Methanol by biogas conversion can be coupled with upstream PEM-
electrolysis. Table 3-7 includes the characteristics of the methanol pathways.

2) Methanol production from CO; Utilization from industrial effluents
Methanol can be produced through a variety of technologies utilizing disparate raw materials.
These methods include carbon capture from flue gas, utilization of industrial effluents, and
hydrogen production from alkaline electrolysers. At present, Carbon Capture and Utilization
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(CCU) has emerged as a promising and multifaceted strategy to address carbon emissions.
(Ekemezie and Digitemie 2024). The production of methanol through the -catalytic
hydrogenation of CO2 captured from industrial effluents is a mature production technology.
This use case focuses exclusively on the production of methanol via CO2 utilization and
hydrogen production from alkaline electrolysers. CO2 utilization for methanol production is a
promising technology, as the hydrogen requirement for the process can be met with
renewable electricity (Ferndndez-Gonzalez 2022) thereby ensuring the sustainability of the
process. For further information, please refer to Table 1, which outlines the characteristics of
methanol production via CO2 utilization and hydrogen production from alkaline electrolysers.

Table 3-7: Characteristics of methanol production by biogas conversion coupled with PEM-electrolysis (F. Xu et
al. 2018), (Zuloeta Bonilla and Bhandari 2022) , (Adnan and Kibria 2020)

Methanol production PEM electrolysis and biogas conversion

As well as for the other two fuels, hydrogen is produced by PEM-
electrolysis. The CO; is derived from biomass by anaerobic digestion.
Anaerobic microbes can convert different types of biomasses into
biogas. H; and CO; are pressurized to 6.9 MPa, heated up and
combined in a 1:3 ratio to methanol, by methanol synthesis while

Principle . ) .
water is produced. Equation (3.5) shows the reaction of methanol
synthesis and Figure 3-24 illustrates the whole pathway.
C0, + 3H, - CH;0H + H,0 (3.5)
Technology 500-725 °C, 2.9 MPa
requirements
Input H», CO
Output CH30H, H.0

Facility/Factory
Requirements

TRL 8

0.16 kWh/kg

Figure 3-24 presents a system integrating water electrolysis, biogas upgrading, and methanol
production processes. The figure illustrates the process flow, where hydrogen is produced via
water electrolysis and then directed to the methanol production stage. Concurrently, carbon
dioxide (CO2) obtained from biogas upgrading also feeds into the methanol production stage.
In the biogas upgrading stage, biogas is separated into biomethane and CO2. The extracted
CO2 is then combined with hydrogen in the methanol production stage, leading to the
synthesis of methanol.
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Figure 3-24: Process graphic of Methanol production by biogas conversion (Baena-Moreno et al. 2020).

The Table 3-8 provides a detailed overview of "Methanol Production from CO2 Utilization
from Industrial Effluents," highlighting the principal technology requirements, inputs,
outputs, facility requirements, and Technology Readiness Level (TRL). This table offers
comprehensive insights into the key components and technologies necessary for efficient
methanol production.

Table 3-8: Characteristics of Methanol Production from CO2 Utilization from Industrial Effluents (Khojasteh-
Salkuyeh et al ., 2021)

Methanol Production from CO; Utilization from Industrial Effluents

Methanol production from CO; utilization involves capturing carbon
dioxide from industrial emissions and converting it into methanol using
hydrogen. The process begins with CO; capture from flue gases or other

Principle industrial sources. Hydrogen, generated through alkaline electrolysis
powered by renewable energy, is then reacted with the captured CO;
in a catalytic process to produce methanol. This method not only
recycles CO, but also leverages renewable energy, offering a
sustainable solution for methanol production. Key benefits include
reduced greenhouse gas emissions and energy efficiency, although
challenges such as optimizing the catalytic process and ensuring
economic feasibility remain.
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Technology CO; Capture Systems, Hydrogen Production via Electrolysis,
Requirements Renewable Power Supply, Methanol Synthesis Reactor, Separation
and Purification Units, Geological Storage Area.

Input CO;, H;0, Renewable Electricity, Catalyst, Process Chemicals,
Output CHs0H, H20, H3, O, Unreacted CO;
Facility/Factory 1mol CH30H/44 gr CO2 / 1mol CH30H/6 gr H»
Requirement
TRL 1-93

The Figure 3-25 illustrates a sustainable process flow for methanol production from captured
carbon dioxide (CO2). It begins with CO2 emissions from extractive industries, which are
captured and stored. The stored CO2 is then combined with hydrogen (H2), produced using
renewable energy sources, in the methanol production stage. The resulting methanol can be
used as a fuel or chemical feedstock, contributing to sustainability by recycling CO2 emissions
into valuable products.

g CO ' Sus(dilldl‘-i“ty """"""""""""""""""""" b
X ' CO '* 4
- - ﬁ‘j @ |

CO, = = CcO ‘1t Methanol ﬁ A
- 2 = — bl [ X
] - 1| I | — aay @
- = = S~
. Extractive G B £ 21! ‘ |
. Industries et ; |
- Carbon Captureand ~ Methanol i

Storage Production

Figure 3-25 Schematic representation of Methanol Production from CO2 Utilization from Industrial Effluents
(Peppas, A etal ., 2023)

For all three pathways mentioned above, high amounts of water are needed for the PEM-
electrolysis. However, there are certain areas that do not have enough available freshwater.
This must be considered when looking for a place to produce hydrogen. Especially the Middle
East, North Africa, Sub-Saharan Africa and multiple countries in Asia are predicted to suffer
from severe water shortages in the coming decades (Baggio, Qadir, and Smakhtin 2021).

3 https://www.gigkarasek.com/blog/co2-verwertung-methoden-herausforderungen
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4. Methods and materials used for multifuel pathway
generation and quantification.

4.1 Development of a generic structural diagram for multifuel pathways
For visualization and conceptualization of a multifuel pathway including the definition of
requirements, a structural diagram was produced followed by iterative evaluation following
the methods below.

An internal literature database was set up for literature screening and collection by screening
online literature databases (i.e., SpringerLink, ResearchGate, Google Scholar, ScienceDirect,
etc.). Therefore, a keyword list and search strings were generated. Some examples for
keywords are as follows: “SOFC”, “multifuel”, “ammonia”, “green ammonia”, “hydrogen”,
“green hydrogen”, “fuel pathway”, “fuel supply chains”, “methanol”, “green methanol”,
“sustainable fuels”, “green fuels”. The literature screening results were stored in a reference
management software (Zotero, Corporation for Digital Scholarship), compiled, and prepared

for internal workshops to build up an initial generic multi fuel pathway.

Internal workshops were set up within AEE INTEC with a minimum participation of two
persons for brainstorming and envisioning pathways for multifuel for the shipping industry.
The workshops were held at AEE INTEC in Gleisdorf, Austria or online between October 2022
and June 2024, with following development steps:

1. Whole Value Chain Development: The first workshop aimed to develop a
comprehensive depiction of the multifuel value chain, covering technical architecture
and supply systems for hydrogen (H2), ammonia (NH3), and methanol (CH30OH). This
required internal coordination and input from partners.

2. Fuel Pathway and Production Methods: A key focus across workshops was the
development and refinement of structural diagrams for fuel pathways, starting with
brainstorming and then evolving into drafts, including TRL (Technology Readiness
Level) and state-of-the-art production methods for each fuel.

3. Identification of Unknowns and KPIs: Further workshops revolved around identifying
knowns and unknowns regarding the technology design, and developed KPIs to
measure progress, especially concerning WP interfaces and partner collaboration.

4. Creative Methods for Collaboration: Methods included face-to-face brainstorming
and online meetings, emphasizing collaborative, creative techniques to establish fuel
pathways and concepts.

5. Diagram and Conceptualization Refinement: Over time, the structural diagram of fuel
production processes was updated, especially with inputs from project partners like
ATENA and WUT, leading to Version 2 and 3 of the diagram.
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6. Emerging Technology Use Cases: Actions post-workshops focused on conceptualizing
and defining use cases for emerging technologies, building a database of parameters
and equations, and writing use cases in line with tool development.

7. Parameterization and Database Building: From April 2023, the focus shifted to
parameterizing the use cases and developing a detailed database to support the
optimization models and tool development in Task 1.3.

This process reflects an iterative, collaborative approach to understanding and optimizing
multifuel technologies for maritime applications.

The current version of the fuel structural diagram can be found below (Figure 4-1), the version
history can be found in the Annex (Annex A). The structure allows repeating sub-processes
such as “transport-storage-transport” structures and tracking of input and output variables
and parameters throughout the fuel pathway.

@FuelSOME 2024 53



[D1.2 ‘B: Technology concept design for a multifuel SOFC system including final report
on specifications of suitable green fuels and qualities for SOFC’]

Electric Motor (On Ship)

f

SOFC System

gt
Eneray =

Outout:

eneray =2, 7E)

input

[(oripoe

6D
fiem 2
ftem 2

fiem 3

f

'SOFC MFP (Muttiiuel Processor)

[~+—(4) Powertrain Technology

I

Fuel Storage (On Ship)

Solid
Liguig
Gassous

Statanzry, Mesis | Brassunzss Snen Term, Long Term stz

f

Fueling Station

Vuthus (Goang. mng Dendng. purhacton. soncentratar.
pressunzaton, sapressinzaton, ghase vanster, ste

Quanity
Time, Velocity

Structural and Safety Requirements

f

Fuel Storage (Port]

Solid
Liguid
Gaseous

Stationary, Meoie . Pressurzed. Shor Term, Lang Tem, et

{+—(3) Transport, Storage, Distribution

!

Fuel Transport

Land (Train, Truck, etc.)
Water (Ship, etc.)

Alr (Plane)

Structure (Pipeiine, etc )

[outpue
Fuel
Sesondary Produsts
Emissins. &,

Fuel Storage (Production Site)

Solid
Liquid
Gaseous

Stationary, Mebie, Pressurized, Short Temn, Lang Term, ek

f

Fuel Production Method

Depending on Fuel Type
Depending on Feedsiock
Depending on Quallly

Depending on Quantty

{-+—(2) Processing Technology

f

Fuel Production Frocess

Depending on Fuel Type
Depending on avaiiable Resources
Depending on Industry

Depending on CAPEX (ROI), OPEX (TCO)

I

Feed Stock Storage

Solid
Liguid
Gaseous

Short Term, Long Term, etc.

5

Feed Stock Transport

Lang (Frain, Truck, etc.)
Water (Ship, etc.)
Air (Plane)

Structure (Pipsine, eic )

¥

loutput
Prmary. Seconcary

Fead Stock Source / Generafion

Material Flow (G. H. N. 0, H20. oer)

Zrer

e e

‘Source of Feed Stack (Primary, Secondary. Fossi, Renewable.

FuelS— ME

Figure 4-1. Main structure of fuel pathway structural diagram including details on (1) feedstock, (2) processing
technologies, (3) transport, storage, and distribution, for complete figure can be found in the Annex A.
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4.2 Selection of fuel production technologies
After the development of the generic structural diagram, 8 fuel production technologies were
selected to be included in the fuel pathway calculation:

e 3 hydrogen production methods (chapter 3.4.5)

e 3 ammonia production methods (chapter 3.4.6)

e 2 methanol production methods (chapter 3.4.7)

Input and output variables and parameters were identified and defined for each of the
components (1-4) as indicated in Figure 4-1, in agreement with the modelling approach
required for Task 1.3 and WP4. The definition of input and output parameters for each of the
fuel pathway components allows for traceability and quantification throughout the fuel
production process and supply chain.

Based on that use cases were developed with the fuel production methods as the key
component with various storage and transport technologies to show variability of the use
case applicability (chapter 4.6.2).

4.3 Fuel specification
Hydrogen, which is the most common element in the universe, has no colour, scent, or taste.
Furthermore, other than petroleum-based fuels, the molecular structure is simple, and the
molecule is small. At gaseous state, the density of hydrogen is small, which makes liquification
a process with high energy usage. This is a disadvantage for hydrogen as a fuel. Also, it is not
readily available naturally in consumable quantities. Most of the time it is bonded with carbon
or oxygen (Mazloomi and Gomes 2012).
Ammonia consists of hydrogen and nitrogen, making it carbon free. The fuel is not flammable
in the air, which reduces the risk of a possible explosion or a fire. The biggest disadvantage of
ammonia is the high toxicity. Only small amounts of contact can result in loss of
consciousness. For this reason, direct contact must be avoided when storing larger amounts.
In addition to that, ammonia is corrosive, therefore this has to be accounted for when storing
the fuel (C. McKinlay, Turnock, and Hudson 2020).
In its unmodified state, methanol is a toxic and corrosive, sulphur-free and liquid fuel.
Furthermore, it has a low flash temperature of 11 °C. That does not conform to the Safety of
Life at Sea Convention (SOLAS) (N. R. Ammar 2019). When storing methanol, a sealed
container must be used, since the fuel is able to absorb moisture from the atmosphere. It is
also corrosive to some metals, for example aluminium, copper, zinc, titanium. In addition to
that plastics, resins and rubber could be damaged (IRENA and Methanol Institute 2021).
Table 4-1 shows the lower heating value (LHV) and higher heating value (HHV) for the target
fuels. The HHV and LHV for hydrogen are higher compared to the other two fuels. However,
this is only the case, comparing the masses. Heating values, referring to the volume of the
fuels, are lowest for hydrogen and highest for methanol with ammonia being situated in
between.
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Table 4-1: LHV and HHV of fuels (College of the Desert 2001), (Barelli, Bidini, and Cinti 2020)

Energy content Energy density
HHV in kWh/kg LHV kWh/kg HHV in kWh/m3 LHV in LHV in kWh/m?3
Fuel 3
kWh/m

gas at 25 °Cand 1 atm liquid liquid gas at 15 °Cand

1 atm

H2 39.40 33.40 2810 2360 3
NHs 6.25 5.18 4250 3160 N/A-
CH3OH 5.54 5.01 5056 4360 N/A-

The preliminary fuel specifications for the target SOFC system are stated below. Note that
different aggregate states of the fuels may influence the target fuel specification and/or the
refinement requirements at the fuelling station.

For defining the required fuel and air quality specification for the use in the SOFC system,
project partners VTT, ELCOGEN and AVL were contacted. After careful consideration of
current fuel standards and norms and after screening the provided documents, the fuel
specification below was compiled.
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Table 4-2. Fuel specification for the different fuels for the target SOFC system.

Fuel specification*

Parameter Unit min Max Notes
CxHyz (hydrocarbons
heavier than methane x>1
: ppm 10
and Z is element or group
of elements)
\c/(?rﬁzou(r‘v(;);)a‘tlle organic ppm (10)** either CxHyZ or VOCs
Sulfur compounds ppb 30
Si ppb 5
cr b 100 100 ppb cumulative for all
bp halogen compounds
E- b 100 100 ppb cumulative for all
bp halogen compounds
Air specification***
Flow rate NI/min 200 500
Water vapor mol-% 15
CO; ppm 450
Siloxane ppb 5
Sulphur compounds pg/m3 10
% (of Not necessarily a
(o) .
Bypass air flow total air 20 requirement on the gas
supply) stream but more on the
system/stack module
Not necessarily a
Flow uniformity in stack % 99 >99 requirement on the gas
inlet ° (recommended) | stream but more on the

system/stack module

*Fuel impurities through analysis in accordance with 1ISO 12185 or ISO 4260

** Valid for either CxHyZ or VOC

***Air impurities through analysis in accordance with EN 15259:2007
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According to the above stated specification, a total of < 10.135 ppm of elemental impurities
are allowed translating into a theoretical target fuel quality of > 99.9989865% or the
equivalent of a 5.0 gas purity (i.e., 99.999%).

4.4 Fuel norms and standards
In the following, current fuel standards regarding the three target fuels are listed including
their fuel specification and new standards which are currently under review.

4.4.1 Hydrogen
ISO 14687:2019 Hydrogen fuel quality — Product specification (current standard)
In 2018, China set the GB/T 37244-2018 Fuel Specification for Proton Exchange Membrane
Fuel Cell Vehicles—Hydrogen standard, which follows ISO 14687-2:2012 and SAE J2719-
201511 standards, regulating fourteen impurities as stated below.
The 1SO committee for H, energy, 10S/TC 197, issued the I1SO 14687:2019 standard and
combined three H> fuel cell-related standards, such as ISO 14687-1, ISO 14687-2, and 1SO
14687-3. The I1SO 14687:2019 standard lists two types, “ll Liquid” and “lll Slush” and two
grades “C” and “D” depending on the application. The specification for Il Liquid and Grade D
is summarized in Table 4-3 (Du et al. 2021; International Organization for Standardization
2023).
Compared to the fuel specification of the target SOFC system (Table 4-2), the specification of
ISO 14687 :2019 for H; is lower and may currently not fulfil the SOFC specification. However,
in previous versions of the ISO 14687 (ISO 14687-2:2012) specifications for H, fuel usage were
initially higher, allowing much lower contaminant concentrations especially for H,O (5
umol/mol) and formaldehyde (0.021 pmol/mol) (Brown, Murugan, and Brown 2015).
However, according to the ISO 14687:2019 standard, the SAE (Society of Automotive
Engineers) issued the SAE J2719-202003 standard in 2020, which extended the limit of CHa,
Nz, Ar, and HCHO impurities.

4.4.2 Ammonia
In 2020, at the Ammonia Energy Conference, a draft standard specification was proposed,
mirroring the ammonia grades currently available on the market. It was discussed that a
future fuel grade ammonia may be situated at or below C-grade in terms of purity. Purities
are summarized and listed below (‘A Fuel Standard for Ammonia: Panel Wrap-up from the
Ammonia Energy Conference 2020 — Ammonia Energy Association’ 2020).

e Premium or Metallurgical (Met-grade) ammonia 99.995%
e Refrigeration (R-grade) ammonia at 99.98%
e Commercial or Agricultural (C-grade) ammonia at 99.5%

Comparing the suggested ammonia purity with the requirements specification of the SOFC
system in Table 4-2 it is evident that the quality requirements cannot be met by any of the
above-mentioned grades available on the market and suggested for current standardization.
Further intensive purification methods are required upon fuelling the reformer and SOFC
assembly.
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Table 4-3: Fuel quality specification for PEM fuel cell road vehicle application according to (International
Organization for Standardization 2023) Table 2, page 4f and (Du et al. 2021)

Hz Fuel Standards
1SO 14687:2019 GB/T 3634.2-2011
SAE J2719-
202003
Parameter Unit Type |, Type ll, Pure H2 High pure H: Ultrapure
grade D H2
Hydrogen content % 99.97 99.99 99.999 99.9999
Total non-hydrogen gas | umol/mol 300 N/A 10 0.5
Maximum conc. Of
individual contaminants
H.0 pumol/mol 55 10 3 0.5
Total hydrocarbons
except methane pumol/mol 2 10 1 0.2
CHa pumol/mol 100
02 umol/mol 5 5 1 0.2
He pumol/mol 300
N2 umol/mol 300 60 5 0.4
Agreed by Agreed by
Ar pumol/mol 300 supply and supply and 0.2
demand demand
CO: pumol/mol 2 5 1 0.1
co umol/mol 0.2 5 1 0.1
S (total) pumol/mol 0.004
Formaldehyde (HCHO) | pmol/mol 0.2
Formic acid (HCOOH) pumol/mol 0.2
Ammonia (NH3) pumol/mol 0.1
Halogens.(Hangen lon umol/mol 0.05
equivalent)
Maximum part'lculate me/ke 1
concentration
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4.4.3 Methanol

The I1SO / AWI 6583 “Specification of methanol as a fuel for marine applications” standard for
methanol is currently under development due to the initiative of the IMO Maritime Safety
Committee (MSC) who invited ISO at the 99t session of the MSC meeting, held in 2018, to
develop such a standard for methyl/ethyl alcohol as a fuel. Even though initially some
concerns for methanol on lack of sufficient experience as a marine fuel were expressed, the
ISO is willing to develop such a standard and is currently working on it.

Additionally, the Chinese Classification Society (CCS) officially released the Guidelines for
Ships Using Methanol/Ethanol Fuel in 2022. Even though the standard document reports on
requirements for materials, pipe design, fuel containment systems fuel bunkering,
methanol/ethanol engines, electrical, ventilation etc. no specification on fuel specifications
are stated (China Classification Society 2022).

4.5 Fuel refinement for usage in SOFC (Subtask 1.2.2)

Between the steps of the different pathways fuel impurities, like siloxane, sulphur or chlorine
can occur. These have negative effects not only on the synthesis of ammonia and methanol
but also on the SOFC. The lifetime of the fuel cell stack and the reformer could be decreased,
and the fuel cell efficiency could be reduced because of the impurities. For those reasons gas
clean-up sections are necessary at different parts of the fuel pathway (Lanzini 2017).

One of the main objectives of WP1 is identification and definition of the requirements for pre-
conditioning and/or fuel pre-processing (Task T1.2). Below this problem is illustrated for
methanol.

4.5.1 Hydrogen
Hydrogen purification can be classified being either based on physical or chemical methods.
The main methods are summarized below (Du et al. 2021).
1. Physical methods include:
e Adsorption methods:
o Pressure swing adsorption (PSA)
o Temperature swing absorption (TSA)
o Vacuum adsorption
e Low-temperature separation methods:
o Cryogenic distillation processes
o Low temperature adsorption
e Membrane separation methods:
o Inorganic membranes
o Organic membranes
2. Chemical purification methods include:
e Metal hydride separation
e (Catalytic methods

While removing specific impurities is key for Hy purification for usage in SOFC, a single
purification method may not archive the specification of the SOFC model system. However,
PSA for example is a universal method that can be applied to remove most contaminants.
Also, hydrogen permeable membranes may be applied to efficiently remove gases such as
CO, CO3, N3, CHa4, and water H;O0.
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Low-temperature adsorption can treat and remove multiple impurities, such as sulphide,
HCHO, and HCOOH, yet it has high energy consumption and underlies a complex process
which is applicable only for small-scale and cold source applications.

For targeting removal of N, argon, and other inert gases metal hydride separation can be
used.

Overall, the existing H; purification methods are limited to some extent and for fulfilling the
SOFC fuel specification multiple purification technologies need to be applied and/or adopted
(Du et al. 2021)

4.5.2 Ammonia
Hydrogen used for NH3 synthesis can include impurities like O2 and H,0, which have negative
effects on the iron-based ammonia synthesis catalyst. After hydrogen production from
electrolysis a reductant is used to remove these impurities. Also, small amounts of argon may
be included in the nitrogen from cryogenic air separation. However, the removal of argon has
only a small advantage to efficiency of the Haber-Bosch process due to circulation of
nonconverted reactants it is accumulating. (Laursen et al. 2022)

4.5.3 Methanol

Considering methanol as a very promising on-board fuel for fuel cell-powered vehicles and
ships, the feedstocks and its production methods should be taken into account and evaluated.
Different aspects of methanol usage as an energy carrier are discussed in many details in the
review by (Simon Araya et al. 2020), where a special attention is paid to renewable production
methods.

Schematic diagram of the production and utilization of methanol is shown in Figure 4-12
where it is visible that independent on the production technology a crucial step before
supplying the fuel to SOFC stack is evaluation of its purity and comparison it to purity
requirements. Depending on the results of this comparison a preconditioning and/or
preprocessing method must be conducted.
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Figure 4-2. Schematic diagram for production and utilization of methanol as a fuel for SOFC (Molga,

Cherbariski, et al. 2024)

In Table 4-4 the requirements related to fuel purity for the produced SOFC stack are shown.
Operating conditions for stack operation are divided into four logical regions: - initial heating,
heating/cooling under reducing conditions, initial stack loading, and nominal loading. It
should be distinguished, that for any region very strict fuel purity requirements are
recommended by the producer —i.e., the maximal content of sulphur is restricted to 30 mol-
ppb while the maximal content of hydrocarbon derivatives CxHyZ to 10 mol-ppm, respectively.
This observation indicates both the analytical methods as well as preconditioning methods as
for such small allowable limiting contents of impurities a special analytical and purification

methods should be employed.
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Table 4-4. Fuel purity requirements recommended by the SOFC stack producer (Elcogen 2020)

Initial heating Heating/cooling Initial of stack Nominal loading

under reducing [LELIT
conditions

Temperature ambient — 300 *C 550-700°C 570-700°C
| region®

Current oA oA 0-20A 20—-30A
Current change rate  N/D N/D 1A/min 1A/min
Minimum voltage N/D 100 v a5V 83v

{can be up to 150 V)
Temperature 120°C/h 120 °C/h 120°C/h 120 °C/h
change rate
Maximum 100 °C 100°C 100 °C 100 °C
temperature
difference’
Air; flow rate 150 — 500 NI/min 150 — 500 NI/min? 150 — 500 MNI/min? 200 - 500 NIfmin?
Air; max humidity* 1.5 mol-% 1.5 mol-% 1.5 mol-% 1.5 mol-%
Air; max CO:z 450 ppm 450 ppm 450 ppm 450 ppm
content®
Air; max sulfur 10 pg/m? 10 pg/m? 10 pg/m? 10 pg/m3
content®

Initial heating Heating/cooling Initial of stack Nominal loading

under reducing [LELIT
conditions

Fuel; flow rate balance pressure Jifaradic) = 3 maximum( Uuzl = 40 — 70 %
(faradich)? (g o) drop, use reducing [ffarads] = 1541

gas [Usuet = 35 = 55 %] )
Fuel; oxygen-to- No carbon min 2.5 min 2.5 min 2.0
carbon ratio (0/€)®  containing fuel

should be used
Fuel; methane No carbon max 0.50 max 0.55 max 0.65
content (DIR) 1® containing fuel

should be used
Fuel; max sulfur 30 mol-ppb 30 mol-ppb 30 maol-ppb 30 maol-ppb
content!!
Fuel; max C.H,Z 10 mol-ppm 10 mol-ppm 10 mol-ppm 10 mol-ppm
content 12
Maximum working 50 mbar(g) 50 mbar{g) 50 mbar(g) 50 mbar(g)
pressure
Maximum pressure 10 mbar 10 mbar 10 mbar 10 mbar
difference®

1 Determined from all stack temperature measurements.
2 Determined as: A7= maximum (stack temperature measurements) - minimum(stack temperature measurements)
3 To be used to balance other restrictions, i.e. heating rate, maximum temperature difference, pressure difference
4 Determined as the maximum of a daily average measurements.
5 Determined as the maximum of a daily average measurements
6 Determined as the maximum of a daily average measurements. All sulfur compounds are counted together.
7 Faradic equivalent current:

/faradic): ycm(stack in)/ 0.205 + yco(stack in)/ 0.821 + sz(stack in)/ 0. 821,‘ [yl{stack "")]=Nl/min
8 Fuel utilization: yuer ff Maradic)
9 Oxygen-to-carbon ratio: 0/€= {szo(stack in)/ yco(stack in) +2 ycoz(stack in) }/{%H4{5t‘7€k in) 4 yco{stack in) 4 ycoz(stack in)},- [

pfstack in)]=N|/min

10 Degree of internal reforming: D/R=8 Vepystockin) /{8 Prpqfstackin) + 2 Pryfstackin) 4.2 [, (stackin) L. [ p/fstackin)|=N| /min
11 Determined as the maximum measurement
12 Determined as x> 2, y > 2. Cis carbon, H is hydrogen and Z is any type of element or compound.
13 Determined as: Ap=max (pfuel(stuck in) ; ﬁair(Sth in)) — min (p/m,/sm:/(out) ;pd”(smrkout))

Purity specifications for methanol

Choice of methanol purification method depends on the production method employed as
well as used feedstocks. However, nowadays the commercial grade A of methanol is
sufficiently pure for practically all synthetic uses and for its use as a solvent, except for very
specific requirements (Marcus and Glinberg 1985). This is a case as above when methanol is
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used as a fuel for SOFC stacks for which strong specific purity requirements are given in Table
4-4. Asis indicated in Figure 4-2. A crucial problem is comparison such excessive requirements
to available methanol purity.

Specifications of different manufacturers for their methanol products are listed in Table 4-5,
where they are compared to the ACS standards. It can be observed that all producers provide
quite a good purity of methanol, however these specifications concern analytical grade fine
chemicals. An important conclusion is also that no presence of sulphur, which is crucial for
fuel cell applications, is indicated.

Table 4-5: Specifications for commercially available methanol (Marcus and Glinberg 1985)

Ty ACS Manufacturer
standards Merck Fluka ’ Baker | AnalaR
maximal content in ppm
Free acid 20 20 25 20 9
Free alkali 3 3 1 2 2
Chloride 0.5
Heavy metals 0.1 0.5 1
Magnesium 0.1
Ethanol 1000
Acetone 10 100 10 5 50
Formaldehyde 1 10 5
Chloroform 50
Water 2000 500 500 300 1000
Nonvolatile 10 10 20 3 10
substances

However, in the current times it is good to base on regularly updated recommendations of
the International Methanol Producers and Consumers Association (IMPCA). The current
IMPCA Methanol Reference Specifications, updated in July 2021, can be found on the IMPCA
website (IMPCA 2021) where as many as 18 specifications are characterized — i.e. a given
physico-chemical property and/or acceptable concentration of any impurity is described
guantitatively and also standardized analytical methods to determine this are indicated.
These reference specifications are listed in Table 4-6.

Table 4-6: Methanol reference specifications recommended by the International Methanol Producers and
Consumers Association — (IMPCA 2021)

Test Unit Limiting value Analytical Method
1. | Appearance - Clear and free from IMPCA 003
suspended matter
2. | Purity on dry basis % w/w Min 99.85 IMPCA 001
3. | Acetone mg/kg Max 30 IMPCA 001
4. | Ethanol mg/kg Max 50 IMPCA 001
5. | Colour Pt-Co Max 5 ASTM D 1209
6. | Water % w/w Max 0.100 ASTM D 5386
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7 Distillation range at 760 oC Max 1.0 ASTM D 1078
mmHg

8. | Specific gravity 20°C - 0.7910-0.7930 ASTM D 4052

g, |Potassium permanganate | . .. Min 60 ASTM D 1363
time test at 15°C

10. | Chloride as CI- mg/kg Max 0.5 IMPCA 002

ASTM D 3961

11. | Sulphur mg/kg Max 0.5 ASTM D 5453

12, | Water miscibility | _ Pass test ASTM D 1722
(hydrocarbons)

13. | Carbonisables Pt-Co Max 30 ASTM E 346

14. | Acidity as acetic acid mg/kg Max 30 ASTM D 1613

15. | Iron in solution mg/kg Max 0.10 ASTM E 394

16. | Non-volatile matter mg/1000ml Max 8 ASTM D 1353

17. | TMA - TMA test ASTM E 346

18. | Aromatics - UV-scan IMPCA 004

Comparing purity requirements for SOFC application (Table 4-4) to the indications given by
the IMPCA in Table 4.6 it should be expected that the majority of methanol on the market
does not meet so strong demands. This is because the sulphur content in methanol for SOFC
applications is limited by SOFC stack producers to even 30 mol-ppb (Elcogen 2020), while the
limiting sulphur concentrations in methanol recommended by the IMPCA is equal to 0.5
mg/kg, which is equivalent to 500 mol-ppb. Because of that methanol for SOFC applications
should be always carefully analysed and pretreated before using.

The main impurity of methanol is water, so from this point of view and considering that
methanol is a good solvent for electrolytes, a content of dissolved salts in methanol becomes
an important issue. Generally, electrolytes which are well soluble in water are with some
exceptions also soluble in methanol. The solubilities of some salts of the alkali metals in
methanol are shown in Table 4-7.

Table 4-7 Molal solubilities in [mol/kg MeOH) of some salts of alkali metals in methanol at 25°C (Marcus and

Glinberg 1985)
F Cl- Br I NO3" COs* S04
Li* 0.0068 4.95 3.95 VS 6.23 0.0075 0.0115
Na* 0.0055 0.240 1.56 4.17 0.345 0.0293 0.0008
K* 0.394 0.071 0.175 1.029 0.0376 0.447 3107
Rb* 0.111
Cs* 0.215 0.0121

vs — very soluble

An age-old question discussed in the literature is: does silica dissolve in methanol? which is
particularly important for flush column chromatography, however it can be also relevant for
utilization of methanol as a fuel for SOFC. It can be found a lot of information that silica is
dissolving in the methanol, although in the work of (Bickler 2023) basing on the series of tests
the opposite observation is reported.
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However, purity of purchased methanol is very important it can be considered only as a
starting point. Because a lot of operations — e.g., transportation, storage, and fuelling — are
carried out on the way from producer to fuel cell stacks, more profound and detailed analysis
of the methanol fate on this way is necessary.

To effectively estimate the purity of methanol a key issue are analytical methods employed
at any stage of its way from the producer to fuel cell stack. They should be rapid and accurate
as well as easy to use and appropriate to the stage at they are applied.

The simplest way to check for methanol purity is to measure its density, which is accurate
enough for crude methanol to determine significant amounts of water present in it. Other
methods used for the determination of water in methanol depend on its concentration.

For the determination of the residual impurities in methanol (till ppm’s concentrations) gas
chromatography is best for detection of organic impurities, while flame less atomic
absorption for heavy metals (Marcus and Glinberg 1985). However more complex methods —
such as HPLC and/or HPLC-UV-MS methods (N. E. Spingern, Garvie-Gould, and Vuolo 1981)
and SPE method (solid phase extraction) (Poole 2003) can be here also employed.

Methanol purification methods

Despite several technologies having been developed for methanol synthesis, post-production
treatment is fundamental for obtaining a high purity methanol stream. Purification of crude
methanol is generally carried out by distillation. In industrial and analytical practice methanol
purification processes usually include removal of water and organic impurities, production of
conductivity-grade solvent and removal of bases and heavy metals.

Distillation, which is an immanent element of methanol production, is widely employed and
is exhaustively described in the literature of subject. In numerous articles and patents
dedicated to this subject, see (Zhang, Liang, and Fen 2010; Pinto 1980; Fiedler et al. 2002;
Villegas, Vidaurre, and Gottifredi 2015; Luis et al. 2014; Moioli and Pellegrini 2021; Rocha et
al. 2017), effectiveness of purification process as well as economic analysis are taken into
account as distillation process consumes significant amount of energy. These works focus on
the optimization of the process, with the study of possible modifications for obtaining energy
saving and the selection of the best one based on a techno-economic analysis as well as from
technical and an environmental point of view.

In some cases special cases, e.g. when specific impurity forms an azeotrope with methanol,
distillation is coupled with other separation processes as pervaporation (Villegas, Vidaurre,
and Gottifredi 2015; Luis et al. 2014) or extraction (Gil et al. 2009; Graczova and Vavrusova
2018) to effectively improve removal of this impurity. Purification by distillation process, due
to its complexity and energy demand, can be effectively utilized at the methanol production
plant for massive streams of methanol and significant amounts of impurities.

For removal of residual impurities to meet high purity requirements — e.g., those for fuel cells
shown in Table 4-4 more sophisticated methods should be employed. Here the adsorptive
separation methods applied as a simple adsorption in the column filled with sorbent or as
adsorption continuous chromatography can be applied. In both cases an impurity compound
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is removed from the methanol stream by sorption on the appropriate sorbent (Wen et al.
2010; Lee, Kumar, and Krumpelt 2002).

Analysis of the chosen methanol purification process

Schematic diagram summarizing main methanol purification methods - with possible
application for methanol pretreatment for fuel cell applications - is show in Figure 4-3, where
distillation, extractive distillation, adsorption and HPLC (High Performance Liquid
Chromatography) are indicated.

Considering a choice of methanol purification method for such application it should be
necessarily considered that in the FuelSOME Project, the methanol is not directly fed to the
SOFC stacks, but it is first decomposed in the reformer. Therefore, methanol contamination
by water is not important if its content does not significantly influence the methanol
reforming process. Also, a presence of non-volatile inorganic salts, silica and others are not
relevant if they are not thermally decomposed in the reformer and can be effectively removed
from it.

However, due to a strict requirement for sulphur content and some derivatives of
hydrocarbons CxH,Z (see Table 4-4) a removal of these compounds from the methanol fed
into reformer is crucial.
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Figure 4-3: Schematic diagram summarizing methanol pretreatments methods (Source: WUT’s own work)

Taking above into account, at the current stage of work, studies on removal of organic sulphur
compounds from the methanol stream were carried out.

Model of adsorptive methanol purification was elaborated and calculations carried out for
the following testing system: dibenzothiophene as impurity contaminating methanol - (DBT)
and activated carbon as a sorbent (AC) (Lewak et al. 2023 and Molga, Chwojnowski, et al.
2024).

As can be seen in Table 4-5, methanol usually does not contain sulphur compounds, however
it can be contaminated with them during transportation and storage, usually due to a contact
with diesel fuels. Dibenzothiophene has been chosen as a representative compound for such
a case.

Numerical simulations were carried out to find an influence of operating conditions on
efficiency of purification process. It was found that strong requirements for sulphur content
can be fulfilled and the DBT content in methanol can be lower than required 30 ppb. In
Figure 4-4 an example of the obtained DBT concentration profiles vs. location in the
adsorption column and time is shown.
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Figure 4-4. DBT concentration profiles vs. location in the adsorption column and the time (Molga, Cherbariski,
et al. 2024)

Based on the obtained simulation results the analysis method was proposed to supply data
for optimal designing the purification process as well as for its cost evaluation. For this
purpose, the efficiency factor E was formulated defined as:

Mym
E=—2L
my

where mpm — is the mass of decontaminated methanol fulfilling the requirements, ma — mass
of adsorbent. Operating diagram to optimize the purification process with use the efficiency
factor E is shown in Figure 4-5.

The obtained results have been presented at the international scientific conference (Lewak

et al. 2023) and further research regarding methanol purification processes and their cost
assessments are in progress.
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Figure 4-5: Operating diagram to optimize the process (Molga, Cherbariski, et al. 2024)

Next more complex and accurate analysis has been carried out, which includes the investment
and operating costs. In search for the optimal performance of the considered purification
process, the minimum of the cost indicator — it was defined as:

I = C—T = f (DW, dp, g, G, xDBT,in)

mpM

where /| [€/kg] is the cost indicator, which takes into account the total costs of purification
process per 1 kg of methanol. So, with use of the elaborated methodology and results of
simulations, for any chosen column configuration (Dw, dp, €) as well as operating conditions
(G, xpat.in), the values of this cost indicator — / can be estimated. An example of the proposed
optimization procedure is shown in Figure 4-6.

The proposed optimization procedure carried out in a multidimensional domain is a rather
complex task, which requires advanced computational tools and skills. Because of this, a
smart and easy to use expert system which employs artificial neural networks (artificial
intelligence) was developed.
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Figure 4-6: Methanol purification costs analysis - determination of the optimum operating conditions (Molga,
Cherbarniski, et al. 2024)

General idea of this approach, in which the neural network represents the results obtained
from numerical simulations, is illustrated in Figure 4-7. The neural network is trained with the
results obtained from modelling and optimization of the methanol deep adsorptive
purification process. Such the network, for the purity of available methanol - xm,in [% wt.] and
the required demand and purity of methanol — G [kg/h] and Xxm,out [% Wt.], is able to indicate
the column length — L [m] and its diameter — D [m] for which the purification costs are
minimalized. So it works as the approximator of the following functional dependence:

<D, L> =f(Xm,in, Xm,0ut,G)

Additionally, in the carried our analysis the kind of sorbent and its geometrical properties are
considered.

Numerical simulations NN-Expert system

e

Figure 4-7: Construction of the expert system based on application of neural networks (Molga, Chwojnowski, et
al. 2024).
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The very important issue of the proposed methodology is that a user of the elaborated NN-
expert system does not have to carry out modelling and optimization of the purification
process. The obtained results have been presented at the international scientific conference
(Lewak et al. 2023) and published in the scientific journal (Molga, Cherbaniski, et al. 2024).
Studies on application of different sorbents — among others zeolites and nanoparticles — for
deep adsorptive desulfurization of methanol are in progress.

4.6 Case Study Design

4.6.1 Country Selection
To identify a suitable country or region for the use cases, geographical, environmental,
economic, and infrastructural elements were considered, and potential countries or regions
were shortlisted. The analysis involves several steps:

e Recognize countries rich in renewable energy sources such as solar and wind power, given
their prominence in hydrogen production (Yue et al. 2021).

e Delve into the country's existing energy production and distribution infrastructure,
recognizing that this can heavily influence the efficiency and cost associated with
hydrogen conversion (Pareek et al. 2020; Zakeri and Syri 2015).

e Evaluate the country's economic and political stability, crucial determinants of the long-
term viability of hydrogen initiatives (Yue et al. 2021).

e Assess proximity to the harbour target, as transportation costs and duration hinge on this
factor (Pareek et al. 2020).

e Analyse the overall cost-efficiency of hydrogen production, considering labour, energy,
and infrastructure expenditures (Pareek et al. 2020; Tashie-Lewis and Nnabuife 2021).

e After this initial selection, an in-depth examination of the harbour target's distance from
these countries can determine the most cost-effective and efficient hydrogen
transportation methods.

Lately, the potential for hydrogen production and supply between Europe and North Africa
has garnered attention. The European Union (EU) has outlined plans for hydrogen imports,
aiming to develop a 40 GW hydrogen production capacity by 2030 (van der Zwaan, Lamboo,
and Dalla Longa 2021). This interest in North African imports stems from the region's
abundant solar energy and vast land, promising lower production costs (Cardinale 2023). Such
collaborative hydrogen ventures can significantly benefit both Europe and North Africa,
fostering sustainability and modernization (Cavana and Leone 2021). Furthermore, the
International Energy Agency has spotlighted North Africa and the Middle East as potential
powerhouses for electricity-based hydrogen production (Lux et al., 2021), and the feasibility
of supplying low-carbon hydrogen to the Northwest European market has been evaluated,
emphasizing its cost-effectiveness and diverse sources (Perey and Mulder 2023).

Comparing Southern European Countries with selected African Countries offers insightful
contrasts. While Southern Europe boasts established infrastructure and proximity to
significant European markets—factors that can lower transportation costs and times—certain
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African countries, with their abundant renewable energy resources, might be more cost-
competitive in hydrogen production. Yet, they may face challenges related to transportation
and infrastructure.

Ultimately, the endeavour isn't solely about pinpointing an ideal hydrogen production
country. The objective is to strike a harmonious balance between production costs,
transportation efficiency, and wider economic and environmental ramifications in the
hydrogen supply chain.

Best source of low-carbon hydrogen in different regions
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Figure 4-8: Hydrogen production potential across regions (IEA 2019).

Figure 4-8 represents an enlightening visual representation of hydrogen production potential
across different regions. This chart provides a compelling snapshot of the geographical
landscape of hydrogen capabilities. It's instrumental in understanding regional strengths and
opportunities in the hydrogen production sector. Countries worldwide are recognizing the
importance of hydrogen as a potential renewable energy source and are ramping up their
efforts to be part of the emerging hydrogen economy. In this context, two European
countries, Norway, and Spain, stand out due to their significant renewable energy resources
and commitment to developing hydrogen infrastructure.

Norway, being a Group 1 country according to the categorization by (Pflugmann & De Blasio
2020), shown in Figure 4-9, demonstrates strong potential for hydrogen export. This potential
can be attributed to its substantial renewable energy resources, specifically in hydropower
and wind power, as well as its pioneering efforts in the hydrogen economy. This is
substantiated by the fact that the global leader in electrolyze production, Nel hydrogen, is a
Norwegian company. In 2020, the Norwegian government revealed its commitment to a
hydrogen future by outlining a clear hydrogen strategy (Environment 2020). Notably, (Perner
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& Bothe 2018) also underscore Norway's potential for hydrogen export in their framework
that considers a range of "hard" and "soft" factors like renewable energy cost, natural
resource availability, political stability, and infrastructure potential. Furthermore, Norway's
geographical proximity to Europe, specifically a distance of only 969 km from the Port of
Rotterdam, strengthens its export prospects.
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Figure 4-9: Global analysis of potential best positioned to become hydrogen exporters (Liidtke 2020).

Figure 4-9 shows a comprehensive view of regions globally poised to be leading hydrogen
exporters. (Ludtke 2020) analysis, as depicted, offers a clear panorama of the geopolitical
dynamics in the hydrogen trade landscape. It underscores the strategic vantage points for
future hydrogen export hubs. Meanwhile, Spain, identified as a Group 4 country by
(Pflugmann & De Blasio 2020), has emerged as another potential hydrogen exporter. This
potential is driven by the country's abundant solar and wind resources, which are comparable
to Morocco's owing to the geographic proximity and similarity in renewable resources
between the two. Spain’s theoretical solar resource potential is estimated at 713 TWh per
year, slightly less than Morocco’s. Yet, the more developed economy of Spain implies that it
would need to utilize 35% of its land area to meet its current electricity demand (ESMAP
2020).

Moreover, Spain's commitment to a hydrogen economy is evident in its 2020 hydrogen
roadmap and the implementation of around 200 hydrogen pilot projects (Giers et al., 2021).
This commitment, combined with its strategic geographic location along the transit route
from North Africa to Northern Europe, places Spain in an advantageous position to play a
critical role in the future hydrogen economy.

The categorizations by (Pflugmann & De Blasio 2020)) provide a useful perspective in
evaluating the potential of different countries for hydrogen export. They highlight the
importance of a diverse range of factors from renewable energy resources and infrastructure
potential to geographical location and political stability. As such, both Norway and Spain, with
their significant renewable resources and commitment to hydrogen economy, are well-
positioned to become crucial players in the future hydrogen market.
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Iceland stands out in the global energy landscape with its distinct energy mix. The country’s
electricity production relies almost entirely on renewable resources - specifically, hydropower
and geothermal energy. Owing to this renewable energy dominance, Iceland's energy costs
are significantly lower than the global average. Coupled with the country's small population,
these renewable resources are abundant on a per capita basis.

Iceland's rich land and freshwater resources further underscore its potential in the renewable
energy sector (Fjeldsted et al 2019). These abundant resources, combined with its renewable
energy mix, position Iceland as a potentially suitable exporter of green hydrogen, as identified
in previous studies (Agora Verkehrswende, Agora Energiewende, and Frontiers Economics
2018; Pickford, K 2021).

Geographically, Iceland's proximity to Europe is another attribute that boosts its potential for
hydrogen export. Being a member of the European Economic Area, Iceland's geographical and
economic positioning enhances its suitability for hydrogen export to the European Union.
Given these unique circumstances, Iceland's potential role in the global hydrogen economy
cannot be overlooked. The country's renewable energy mix, abundant resources, and
strategic geographic and economic position collectively provide a promising premise for its
future as a key exporter of green hydrogen.

Southern European countries, endowed with abundant solar and wind resources, hold
considerable renewable energy potential. Yet, they face hurdles such as high energy demand,
aging infrastructure, and complex policy and market challenges that could potentially
complicate large-scale renewable energy implementation and hydrogen storage (Abdelrazik
et al. 2022).

Contrastingly, several African countries, notably those in North Africa like Morocco and Egypt,
boast vast, underutilized renewable energy potential. Owing to their location within a high
solar irradiance sunbelt, these countries are prime candidates for solar energy production.
Coupled with relatively lower energy demand and the availability of vast uninhabited land,
these countries could ideally support large-scale renewable energy production and hydrogen
conversion (Oyewo et al. 2023).

However, this potential does not come without consideration. The availability and scalability
of renewable energy sources, coupled with the necessary infrastructure for hydrogen
conversion and storage, pose the first set of challenges. It necessitates a careful examination
of whether it is more feasible to harness solar and wind energy in Southern Europe for
hydrogen conversion, and subsequent conversion to ammonia or methanol, or whether the
renewable resources of North African countries should be leveraged (Mukelabai, Wijayantha,
and Blanchard 2022; Oyewo et al. 2023).

The second major consideration centres around the logistics and economics of hydrogen
transport or its converted forms. If the hydrogen is sourced and converted in Africa, it would
need to be transported to Europe via ships. This process would require scrutiny of the fuel's
storage stability, transportation costs, and the carbon footprint involved in the shipping
process. Conversely, if the fuel is sourced and converted within Europe, it would necessitate
transportation through pipelines to strategic harbours like Rotterdam or select ports in
Turkey. This option provokes questions about the cost and feasibility of pipeline
infrastructure, the safety and reliability of the transportation process, and potential energy
loss during transportation (Abdelrazik et al. 2022; Benasla et al. 2019).

The final decision should align not only with economic viability but also with the overarching
sustainability goal. The chosen model must contribute to the promotion of sustainable fuels
like hydrogen, ammonia, and methanol, particularly for maritime applications. By
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transitioning to these fuels, we could fundamentally change our energy consumption
patterns, reducing the detrimental reliance on fossil fuels (Mukelabai, Wijayantha, and
Blanchard 2022).

In the evolving narrative of the global Power-to-X (P2X) market, a diverse array of potential
producers, spread across the globe, could contribute to the supply chain. This diversity
illustrates that the demanded volumes of P2X can be met. Countries and regions with
favourable conditions for renewable energies and high technical potential for renewable
energy sources are well-positioned for P2X production and exports.
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Figure 4-10: Countries with high hydrogen export potential.

According to Perner & Bothe (2018) shown Figure 4-10, each country has its unique journey
and varying motivations for participating in the global PtX market, and these factors will also
determine the stage at which a country may be ready and willing to enter this market. For
illustrative purposes, it is possible to categorize countries into different "PtX types," based on
their current engagement with PtX, as shown in their motivations for producing synthetic
fuels, and their potential roles in the global market.

e "Frontrunners" like Norway have already established a prominent role in the PtX market.
They are leading the way due to their advanced engagement with PtX and their potential
to influence the market dynamics.
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"Hidden champions" like Chile might not be as well-known globally but have the potential
to significantly impact the PtX market due to their significant renewable energy resources
and potential to produce synthetic fuels.

e "Hyped potentials" like Morocco are countries that have been garnering a lot of attention
recently due to their potential in PtX production. Their unique geographical and climatic
conditions make them ideal candidates for renewable energy production.

e "Converters" like Saudi Arabia, traditional oil and gas producing countries, are looking to
diversify their energy production and see PtX as an opportunity to transition towards
more sustainable forms of energy production.

e "Giants" like Australia possess large amounts of renewable energy resources and have the
potential to produce synthetic fuels on a massive scale, thereby playing a significant role
in the global PtX market.

e Lastly, "uncertain candidates" like China have the potential for PtX production but have

not made significant moves in that direction yet. Their future role in the PtX market is

uncertain due to various factors such as political climate, policy direction, and

commitment to renewable energy.

= PtX already on countries (energy) political radar
gg.; = Export potential and PtX readiness evident ooy
= Uncomplicated international trade partner
» Especially favourable in early stages of market penetration
= Fundamentally unexplored RES potential
! = Largely mature, but often underestimated, (energy) political
framework with sufficiently strong institutions

» PtX could readily become a serious topic if facilitated appropriately

Chile

= Abundant resource availability: massive land areas paired with

> often extensive RES power i
Australia

= PtX readiness not necessarily precondition, may require facilitation
» Provide order of PtX magnitudes demanded in mature market

/3 = At centre of PtX debate in Europe with strong PtX potential
_.-\5,?\5 = Energy partnerships with Europe foster political support

» Potential to lead technology development; may depend strongly on
solid political facilitation

Morocco

= Global long term conversion from fossil to green energy sources
= PtX to diversify portfolio as alternative long-term growth strategy

» Strong motivation for PtX export technology development; may
requires political facilitation and partnership with the EU/DE

Saudi Arabia

= Partially unexplored RES potentials, possibly paired with ambitious

national climate change policies
= PtX export in competition with growing national energy demand China

» PtX export motivation and potential unclear — may drive PtX
technology development, however export uncertain

Figure 4-11: Types of possible PtX producers/exporters and selected example country (Perner & Bothe, 2018).
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The illustration, shown in Figure 4-11, further enhanced by selected example countries,
provides a holistic understanding of the spectrum of P2X stakeholders. It offers a tangible
snapshot of both the breadth and depth of the emerging P2X global landscape. These
categorizations serve as an indicative way to understand different countries' positions and
potentials in the PtX market. They are flexible and can change over time, as countries may
embody characteristics of multiple types, reflecting the fluid nature of the global PtX market.
In conclusion, the strategic selection of an energy source country for hydrogen conversion
requires a multidimensional analysis. Geographical location, renewable energy potential,
infrastructure capability, and economic and environmental considerations must all be
considered. As we continue to forge a path toward a sustainable future, such decisions will
be pivotal in determining our success.

The prospect of developing a green hydrogen economy offers a compelling path towards
sustainable energy futures, and this potential is particularly evident in specific countries like
Portugal, Spain, South Africa, and Namibia (Gronau et al. 2023). These countries are
strategically positioned in regions rich in renewable energy resources, making them pivotal
players in this emerging landscape.

When considering Europe, Portugal and Spain are at the forefront. These Southern European
countries are advantaged by their well-established infrastructures and geographical locations.
Portugal and Spain serve as potential epicentres for hydrogen production and distribution
within Europe. They have already made significant strides in integrating renewable energy,
particularly wind and solar resources, into their national grids. This places them in a strong
position to develop a large-scale, sustainable hydrogen ecosystem.

In the context of Africa, South Africa and Namibia offer a set of complementary advantages.
Characterized by their abundant solar resources and large, uninhabited lands, these countries
provide an ideal setting for extensive renewable energy projects. Additionally, Namibia's close
ties with South Africa in the electricity sector have created a conducive environment for their
renewable energy auction program, further strengthening the potential for hydrogen
economy development. While South Africa has attracted foreign capital scrutiny, Namibia is
rapidly becoming an attractive destination for renewable energy investments (Padayachee
1995; Kruger 2022).

Beyond the advantages specific to each region, the global interconnectedness of these
countries' renewable energy efforts must also be recognized. Spain’s unique location, acting
as a transcontinental bridge between North Africa and Northern Europe, combined with
Portugal’s expansive Atlantic coastline, offers a logistical advantage for shipping hydrogen.
Meanwhile, South Africa and Namibia's well-established ports could serve as the starting
points for transporting hydrogen to Europe, thereby creating a seamless international
hydrogen supply chain that aligns with broader sustainability objectives.

In summary, the strategic advantages offered by Portugal and Spain in Europe, and South
Africa and Namibia in Africa, extend beyond their respective regions and contribute to a more
global vision of sustainable energy. Developing a green hydrogen economy aligns well with
international sustainability goals, allowing these countries to emerge as leaders in fostering a
more resilient and sustainable energy landscape.

4.6.2 Fuel production Use Cases
This section aims to provide an overview of three distinct use cases that explore the
production, storage, and transportation of these fuels: hydrogen fuel pathway with PEM
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electrolysis, ammonia fuel pathway with the Haber-Bosch process, and methanol fuel
pathway with biogas methanol synthesis.

These three use cases demonstrate different fuel pathways involving hydrogen, ammonia,
and methanol, focusing on their production, storage, and transport through pipelines,
shipping, and trucks. Each use case highlights the specific technologies and processes involved
in utilizing these fuels for various energy needs in different sectors.

The efficiency of methanol production through biogas methanol synthesis is not explicitly
stated in the search results. However, one study analysed the techno-economic-
environmental performance of the methanol production from biogas and found that biogas
reforming to produce H; and methanol synthesis is performed consequently (Rinaldi 2014) .
Another study compared the carbon efficiency of the biomass-to-methanol pathway baseline
case and found that it was 33.2%, significantly lower than the commercial baseline (Harris et
al. 2021). While these studies provide some insight into the efficiency of methanol production
through biogas methanol synthesis, more research is needed to determine the exact
efficiency of this process.

The use case approach is a lean and narrative-based description of how a user will interact
with a solution to obtain a tangible business goal (World 2017). Use cases are a technique for
capturing, modelling, and specifying the requirements of a system. A use case is a written
description of how users will perform tasks on a website, outlining a system's behaviour as it
responds to a request (Affairs 2013). Use cases define interactions between external actors
and the system to attain particular goals (Rouse 2014). A use case is a definition of a specific
business objective that the system needs to accomplish by describing the various external
actors that exist outside of the system, together with the specific interactions they have with
the system to accomplish the business objective (Singh et al., 2021).

To define a use case, it is important to identify the specific business objective that the system
needs to accomplish and the external actors that interact with the system to achieve that
objective (Tiwari and Gupta 2015). The use case should describe the sequence of steps taken
by the user to complete an activity, including the main or basic flow and various alternate
flows (Brush 2022). The use case should also identify the functional requirements of the
system from the end user's perspective, creating a goal-focused sequence of events that is
easy for users and developers to follow (Brush 2022).

Overall, the use case approach is a useful tool for capturing, modelling and specifying the
requirements of a system. By defining the specific business objective and the external actors
that interact with the system, use cases can help facilitate the development of a common
understanding of a need based on a user's perspective (World 2017).

4.6.2.1 Use Case 1: Hydrogen production by PEM electrolysis.

Description:

The first use case examines the production of hydrogen through PEM electrolysis, a process
that employs electricity generated from renewable sources to split water molecules into
hydrogen and oxygen. Various storage options for hydrogen, including compressed gas and
liguid form, are discussed, considering specific requirements and infrastructure availability.
The transportation of hydrogen is explored through dedicated pipelines constructed with
suitable materials and adherence to safety regulations. Additionally, specially designed
tankers, such as liquid hydrogen carriers, are considered for secure maritime transport.
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System Parameters:

Hydrogen is produced through PEM electrolysis, which involves using electricity generated
from renewable sources to split water molecules into hydrogen and oxygen (Shiva Kumar and
Himabindu 2019). The produced hydrogen can be stored either as compressed gas or in liquid
form, depending on the specific requirements and infrastructure availability (Energy.gov
2023). Hydrogen is transported through dedicated pipelines designed to handle the unique
properties of hydrogen. These pipelines are constructed with suitable materials and follow
safety regulations to ensure secure and efficient transport (Mirshekari et al. 2019).
Hydrogen can also be transported via specially designed tankers, such as liquid hydrogen
carriers, complying with safety standards for secure handling during maritime transport.

Figure 4-12 illustrates the fuel pathway, including transportation and storage, leading to the
SOFC-cell vessel powered by green hydrogen produced via PEM electrolysis. The energy
required for the electrolysis is supplied by a renewable source, while the water is sourced
from the water treatment unit. This water is used in its pure form in the PEM electrolysis
process to produce hydrogen. The produced hydrogen is then stored in a geological storage
area, where it is kept ready for transportation. Once transported, the hydrogen is stored again
at the port, where it is prepared for fueling.
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Figure 4-12: Hydrogen supply Use Case 1.

The Table 4-8 outlines a succinct process for the production, storage, and transportation of
hydrogen fuel using renewable energy sources and existing infrastructure. Each step in the
procedure is interconnected, ensuring the efficient transformation of wind and solar energy
into a viable fuel source for ships. The process leverages Proton Exchange Membrane (PEM)
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electrolysis, depleted gas reservoirs, and Solid Oxide Fuel Cell (SOFC) technology to create a

circular, sustainable model for hydrogen fuel production and usage.

Table 4-8: Use Case 1 - Steps and Procedures.

Steps Procedure

Step 1 Initiation of hydrogen production process through solar and wind-

powered PEM electrolysis by the Fuel Producer.

Step 2 Utilization of water purification unit to supply the pure water

required for PEM Electrolysis.

Step 3 Calculation of the volume of hydrogen produced and transfer of

the hydrogen to the onsite Depleted Gas Reservoir.

Step 4 Transportation of the produced hydrogen from the production site

to the harbor storage location via the 36-inch diameter pipelines.

Step 5 Storage of the transported hydrogen in the second Depleted Gas

Reservoir at the harbor.

Step 6 Decompression of the stored hydrogen as needed and delivery to

the SOFC system onboard the ships.

Step 1 commences with the initiation of hydrogen production through PEM
electrolysis, powered by renewable sources—namely, solar and wind energy. This
critical phase leverages the abundant and clean energy provided by the sun and wind
to facilitate the electrolysis process. PEM electrolysis is a technologically advanced
method for hydrogen production that involves splitting water into its constituent
elements, hydrogen, and oxygen, in an electrolyser cell. This process occurs when
water reacts with an electric current generated by solar and wind power.

Step 2 is a complementary phase to the initial step, wherein a water purification unit
is used to provide the pure water necessary for PEM electrolysis. The purity of water
is a significant factor in electrolysis as impurities can adversely affect the efficiency of
the process and the lifespan of the electrolyser. Therefore, a dedicated purification
unit ensures that the water used meets the necessary quality standards.

Step 3 outlines the quantification of the hydrogen yield and its subsequent transfer to
an onsite Depleted Gas Reservoir. This stage is crucial for process optimization, as it
allows for tracking production rates and maintaining an efficient operation. Using a
Depleted Gas Reservoir for initial storage capitalizes on existing infrastructure,
potentially saving on the cost of building new storage facilities and reducing
environmental impact.

Step 4 focuses on the transportation of hydrogen from the production site to a
harbour storage location using 36-inch diameter pipelines. This step is crucial for the
logistical side of the process and showcases the importance of existing infrastructure
in the deployment of hydrogen energy.
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e Step 5 describes the secondary storage phase at the harbour, where the hydrogen is
stored in a second Depleted Gas Reservoir. This provides a buffer between production
and use, ensuring that hydrogen is available when required and smoothing out any
inconsistencies in production.

e Finally, Step 6 illustrates the decompression of stored hydrogen as needed and its
delivery to ships with SOFC systems. By decompressing the hydrogen as needed,
energy losses can be minimized, ensuring a more efficient process.

Table 4-9 represents a systematic breakdown of the preconditions, main flow, post
conditions, and acceptance criteria for a sustainable hydrogen fuel production, storage, and
transportation system.

Category

Preconditions

Main Flow

Post Conditions

Table 4-9: Category and Description of the Use Case 1.

Description

1. Fuel producer has operational wind and solar power facilities to
produce hydrogen via PEM Electrolysis

2. A water purification unit is functional for producing the pure water
required for PEM Electrolysis.

3. A Depleted Gas Reservoir is available at the production site for
hydrogen storage.

4. A transportation system of 36-inch diameter pipelines is in place to
transport the produced hydrogen to the harbour.

5. A second Depleted Gas Reservoir is available at the harbour for
hydrogen storage.

1. Initiation of hydrogen production process by converting solar and
wind energy into electricity for PEM electrolysis.

2. Purification of water using the dedicated unit.
3. Transfer of produced hydrogen to the onsite Depleted Gas Reservoir.

4. Transportation of the hydrogen via the 36-inch diameter pipelines to
the harbour storage location.

5. Storage of hydrogen in the second Depleted Gas Reservoir at the
harbour.

6. Decompression of hydrogen fuel as needed and delivery to the SOFC
system onboard the ships.

The Shipping Company receives the hydrogen fuel from the harbour
storage location as needed, ensuring a steady fuel supply for their
shipping operations.
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Acceptance Criteria 1. Successful production of hydrogen via PEM Electrolysis is achieved,
using electricity generated from solar and wind power.

2. The water purification unit successfully provides the required purity
of water for the PEM electrolysis process.

3. The produced hydrogen is successfully stored in the onsite Depleted
Gas Reservoir without any leaks.

4. The hydrogen is successfully transported via the 36-inch diameter
pipelines to the harbour storage location without any leaks or
interruptions.

5. The hydrogen is successfully stored in the harbour Depleted Gas
Reservoir, ready for usage.

6. The hydrogen fuel is successfully decompressed and delivered to
ships with SOFC systems onboard.

7. All steps in the hydrogen supply chain comply with relevant safety
and environmental regulations.

In the Preconditions category, five key elements must be in place before the procedure can
commence. These preconditions include operational solar and wind power facilities, a
functional water purification unit, a Depleted Gas Reservoir at the production site, a 36-inch
diameter pipeline system for transportation, and a second Depleted Gas Reservoir at the
harbour for hydrogen storage. Each precondition ensures the smooth and efficient
functioning of the entire hydrogen fuel process, from production through to delivery.

The Main Flow category encapsulates the primary sequence of events in the process, closely
mirroring the steps outlined in the previous table. It begins with the conversion of solar and
wind energy into electricity for PEM electrolysis, followed by water purification. The hydrogen
produced is then transferred to the onsite Depleted Gas Reservoir, transported via pipelines
to the harbour storage location, and stored in the second Depleted Gas Reservoir at the
harbour. Lastly, as required, hydrogen is decompressed and delivered to the SOFC system on
ships. This orderly flow ensures a logical and efficient progression of operations.

The Post Conditions category defines the expected state following the conclusion of the main
flow. In this case, it is the consistent delivery of hydrogen fuel to the Shipping Company from
the harbour storage location, ensuring a regular fuel supply for their maritime operations.
This post-condition is critical as it denotes the goal of the entire process—providing a reliable
supply of sustainably produced hydrogen fuel.

Finally, the Acceptance Criteria category establishes the standards by which the success of
the process is measured. These include the successful production of hydrogen via PEM
electrolysis, the delivery of appropriately purified water by the purification unit, secure
storage of produced hydrogen without leaks, efficient and uninterrupted transportation to
the harbour, storage readiness at the harbour, successful decompression, and delivery to the
SOFC systems, and compliance with all relevant safety and environmental regulations. These
criteria provide a clear benchmark for the satisfactory execution of the process and its
environmental and safety compliance, underlining its feasibility and sustainability.
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4.6.2.2 Use Case 2: Hydrogen Production from Biomass by Steam Gasification

Description:

Use Case 2 concerns the production of hydrogen through steam gasification of biomass. This
is a mature production technology (TRL 9) employing a controlled process involving heat,
steam and oxygen to convert biomass into hydrogen and other products without combustion
(Cao et al. 2020; Puhar Jan et al. 2021). For the fuel pathway, potential storage conditions for
hydrogen include liquid, gaseous or absorbed in metal hydrides. The type of storage can be
optimised according to the specific needs and suitability of the production site.
Transportation of hydrogen necessitates the construction of dedicated pipelines, constructed
with appropriate materials (e.g. crosslinked PVA coating) and adhere to strict safety standards
(Lei et al. 2022). This ensures that the production, storage, and transport of hydrogen will be
conducted in a safe and optimised manner, thereby rendering it suitable for use in maritime
applications.

Additionally, the utilisation of specially designed tankers, such as liquid hydrogen carriers, is
considered for the safe maritime transport of hydrogen.

System Parameters:

The biomass gasification process uses biowastes and biomaterials as feedstock and is a
chemical process. The process can produce high quantities of hydrogen in an environmentally
friendly manner with the appropriate selection of catalyst, and its operation at high
efficiencies provides an additional advantage. There are many storage methods of hydrogen,
the most common of which is storage in gas or liquid form in special tanks or geological areas.
For transportation, it can be safely transported by tankers or by absorption in metal hydrides
with railways and trucks.

The Figure 4-13 outlines the process of producing hydrogen from biomass, starting with
feedstock preparation. Biomass or biowaste is processed to achieve optimal moisture content
and size for the subsequent gasification process. Steam is generated using renewable energy
sources, such as wind turbines and solar panels, to drive the gasification process. During
gasification, the biomass is converted into syngas, which is then purified to extract hydrogen.
The extracted hydrogen is stored in technical storage before being transported through a
pipeline to geological storage. From geological storage, the hydrogen is delivered to SOFC
ships for use as fuel. This process represents a sustainable and renewable approach to
hydrogen production and utilization.
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Table 4-10 shows The Hydrogen Production from Biomass process. This process involves
converting organic waste or plant material into hydrogen fuel for SOFC vessels. Gas through
a series of steps, including gasification, purification, transportation, and storage, ultimately

providing a sustainable fuel source for various applications.

Table 4-10. Use Case 2 Steps and Procedures

Steps Procedure

Step 1 Feedstock: The supply of biowaste or biomass (e.g. wood chips,
agricultural waste, animal waste, pellets, sawdust and energy crops
such as miscanthus, sorghum, etc.) with the right moisture content (<

35%) and size for the gasification process.

Step 2 Steam: The energy required for the generation of steam (700-1200
°C) for use in the gasification process is derived from solar panels or
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wind turbines and transmitted to heating elements such as electric
heating.

Step 3 Production: Biomass is broken down by hot steam in the process,

resulting in the formation of syngas (mixture of H;, CO, CO; CHa).
Subsequently, the syngas must undergo a purification stage to
remove the hydrogen that has been applied after the production

process.

Step 4 Purification: The separation of hydrogen from syngas, which is
produced following the gasification process with the use of catalysts
or special membranes.

Step 5 Demand: Calculation of the required hydrogen demand and safe
delivery to the first storage area. Which is in the production area.

Step 5 Transport: Transportation of the produced hydrogen to the storage
area in the end use area by tanks, trucks, railways, or dedicated
pipelines.

Step 6 Storage: Safe storage of transported hydrogen in harbour and
keeping it available for bunkering.

Step 7 Decompression: Decompression of the stored hydrogen as needed.

Step 8 Bunkering: Fuel transfer to the SOFC system on board the ships

Step 1: The most significant factors influencing the recovery of biomass are the
dimensions and moisture content of the raw material. The presence of high humidity
levels will result in increased energy and heat consumption, which will ultimately lead
to areduction in system efficiency. Alternatively, this may necessitate the introduction
of a pre-drying process, which could complicate the overall process. The feed size will
affect the heat and mass transfer conditions, which will in turn affect the product
components and composition. Furthermore, this will result in heat and energy loss
during the process, thereby prolonging the duration of the process.

Step 2: Biomass gasification is a mature technology pathway that employs a controlled
process involving heat, steam, and oxygen to convert biomass to hydrogen and other
products without combustion. Therefore, steam emerges as one of the most crucial
resources in this process. The electricity required to produce this steam will be
sourced from renewable sources.

Step 3: It is not possible to obtain pure hydrogen through the steam gasification
method of biomass. Following this process, hydrogen is found as a product in syngas,
and special catalysts or membranes are required to prepare it for end use. This results
in the production of high-purity hydrogen that is ready for storage and use.

Step 4: In addition to the importance of producing hydrogen in an environmentally
friendly manner, it is also crucial to minimize transportation and storage losses, as well
as to implement comprehensive safety precautions, to ensure the success of the
project. In Step 4, the hydrogen demand in the final usage area is calculated and
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delivered to the first storage area in a successful, safe, and loss-minimized manner,
ready for transportation.

e Step 5: Hydrogen can be transported in either liquid or gaseous form in specialized
tanks or by absorbing it into metal hydrides in the solid phase. These methods permit
the transportation of hydrogen by trucks, ships, and railways. Additionally, they can
be transported in a safe manner in gaseous form via pipelines that have been coated
with a special substance. Consequently, the hydrogen can be stored in the second
warehouse area in the end-use area, ready for use.

e Step 6: The hydrogen transported in a safe and efficient manner will be stored in the
end-use area, ready for use in maritime applications. This will complete the fuel
pathway and ensure the successful achievement of its purpose.

e Step 7: The illustration demonstrates the decompression of stored hydrogen as
required and its subsequent delivery to the SOFC system located at ships in Harbor.

e Step 8: The final stage of the process is the transfer of fuel to the SOFC system on
board the ship at the harbour.

Table 4-11 shows the criteria of Hydrogen Production by Biomass Gasification process. This
process involves producing hydrogen from biomass using renewable energy sources. Key
steps include feedstock preparation, steam generation, gasification, purification, storage,
transportation, and bunkering. Preconditions and acceptance criteria ensure quality and
efficiency, while post-conditions involve delivering hydrogen fuel to shipping companies.

Table 4-11. Category and Description of the Use Case 2.

Category Description
1. A consistent supply of raw materials needs to be supplied at the
fuel production facility.
2. Fuel producer has operational wind and solar power facilities to
produce steam via heat pumps.

3. A Technical storage area, suitable for the storage of hydrogen, will
be constructed in the production area.

4. In the initial storage facility, the requisite of a dedicated pipeline
must be provided to facilitate the transfer of fuel to the subsequent

Preconditions .
storage location.

5. In the second storage area, a geological storage area will be
available to store the demand and transported fuel.

6. A sufficiently large bunkering facility will be provided in the second
storage area.

7. Appropriate safety and health measures will be implemented for
personnel and technology operating within the entire process area,
with ongoing monitoring and assessment.
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1. Raw materials are homogenized and transferred in the gasifier
together with the steam produced by wind and solar power.

2. The generation of steam is achieved through the utilization of
renewable energy sources, namely solar and wind, which are
employed to power heat pumps. These heat pumps will in turn
produce steam, which is then employed in the gasification process.

3. The syngas (H+CO +CO, +CHg) is subjected to a process of
hydrogen decomposition and purification.

Main Flow 4. H, is purified and transferred into first storage area in the
production site.

5. The transportation of the produced hydrogen from the production
site to the Harbor storage location is to be conducted via the 36-inch
diameter pipelines.

6. Decompression of hydrogen is stored onsite the harbour in the
expected quantity.

7. The hydrogen is ready to be loaded onto the target ship for onboard
storage and/or usage.

1. The Shipping Company receives the hydrogen fuel from the harbour
Post Conditions storage location as required, thereby ensuring a consistent fuel supply
for its shipping operations.

1. The provision of biomass as raw materials in accordance with the
requisite dimensions, quantity and moisture content is fulfilled.

2. The provision of electricity from renewable sources for the
generation of steam is fulfilled.

3. The fuel specification is fulfilled after purification at the end-use

stage through the implementation of an effective purification

process.

4. The availability of fuel storage volume is sufficient to meet the
Acceptance Criteria demand.

5. Transporting fuel from the production area to the harbour by

pipeline is completed.

6. The port is equipped with an adequate fuel storage and fuelling
station.

7. H is delivered to the ship onsite tank for powering the SOFC on
ships.

8. All stages of the hydrogen supply chain are monitored following the
pertinent safety and environmental regulations.
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4.6.2.1 Use Case 3: Hydrogen Production from Biomass by Pyrolysis

Description:

Use Case 3 concerns the production of hydrogen through pyrolysis of biomass. Pyrolysis is
also considered another thermochemical conversion of biomass for H, production, as shown
in Figure 3-18. This method worked similarly to gasification, but under lower temperatures
and with no use of an oxidizing agent. The temperature range of 400 to 800 °C and pressures
reaching 5 bars are considered typical for pyrolysis. The bio-oil obtained after pyrolysis is fed
into the water-gas shift reaction and hydrogen is obtained. As previously discussed, hydrogen
storage methods are carried out in the gas or liquid phase as geological or tank storage or by
absorption of metal hydrides. The hydrogen produced in the production area will be stored
initially in the first storage facility and subsequently transferred to the end-use storage area
via a railway, pipelines or trucks. From the storage area in the harbour, which represents the
end-use area, the fuel will be transferred to SOFC ships, with due consideration for the safe
and environmentally sound conditions.

System Parameters:

Hydrogen is produced using pyrolysis of biomass which is using oxidizing agent at lower
temperatures to produce hydrogen (Cao et al. 2020). Hydrogen can be stored either as gas or
liquid form or at metal hydrides (Tarhan and Cil 2021). Stored hydrogen could be transport
via railways, trucks and pipelines (Faye, Szpunar, and Eduok 2022; M. Yang et al. 2023). The
hydrogen has been transported to the port, where it will be made ready for bunkering to ships
with SOFC systems.
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Figure 4-14 outlines the fuel pathway of hydrogen production with biomass pyrolysis, storage
in geological storages and transportation via ships to the designated target harbour.
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Figure 4-14. Hydrogen Supply Chain by Biomass Pyrolysis Use Case 3.

Table 4-12 shows the process of Hydrogen Production from Biomass by Pyrolysis. This

process involves converting biomass into hydrogen through pyrolysis, using renewable
energy for heat and air separation.

Table 4-12. Use Case 3 Steps and Procedures.

Steps Procedure

Step 1 Feedstock: The supply of biowaste or biomass (e.g. wood chips,

agricultural waste, animal waste, pellets, sawdust and energy crops
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such as miscanthus, sorghum, etc.) with the right moisture content
and size for the pyrolysis process.

Step 2 Heat: For the pyrolysis press to continue its function and provide
hydrogen production, there is a need for heat (400-700 °C). This heat
requirement can be met by several means, including solar thermal
collectors, concentrated solar power, biomass combustion or wind
turbines, and electric heaters with electricity supplied from solar
panels.

Step 3 Air Separation: The continuation of the pyrolysis process and
subsequent fuel production necessitate the presence of 99.5% pure
oxygen in the gasifier. This oxygen requirement is fulfilled with air
separation units that are powered by renewable electricity.

Step 4 Purification: Decomposition of syngas obtained after pyrolysis with
catalysts or special membranes to obtain hydrogen

Step 5 First Storage: The geological or technical storage of fuel is conducted
in the production area prior to the transfer phase.

Step 6 Transport: The transportation of fuel to the point of end use can be
conducted through a variety of means, including railways, trucks, or
pipelines.

Step 7 End-Use Storage: Geological or technical storage of transported fuel

for bunkering in ships with SOFC systems.

Step 8 Bunkering: The final phase, bunkering, involves the transfer of fuel
stored in the port to ships with SOFC systems.

Key steps include feedstock preparation, gasification, purification, storage, transportation,
and bunkering, ultimately delivering hydrogen fuel to ships for onboard use.

e Step 1: The selection of biomass with an appropriate moisture content and size for
fuel production represents a sustainable and appropriate choice of raw material at
this stage.

e Step 2: The provision of requisite heat from renewable sources, such as geothermal
energy, biomass combustion, and electricity heaters utilizing renewable electricity, is
a crucial aspect of sustainable heating solutions.

e Step 3: Although pyrolysis occurs in an oxygen-free environment, the subsequent
gasification process is necessary to obtain syngas, or bio-oil. In this process, oxygen
with a purity of 99.5% is obtained from air separation units powered by renewable
electricity.

e Step 4: It is not possible to obtain hydrogen in its pure form following pyrolysis. To
obtain hydrogen, a separation and purification process is required, which is carried
out at this stage with the use of catalysts or special membranes.

e Step 5: The initial storage area within the production zone is where the fuel is stored
for subsequent transportation following the conclusion of the production process.
Hydrogen can be stored in gaseous or liquid form in geological or technical storage.
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e Step 6: The transportation of hydrogen from its first storage phase to its end-use
area is accomplished via two primary methods: railways or trucks, with the use of
specialized tanks or pipelines.

e Step 7: The hydrogen, which will have been produced in the designated production
area, will then be transported to the harbour, where it will be stored in anticipation
of being transferred to vessels.

e Step 8: The bunkering process of fuel from the storage area in the port to ships with
SOFC systems represents the final stage of the fuel pathway (Figure 4-14).

Table 4-13 outlines the key aspects of the hydrogen fuel supply chain. It includes the
necessary preconditions, such as biomass quality and renewable energy requirements, the
main steps from biomass processing to hydrogen delivery, post-conditions for fuel delivery to
shipping companies, and acceptance criteria for ensuring quality and compliance. This table
provides a clear and concise framework for managing the hydrogen fuel supply process.

Table 4-13. Use Case 3 categories and description.

Category Description

1. Fuel Producer consistently supplies biomass feedstock of the
appropriate particle size and moisture content.

2. The heat required for pyrolysis must be renewable and
sustainable.

3. The oxygen required for gasification must be of a purity level of
99.5% or greater, and the air separation unit must be supplied from
a renewable energy source.

4. The product obtained after pyrolysis should be
Preconditions decomposition/purification with the help of catalyst or special
membranes to obtain hydrogen.

5. A geological or technical storage area should be available in the
production area.

6. Fuel should be transported to the end-use area by railways, trucks
or pipeline.

7. It is necessary that the harbour where the fuel is ultimately utilized
be equipped with the requisite geological or technical storage.

8. Fuel in port must be safely delivered to ships with SOFC systems.

1. The provision of raw materials (biomass) for pyrolysis process.

2. The provision of heat is a requisite for pyrolysis processes utilizing
Main Flow renewable energy sources.

3. The production of oxygen for gasification with a purity of 99.5% is
achievable through the utilization of renewable resources.
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4. Hydrogen extraction from syngas & bio-oil using catalysts or
special membranes.

5. Storage of fuel in geological or technical storage in the production
area.

6. The transportation of fuel from the point of production to the port,
which represents the end-use area.

7. Storage of fuel in geological or technical storage at harbour.

8. The final stage of the process is the bunkering of fuel for ships with
SOFC systems.

Post Conditions 1. The Shipping Company receives the hydrogen fuel from the
harbour storage location as needed, ensuring a steady fuel supply for
their shipping operations.

1. The provision of biomass as raw materials in accordance with the
requisite dimensions, quantity and moisture content is fulfilled.

2. The provision of electricity from renewable sources for the
generation of steam is fulfilled.

3. The provision of electricity from renewable sources for the air
separation is fulfilled.

Acceptance 4. The availability of fuel storage volume is sufficient to meet the
Criteria demand.

5. Transporting fuel from the production area to the harbour is
completed.

6. The port is equipped with an adequate fuel storage and fuelling
station.

7. All stages of the hydrogen supply chain are monitored following
the pertinent safety and environmental regulations.

4.6.2.2 Use Case 4: Ammonia production by Haber-Bosch synthesis.

Description:

In this use case (Figure 4-15), the production of ammonia is characterized using the Haber-
Bosch process, which combines nitrogen from the air with hydrogen derived from sources like
steam methane reforming or electrolysis. The storage of ammonia as a liquid under moderate
pressure and low temperature is explored, highlighting its higher storage density. Dedicated
pipelines capable of withstanding the corrosive nature of ammonia and following specialized
maintenance procedures are examined for safe transport. Furthermore, dedicated ammonia
tankers, meeting safety standards, are considered for secure shipping.
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System parameters:

Ammonia is produced using the Haber-Bosch process, which combines nitrogen from the air
with hydrogen derived from various sources such as steam methane reforming or electrolysis
(Shiva Kumar & Himabindu, 2019). Ammonia can be stored as a liquid under moderate
pressure and low temperature, enabling higher storage density (Shiva Kumar & Himabindu,
2019). Ammonia can be transported through dedicated pipelines that are constructed with
materials capable of withstanding the corrosive nature of ammonia. These pipelines follow
specialized maintenance procedures to prevent corrosion and ensure safe transport (Shiva
Kumar & Himabindu, 2019). Ammonia can also be transported as shipping cargo using
dedicated ammonia tankers designed to handle its corrosive properties.
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Figure 4-15: Ammonia supply Use Case 4.

Table 4-14 shows an integrated process for hydrogen production, transformation into
ammonia, and eventual use in a Solid Oxide Fuel Cell (SOFC). The process involves multiple
steps, combining renewable energy, electrolysis, air separation, and ammonia synthesis
technologies. It's an example of a sustainable energy system, demonstrating the integration
of various technologies to create a green fuel source.
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Table 4-14: Use Case 4 - Steps and Procedures.

Steps Procedure

Step 1 Initiation of hydrogen production process through solar and wind-
powered PEM electrolysis by the Fuel Producer.

Step 2 Utilization of water purification unit to supply the pure water
required for PEM Electrolysis.

Step 3 Calculation of the volume of hydrogen produced and transfer of the
hydrogen to the onsite Depleted Gas Reservoir.

Step 4 Transportation of the produced hydrogen from the production site
to the harbour storage location via the 36-inch diameter pipelines.

Step 5 Storage of the transported hydrogen in the second Depleted Gas
Reservoir at the harbour.

Step 6 Decompression of the stored hydrogen as needed.

Step 7 Supply of air to the Cryogenic Air Separation Unit for the extraction
of nitrogen.

Step 8 Supply of extracted nitrogen and hydrogen to the Haber-Bosch unit.

Step 9 Conversion of hydrogen and nitrogen into ammonia using the Haber-
Bosch unit.

Step 10 Evaluation of the converted ammonia fuel and its delivery to ships

with SOFC systems onboard.

e Step 1 involves the initiation of the hydrogen production process through Proton
Exchange Membrane (PEM) electrolysis. The electricity required for this process is
generated by solar and wind power, thus harnessing renewable resources for fuel
production. The location of this operation is specified as Cape Town, implying the use
of local renewable resources for energy production.

e Step 2 involves the use of a water purification unit. This step is essential because pure
water is needed for PEM electrolysis to prevent contamination and degradation of the
cell.

e Step 3 focuses on calculating the volume of produced hydrogen and transferring it to
an onsite Depleted Gas Reservoir. This step helps to monitor the production rates and
effectively manage the storage of the produced hydrogen.
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e Step 4 illustrates the transportation of hydrogen from the production site to the
harbour storage location via 36-inch diameter pipelines. This step shows the use of
existing gas infrastructure for efficient hydrogen transport.

e Step 5 describes the storage of transported hydrogen in a second Depleted Gas
Reservoir at the harbour. This provides an accessible storage facility closer to the point
of utilization.

e Step 6 outlines the decompression of the stored hydrogen as needed. This could be
important to regulate the pressure of hydrogen before it undergoes further processing
or utilization.

e In Step 7, air is supplied to a Cryogenic Air Separation Unit. This is a process where air
is cooled, compressed, and fractionated to separate its components. Here, the
primary goal is to extract nitrogen.

e Step 8 involves the supply of the extracted nitrogen and hydrogen to the Haber-Bosch
unit. The Haber-Bosch process is a well-established method for synthesizing ammonia
from nitrogen and hydrogen.

e Step 9 depicts the conversion of hydrogen and nitrogen into ammonia using the
Haber-Bosch unit. Ammonia serves as an efficient hydrogen carrier and is easier to
store and transport compared to hydrogen.

e Step 10includesthe evaluation of the converted ammonia fuel and its delivery to ships
with a SOFC system onboard. The SOFC can directly use ammonia to produce
electricity, demonstrating an efficient use of the produced fuel.

This process showcases an innovative combination of renewable energy, advanced hydrogen
production, and ammonia synthesis, all tied together in a coherent and potentially
environmentally friendly manner.

Table 4-15 provides a systematic and thorough overview of the preconditions, main flow, post
conditions, and acceptance criteria necessary for the successful implementation of a
hydrogen-to-ammonia production process powered by renewable resources.

Table 4-15: Category and Description of the Use Case 4.

Category Description

Preconditions 1. Fuel producer has operational wind and solar power facilities to
produce hydrogen via PEM Electrolysis.

2. Awater purification unit is functional for producing the pure water
required for PEM Electrolysis.

3. A Depleted Gas Reservoir is available at the production site for
hydrogen storage.

4. A transportation system of 36-inch diameter pipelines is in place
to transport the produced hydrogen to the harbour.
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5. A second Depleted Gas Reservoir is available at the harbour for
hydrogen storage.

6. A Cryogenic Air Separation Unit is operational for supplying
nitrogen.

7. The Haber-Bosch unit is functional, powered by solar energy for
the conversion of hydrogen and nitrogen into ammonia.

Main Flow 1. Initiation of hydrogen production process by converting solar and
wind energy into electricity for PEM electrolysis.

2. Transfer of produced hydrogen to the onsite Depleted Gas
Reservoir.

3. Transportation of the hydrogen via the 36-inch diameter pipelines
to the harbour storage location.

4. Storage of hydrogen in the second Depleted Gas Reservoir at the
harbour.

5. Decompression of the stored hydrogen as needed.

6. Supply of air to the Cryogenic Air Separation Unit for the
extraction of nitrogen.

7. Supply of extracted nitrogen and hydrogen to the Haber-Bosch
unit.

8. Conversion of hydrogen and nitrogen into ammonia using the
Haber-Bosch unit.

9. Evaluation of the converted ammonia fuel and its delivery to the
SOFC system onboard the ships.

Post Conditions The Shipping Company receives the ammonia fuel from the harbour
storage location as needed, ensuring a steady fuel supply for their
shipping operations.

Acceptance Criteria 1. Successful production of hydrogen via PEM Electrolysis is
achieved, using electricity generated from solar and wind power.

2. The water purification unit successfully provides the required
purity of water for the PEM electrolysis process.

3. The produced hydrogen is successfully stored in the onsite
Depleted Gas Reservoir without any leaks.

4. The hydrogen is successfully transported via the 36-inch diameter
pipelines to the harbour storage location without any leaks or
interruptions.

5. The hydrogen is successfully stored in the harbour Depleted Gas
Reservoir, ready for usage.
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6. The Cryogenic Air Separation Unit successfully extracts nitrogen
from air.

7. The Haber-Bosch unit successfully converts hydrogen and nitrogen
into ammonia using solar power.

8. Ammonia is successfully delivered to the SOFC system onboard
the ships.

9. All steps in the ammonia supply chain comply with relevant safety
and environmental regulations.

The Preconditions segment outlines the necessary infrastructural requirements to
successfully implement the process. These include operational wind and solar power facilities
for hydrogen production via Proton Exchange Membrane (PEM) electrolysis, a functional
water purification unit, two Depleted Gas Reservoirs for hydrogen storage at the production
site and the harbour, an established 36-inch diameter pipeline system for hydrogen transport,
an operational Cryogenic Air Separation Unit for nitrogen extraction, and a functional Haber-
Bosch unit for converting hydrogen and nitrogen into ammonia.

The Main Flow segment delineates the sequential steps constituting the process, from the
initiation of hydrogen production, water purification, and hydrogen storage, through the
transportation and decompression of hydrogen, nitrogen extraction, and ammonia synthesis,
culminating in the evaluation and delivery of the synthesized ammonia to ships with the SOFC
system onboard.

The Post Conditions section defines the expected outcome of the main flow, which is the
regular supply of ammonia fuel to the Shipping Company from the harbour storage location,
enabling a consistent fuel supply for their operations.

The Acceptance Criteria section details the standards for a successful process. These criteria
include successful hydrogen production via PEM electrolysis, the provision of pure water by
the purification unit, secure hydrogen storage in the Depleted Gas Reservoirs, uninterrupted
hydrogen transport to the harbour, successful nitrogen extraction from air, solar-powered
conversion of hydrogen and nitrogen into ammonia, successful evaluation, and delivery of
ammonia to the SOFC systems onboard the ships, and compliance with all relevant safety and
environmental regulations.

Table 4-15 provides a comprehensive outline of a sustainable and efficient hydrogen-to-
ammonia production process, revealing the potential of hydrogen as a clean fuel source and
the feasibility of its conversion into ammonia, a more easily stored and transported fuel, via
the Haber-Bosch process. The integration of renewable energy sources and the emphasis on
safety and environmental standards underline the sustainability and viability of this process.

4.6.2.3 Use Case 5 Ammonia production by ion exchange from wastewater

Description:

lon exchange is an effective method to remove ammonia (NH4*) from wastewater involves
passing wastewater through a resin-filled column, where ammonium ions are exchanged for
other ions, typically sodium or calcium (Jorgensen and Weatherley 2006). This process cleans
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the wastewater and concentrates ammonia at the resin surfaces by sorption (e.g.
Clinoptilolite, Mordenite, Chabazite) (Pinelli et al. 2022). To recover ammonia, the resin needs
to be regenerated with a concentrated salt solution, releasing the captured ammonia. This
concentrated ammonia solution can be further processed through methods like air stripping
or electrolysis to recover ammonia gas or convert it back to nitrogen. The extracted ammonia
can be stored in liquid form in the production area in specially constructed tanks, thus
ensuring its readiness for transportation (Aziz, Wijayanta, and Nandiyanto 2020). The fuel is
transported to the port by truck (other means are possible, but trucks are defined in this use
case); the transported fuel is stored in the port; and the fuel pathway is completed by
bunkering for SOFC ships approaching the harbour.

System Parameters:

The ammonia to be recovered from wastewater and the energy required for this process will
be derived from renewable resources. The recovered ammonia will be stored in dedicated
tanks in the production area for subsequent transportation. The ammonia in liquid form will
be transported by road, railway, or ship to the designated harbour for end-use. At the
harbour, it will be stored in liquid form in specially designed tanks. It will be supplied to SOFC
ships moored at the harbour, thereby completing the use case.

Figure 4-16 depicts a system designed to produce hydrogen from wastewater using
renewable energy sources. The process begins with wastewater, which undergoes treatment
with zeolites and ion exchange to remove impurities. The purified water is then used to
produce ammonia, which is stored in liquid form. Renewable energy from wind turbines and
solar panels powers the system components. Hydrogen is generated from the ammonia,
stored in liquid form, and transported by trucks to a fuel delivery station. Finally, the hydrogen
is delivered to SOFC ships, which use it to generate electricity for propulsion. This figure
provides an overview of a sustainable process that integrates wastewater treatment,
renewable energy, and clean fuel production.
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Figure 4-16. Use Case 5 - Ammonia production by ion exchange from wastewater.
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Table 4-16 illustrates the process for ammonia recovery and supply. It includes key steps such
as establishing a supply of wastewater, using zeolites, ensuring renewable energy use, storing
recovered ammonia, transporting it to the harbour by truck, storing it at the harbour, and
finally bunkering the ammonia for SOFC ships. This figure provides a clear overview of the
procedural steps involved in managing ammonia recovery and distribution.

Table 4-16: Use Case 5 Steps and Procedure

Steps Procedure
Stepl The necessary supply of wastewater for the purpose of ammonia
recovery must be established.

Step2 The provision of zeolites is a necessary component of the process.
Step3 It is essential to guarantee that the energy employed in the
procedure is derived from renewable sources.

Step4 The recovered ammonia is to be stored in liquid form in the
production area.

Step5 The transportation of liquid ammonia to the harbour may be
accomplished by a variety of means including trucks.

Step6 The transported fuel is stored in liquid form at the harbour.

Step? Fuel bunkering for SOFC ships approaching the harbour.

e Step 1: The ion exchange process is continuously supplied with nitrogen-rich
wastewater from industrial and fossil fuel production sources.

e Step 2: The supply of zeolites is required for the removal of ammonia. Zeolites are
employed in the ion exchange process to facilitate the separation of ammonia from
wastewater.

e Step 3: Although the ion exchange process is a chemical reaction process, it is
necessary to consume electricity, which will be provided from renewable sources or
their hybridisation (e.g. wind turbines, solar panels).

e Step 4: The most secure and prevalent method of ammonia storage is that of liquid
phase storage. The recovered ammonia will be stored for subsequent transportation
at the production facility.

e Step 5: The liquid phase ammonia stored in the production area will be transported
to the harbour by trucks.

e Step 6: The transported fuel will be stored in a liquid phase within the tanks at the
harbour for the purpose of refuelling from the tanks to the SOFC vessels.

e Step 7: The final stage of the fuel pathway is the transfer of the fuel stored in the
harbour to ships with SOFC systems onboard.

@FuelSOME 2024 100



[D1.2 ‘B: Technology concept design for a multifuel SOFC system including final report FueIS M E
on specifications of suitable green fuels and qualities for SOFC’]

Table 4-17 outlines the key elements of the ammonia fuel supply chain. It includes the
Preconditions necessary for the process, such as the need for nitrogen-rich wastewater,
appropriate zeolitic material, renewable energy for ion exchange, and proper storage and
transportation of liquid ammonia. The Main Flow details the steps involved in removing
ammonia from wastewater, storing and transporting it, and delivering it to SOFC-equipped
ships. The Postconditions describe the outcome of ensuring a steady ammonia supply for
shipping operations. Finally, the Acceptance Criteria specify requirements for continuous
supply, proper storage, renewable energy use, and regulatory compliance throughout the
supply chain. This table provides a structured approach to managing ammonia as a fuel, from
production through delivery.

Table 4-17. Category and Description of the Use Case 5.

Category Description

1. The wastewater must contain a sufficient concentration of

nitrogen.

2. The selection of an appropriate zeolitic material for the removal

of ammonia is a crucial aspect in the process of ammonia removal.

3. The provision of electricity for the ion exchange process is to be

sourced from renewable energy sources, such as wind and solar

power or other.

4. The storage of ammonia is contingent upon its phase, which must
Preconditions be maintained in a liquid state within dedicated tanks situated within

the production area.

5. Ammonia stored in liquid phase should be transported to the

harbour by trucks.

6. The transported ammonia should be re-stored in liquid phase at

the harbour.

7. The completion of the fuel pathway will be achieved through the

transfer of ammonia, which is currently stored in the harbour, to the

ships equipped with SOFC.

1. Removing ammonia from nitrogen-rich wastewater using the ion

exchange method with zeolites.

2. The removed ammonia is stored in a liquid phase in specialised
Main flow tanks located within the production area.

3. Safe transport of ammonia to the harbour by trucks.

4. The re-storage of ammonia in liquid phase within the harbour.

5. Bunkering of ammonia to vessels with SOFC.

Postconditions The Shipping Company receives the ammonia fuel from the harbour
storage location as needed, ensuring a steady fuel supply for their
shipping operations.

1. Continuous supply of nitrogen-rich wastewater.
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Acceptance 2. Continuous supply of zeolites suitable for removal.

Criteria 3. Providing the electricity consumption required for the process
from renewable energy.
4. Storage of ammonia in liquid phase in special tanks both in the
production area and in the harbour and successful transport to the
harbour.
5. Bunkering of ammonia to vessels with SOFC.
6. All steps in the ammonia supply chain comply with relevant safety
and environmental regulations.

4.6.2.4 Use Case 6 Ammonia production by membrane distillation from
wastewater

Description:

Membrane distillation (MD) is mainly applied for clean water production from water stream
such as saline, contaminated, seawater, brackish groundwater, industrial wastewater,
industrial side streams, etc. however also shows great potential for ammonia recovery. For
Ammonia removal the MD process typically requires a hydrophobic membrane and the vapor
pressure difference between a hot feed and a cold permeate solution. This allows vapor
transfer through the porous membrane (NHs (g), H20(g), etc.), yet preventing liquid transport
(Alkhudhiri, Darwish, and Hilal 2012; Darestani et al. 2017; K. Yang, Du, and Qin 2023). The
process utilizes relatively low feed temperatures (20-80°C) for the removal of ammonia (Zhu
et al. 2024). This required heat can be supplied from renewable sources, e.g. solar collectors,
heat pumps, heat exchangers, photovoltaic, etc. The removed NH3/H,O mixture can
subsequently be stored in liquid form in special tanks and transported by pipelines, trucks or
ships from the production site to the field of use. Upon use in the SOFC, the NHz needs to be
potentially refined due to the remaining water in the recovery liquid.

System Parameters:

Membrane distillation represents an efficient and promising process for ammonia removal
from wastewater and ammonia recovery. The process employs wastewater as the primary
raw material (e.g. including, municipal wastewater, sewage, and wastewater derived from oil
and gas extraction). In essence, any water containing ammonium (NH, *) is a viable source for
ammonia production (Adam et al. 2019). Ammonia produced from wastewater can be stored
in liquid and gaseous form at the production area. Ammonia can then be transported to the
field of use via trucks, boats, or ships. Once in the field of use, and after refinement, the
transported fuel is re-stored and ready to be filled into SOFC system ships.

Figure 4-17 illustrates a comprehensive system for producing hydrogen from wastewater
using renewable energy. The process begins with wastewater, which undergoes membrane
distillation to separate water molecules. The purified ammonium is then used to produce
ammonia, which is stored in liquid tanks. Renewable energy from solar panels powers the
system components. Hydrogen is produced from ammonia (likely through steam reforming
or catalytic decomposition), stored as a liquid, and transported by railways to a fuel delivery
station. The hydrogen is then dispensed to SOFC-equipped ships. This diagram highlights a
sustainable approach to converting wastewater with renewable energy into clean Ammonia
fuel.
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Figure 4-17. Use Case 6 Ammonia production by membrane distillation from wastewater

Table 4-18 outlines the sequential steps for processing and delivering ammonia fuel. It begins
with supplying ammonium ion-rich wastewater and heating it using photovoltaic-electrified
heat pumps or solar collectors. The wastewater is then recovered using a membrane
distillation unit. The resulting fuel is stored in liquid form at the production area, transported
to the harbor by railways, and stored in tanks at the harbor. Finally, the stored fuel is supplied
to ships equipped with SOFC systems. This table provides a clear overview of the process from
wastewater treatment to fuel delivery for SOFC-equipped vessels.

Table 4-18 Use Case 6 Steps and Description

Steps Description
Step 1 Supply of ammonium ion-rich wastewater
Step 2 The heating of wastewater can be achieved through the use of

photovoltaic-electrified heat pumps or solar collectors.

Step 3 Recovery of wastewater in a membrane distillation unit

Step 4 The produced fuel is stored in liquid form in the production area.
Step 5 Transportation of fuel to the harbour by railways.

Step 6 Storage of fuel in liquid phase in tanks at the harbour.

Step 7 Supply of stored fuel to ships with SOFC systems

e Step 1: The objective is to provide a supply of industrial, urban, or production
wastewater with a high concentration of ammonium ions for ammonia production.

e Step 2: Solar collectors, photovoltaic (PV) electrified heat pumps, and heat exchangers
are employed to heat the wastewater to the requisite temperature level for the
process.
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e Step 3: The recovery of heated wastewater in a membrane distillation unit and the
subsequent completion of fuel production.

e Step 4: The fuel is stored in liquid form in specialized tanks within the production area,
awaiting transportation.

e Step 5: The transportation of the stored fuel by railways to the designated storage
area within the harbour is a crucial aspect of the overall logistics process.

e Step 6: The transported fuel is subsequently stored in its liquid phase at the harbour,
thus rendering it ready for refueling operations.

e Step 7: As the last step, the fuel pathway will be completed by supplying the fuel
stored in the liquid phase in the port to the SOFC system ships approaching the
harbour.

Table 4-19 outlines the essential components of the ammonia fuel supply chain.
Preconditions include having ammonium-rich wastewater, utilizing renewable energy for
heat, operating a membrane distillation plant for ammonia recovery, and ensuring proper
storage and transport systems are in place. The Main Flow describes the process of removing
ammonia from wastewater, storing it in liquid form, transporting it to the harbour by railway,
and then fuelling SOFC-equipped ships. Postconditions ensure the shipping company receives
a steady ammonia supply. The Acceptance Criteria specify requirements for continuous
wastewater and energy supply, proper storage, safe transport, and adherence to safety and
environmental regulations. This table provides a structured approach to managing ammonia
production and delivery efficiently.

Table 4-19 Category and Description of the Use Case 6.

Category Description

1. The wastewater must contain a sufficient concentration of
ammonium (the higher the better).

2. Process heat is supplied by heat pumps, heat exchangers, solar
collectors or PV.

3. MD plant is setup and operating for the removal of NH3 from
liquids and recovery in liquid and/or gaseous state.

4. Fuel storage for NHsz is setup and operating at the production area.
5. Liquid transport system (e.g. railway) to harbour are set up and
operating.

6. Fuel storage at harbour is setup and operating.

7. Fuelling station is setup and operating at harbour and ships are
equipped with SOFT and ready to be fuelled.

Preconditions

1. Removal and recovery of ammonia from ammonium rich
wastewater using the membrane distillation with energy from
renewable resources (thermal, electrical).

2. Refinement and storage of NHs in a liquid state in specific tanks
located at the production area.

3. Safe transport of ammonia to the harbour by railway.

Main flow
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4. Storage of ammonia in liquid phase at the harbour.
5. Fuelling of ammonia to ships equipped with SOFCs.

Postconditions The shipping company receives the ammonia fuel from the harbour
fuelling location as required, ensuring a steady fuel supply for their
shipping operations.

1. Continuous supply of ammonium rich wastewater.
2. Continuous supply of renewable heat/energy.
3. Storage of fuel in the desired quality and quantity at liquid phase

at the production area and at the harbour site
Acceptance

SR 4. Refinement of NH3/H,0 mixture (water removal)
Criteria

5. Transport of NH3 from production facility to harbour

6. Fuelling complete of ammonia to ship tank.

7. All steps in the ammonia supply chain comply with relevant safety
and environmental regulations.

4.6.2.5 Use Case 7: Methanol production by biogas conversion

Description:

The third use case (Figure 4-18) focuses on methanol production through biogas methanol
synthesis, a catalytic process that converts biogas obtained from organic waste or biomass
into methanol. The storage of methanol as a liquid in appropriate tanks or containers is
described as a traditional liquid fuel storage method. Specialized tank trucks designed for the
transportation of liquid chemicals or fuels are discussed, along with dedicated tankers
specifically designed for liquid methanol transport, both complying with safety regulations
and standards.

System parameters:

Methanol is produced through biogas methanol synthesis, which involves converting biogas,
obtained from organic waste or biomass, into methanol through catalytic processes (Rinaldi
2014). Methanol can be stored as a liquid in appropriate tanks or containers, like traditional
liguid fuel storage methods (Rinaldi et al., 2023). Methanol can be transported using
specialized tank trucks designed for the storage and transportation of liquid chemicals or
fuels. These trucks comply with safety regulations and are constructed with materials
compatible with methanol. Methanol can also be transported via dedicated tankers designed
specifically for the storage and transportation of liquid methanol. These tankers adhere to
safety standards to ensure secure handling during maritime transport (Mirshekari et al. 2019).

Figure 4-18 shows the process to produce methanol using hydrogen and biogas,
demonstrating the integration of renewable energy sources and contemporary technologies
to develop a sustainable fuel source.
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Figure 4-18: Methanol supply Use Case 7.

Table 4-20 describes an innovative and sustainable process of creating methanol from
hydrogen and biogas, demonstrating the potential of renewable energy in powering industrial
chemical processes.

Table 4-20: Steps and Procedures of the Use Case 7.

Steps Procedure

Step 1 Initiation of hydrogen production process through solar and wind-
powered PEM Electrolysis by the Fuel Producer.

Step 2 Utilization of water purification unit to supply the pure water
required for PEM Electrolysis.

Step 3 Calculation of the volume of hydrogen produced and transfer of the
hydrogen to the onsite Geological Storage.

Step 4 Shipping of the produced hydrogen from the production site to the
harbour storage location.

Step 5 Storage of the transported hydrogen in the second Technical Storage
at the harbour.
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Step 6 Delivery of raw material to the Anaerobic Digestion unit for
conversion into biogas.

Step 7 Cleaning and preparation of the biogas produced from Anaerobic
Digestion.

Step 8 Decompression of the stored hydrogen as needed.

Step 9 Supply of the clean CO, and decompressed hydrogen to the

Methanol Synthesis unit.

Step 10 Conversion of hydrogen and biogas into methanol using the
Methanol Synthesis unit powered by solar energy.

Step 11 Evaluation of the methanol produced and transfer to the SOFC
system onboard the ships at the Rotterdam Harbor.

e Step 1 describes the initiation of the hydrogen production process, facilitated by
Proton Exchange Membrane (PEM) electrolysis. The electricity needed for this process
is obtained from renewable sources, specifically, solar and wind power.

e In Step 2, a water purification unit is utilized to ensure a supply of pure water
necessary for PEM electrolysis. The purity of water is critical in electrolysis to prevent
contamination and potential degradation of the cell.

e Step 3 details the calculation of the volume of hydrogen produced and its transfer to
an onsite geological storage. This showcases the storage of hydrogen in geological
formations, a strategy gaining acceptance due to its high storage capacity and low
leakage risk.

e In Step 4, the produced hydrogen is transported from the production site to the
harbour storage location via pipelines. The exact mode of pipelines is not mentioned,
but it could be through ships, tankers, or other appropriate hydrogen transport
systems.

e Step 5 involves the storage of transported hydrogen in technical storage area at the
harbour. This provides an additional layer of storage capacity closer to the point of
use.

e Step 6 initiates the process of producing biogas, a renewable energy source, through
the introduction of raw material to an Anaerobic Digestion unit. This could involve
organic waste, livestock manure, or agricultural residues.

e |n Step 7, the biogas produced from anaerobic digestion is cleaned and prepared,
likely to remove impurities and possible contaminants that could hinder the
subsequent methanol synthesis.

e Step 8 entails the decompression of the stored hydrogen, adjusting its pressure as
required before it enters the Methanol Synthesis unit.

e In Step 9, the cleaned biogas and decompressed hydrogen are supplied to the
Methanol Synthesis unit. This unit acts as the reactor where the conversion of
hydrogen and biogas into methanol occurs.
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e Step 10 outlines the process of methanol synthesis, powered by solar energy. This
demonstrates a shift from traditional fossil-based processes towards more sustainable
practices.

e Step 11 involves the evaluation of the produced methanol to ensure it meets the
required standards, followed by its transfer to the Solid Oxide Fuel Cell (SOFC) onboard
the ships at the Rotterdam Harbor. The SOFC will then convert the methanol into
electricity, powering the ships in a clean, efficient, and sustainable manner.

Table 4-21 provides the process that involves the creation of methanol fuel through the
integration of hydrogen derived from renewable sources and biogas produced through
anaerobic digestion. This description aims to provide an in-depth analysis of the steps
involved, along with the preconditions, main flow, post conditions, and acceptance criteria of
the process.

Table 4-21: Category and Description of the Use Case 7.

Category Description

Preconditions 1. The Fuel Producer based in Portugal has operational wind and solar
power facilities to produce hydrogen via PEM Electrolysis.

2. A water purification unit is functional for producing the pure water
required for PEM Electrolysis.

3. A Geological Storage area is available at the production site for
hydrogen storage.

4. A shipping system is in place to transport the produced hydrogen
to the harbour.

5. A Technical Storage is available at the harbour for hydrogen
storage.

6. An Anaerobic Digestion unit is operational for the conversion of
raw material into biogas.

7. A gas cleaning and preparation unit is functional.

8. The Methanol Synthesis unit is functional, powered by solar energy
for the conversion of hydrogen and biogas into methanol.

Main Flow 1. Initiation of hydrogen production process by converting solar and
wind energy into electricity for PEM electrolysis.

2. Purification of water using the dedicated unit.

3. Transfer of produced hydrogen to the onsite Geological Storage.
4. Transportation of the hydrogen via the pipeline system.

5. Storage of hydrogen in a technical storage at the harbour.

6. Decompression of the stored hydrogen as needed.
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7. Delivery of raw material to the Anaerobic Digestion unit for the
conversion into biogas.

8. Transfer of the produced biogas to the gas cleaning and
preparation unit.

9. Supply of clean CO; and hydrogen to the Methanol Synthesis unit.

10. Conversion of hydrogen and CO; into methanol using the
Methanol Synthesis unit.

11. Evaluation of the converted methanol fuel and its delivery to the
SOFC system onboard the ships at the Rotterdam Harbor.

Post Conditions The Shipping Company receives the methanol fuel from the harbour
storage location as needed, ensuring a steady fuel supply for their
shipping operations.

Acceptance Criteria 1. Successful production of hydrogen via PEM Electrolysis is achieved,
using electricity generated from solar and wind power.

2. The water purification unit successfully provides the required
purity of water for the PEM electrolysis process.

3. The produced hydrogen is successfully stored in the onsite
Geological Storage area without any leaks.

4. The hydrogen is successfully transported via pipeline system to the
harbour storage location without any leaks or interruptions.

5. The hydrogen is successfully stored in the harbour technical
storage area, ready for usage.

6. The Anaerobic Digestion unit successfully converts raw material
into biogas.

7. The gas cleaning and preparation unit successfully prepares biogas
for the Methanol Synthesis process.

8. The Methanol Synthesis unit successfully converts hydrogen and
CO; into methanol using solar power.

9. The methanol fuel is successfully evaluated and delivered to the
SOFC system onboard the ships at the Rotterdam Harbor.

10. All steps in the methanol supply chain comply with relevant safety
and environmental regulations.

In the Preconditions section, the process setup prerequisites are highlighted. This starts with
the presence of operational wind and solar power facilities in Portugal, which are used for
producing hydrogen through Proton Exchange Membrane (PEM) Electrolysis. This requires
pure water, whose supply is assured by a functional water purification unit. Storage for the
hydrogen produced is facilitated by a Saline Aquifer Reservoir both at the production site and
the harbour. Additionally, an operational Anaerobic Digestion unit, a gas cleaning, and
preparation unit, and a Methanol Synthesis unit powered by solar energy are mandatory
equipment in this process.
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The Main Flow section describes the sequence of the process. Hydrogen production is
initiated through PEM electrolysis, powered by solar and wind energy. Concurrently, water
purification occurs to provide the necessary input for electrolysis. The produced hydrogen is
then transferred to a Saline Aquifer Reservoir. From here, the hydrogen is shipped to the
harbour and stored in a second Saline Aquifer Reservoir. As and when needed, the stored
hydrogen is decompressed. Meanwhile, raw material is delivered to the Anaerobic Digestion
unit for conversion into biogas, which is subsequently cleaned and prepared for the methanol
synthesis process. Clean biogas and decompressed hydrogen are supplied to the Methanol
Synthesis unit, where they are converted into methanol. The synthesized methanol is
evaluated and then delivered to the Solid Oxide Fuel Cell (SOFC) onboard the ships at the
Rotterdam Harbor.

Post conditions signify that the Shipping Company receives methanol fuel from the harbour
storage location as per their need, ensuring consistent fuel availability for their shipping
operations.

Finally, the Acceptance Criteria section establishes the measures of success for the entire
process. It covers successful production and storage of hydrogen, effective transformation of
raw material into biogas, proper preparation of biogas for methanol synthesis, and ultimately,
successful conversion of hydrogen and biogas into methanol. Furthermore, it emphasizes that
the entire supply chain process complies with relevant safety and environmental regulations.

This entire process is illustrative of the sophisticated use of renewable energy sources,
innovative technologies, and modern fuel cells to create a sustainable, environmentally
friendly fuel alternative for maritime shipping operations.

In the conclusion of this chapter, a detailed examination of three separate use cases
encompassing the production, storage, and transportation of hydrogen, ammonia, and
methanol has been conducted. Specific challenges and requisites tied to each chemical entity
have been outlined. A highlight of the discussion has been the multifunctional roles of
ammonia and methanol, serving both as industrial substances and potential alternative fuels.
This duality adds an intricate layer of requirements for infrastructure, making it necessary to
develop systems adaptable for both feedstock and energy storage and transport.

It is crucial to underline that the use cases elaborated upon in this chapter represent only
foundational studies in a rapidly changing technological environment. Future research
endeavours should be aimed at scrutinizing additional pathways, particularly those
concerning the pre-transport production and storage of ammonia and methanol. Special
attention should be accorded to the storage and transportation of ammonia via pipelines and
maritime vessels. Such expanded analyses would offer valuable insights into optimizing
safety, efficiency, and sustainability, thereby contributing to broader advancements in both
industrial and energy-related applications.
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4.6.2.1 Use Case 8: Methanol production from CO; Utilization from industrial
effluents

Description:

CO, capture and sequestration (CCS) is a possibility to address current environmental
challenges related to the mitigation of anthropogenic impacts on climate change. Commercial
utilization of the captured CO: is an alternative option to lower the GHG emissions of the
industrial systems. Here, CO; is used as a chemical commodity to produce value-added fuels,
chemicals and other products such as Methanol (CH3OH) (Khojasteh-Salkuyeh et al. 2021).
Methanol has the potential to be used as gasoline substitute and or within a mixture for
flexible fuel vehicles with internal combustion engines or diesel engines. Furthermore, it can
be used for SOFC powered mobility and/or stationary systems for electricity and heat
generation. Methanol serves as energy carrier for electric power generation (Schorn et al.
2021). For methanol production, hydrogen is produced by electrolysis employing renewable
electrical energy or absorbing the overproduction of the power grid. CO; is required in the
reaction which can be sequestrated from e.g. flue gas of conventional power plants. This
process represents an eco-friendly option for methanol production by allowing reducing the
intensity of fossil fuel consumption and mitigating the CO, emission as well (Biedermann,
Grube, and Hohlein 2006).

System Description:

The capture of CO, by catalysts separation, electrostatic precipitators, water scrubbing, and
membrane separators has potential to be applied to flue gases of high CO, producing facilities,
such as combined cycle power plants. Once captured, CO, can be stored for extended periods
in e.g.geological storage areas such as salt caverns, depleted gas reservoirs, and/or hard
rocks. The stored CO; can then be utilized for fuel or petrochemical production. CO, combined
with green hydrogen can further be reformed to synthesize methanol as fuel. However,
purification processes are required to be applied to remove impurities, including water and
other substances that are harmful or unwanted, to fulfill target fuel specifications. Once
produced, methanol can be stored in a liquid state in specially designed tanks and preserved
for future utilization. Subsequently, the fuel is transported via a combination of maritime, rail,
and road transportation to the designated harbor area, which represents the final use zone
(i.e. harbour).

Figure 4-19 outlines the process for producing methanol from captured CO, and green
hydrogen using renewable energy. The system begins with capturing CO, from industrial
sources or the atmosphere and storing it underground. Renewable energy, from wind
turbines and solar panels, powers PEM electrolyzer to produce green hydrogen and oxygen.
These are then combined in a methanol reformer to create methanol. The methanol is stored
in technical tanks, transported by ships to the harbour, and stored again before being
delivered to SOFC-equipped ships. This diagram illustrates a sustainable approach to reducing
carbon emissions and providing methanol as a clean fuel source.

@FuelSOME 2024 111



[D1.2 ‘B: Technology concept design for a multifuel SOFC system including final report FueIS M E
on specifications of suitable green fuels and qualities for SOFC’]

Gelogical Storage (C02)

Qe
Factory with Capbon Capture “ —> 02 @ — '.
—

Technical Storage

Fuepane ‘ i
P——

SOFC Ships

Figure 4-19. Methanol supply Use Case 8.

Table 4-22 details the steps involved in the production and delivery of methanol. The process
starts with capturing CO, using electrostatic dust collectors, followed by its geological storage.
Renewable energy sources, like solar and wind, are used to power PEM electrolyzers,
producing green hydrogen and oxygen through PEM electrolysis. CO,, O,, and H, are then
reformed in a methanol reformer to produce methanol. The methanol is purified, stored in
liquid form, and transported by ships to the harbor. At the harbor, methanol is re-stored in
liquid form and finally supplied to SOFC-equipped ships. This table provides a clear overview
of the methanol production and supply chain from capture to delivery.

Steps

Step 1
Step 2
Step 3
Step 4
Step 5

Step 6
Step 7
Step 8
Step 9
Step 10

Table 4-22 Steps and Procedures of the Use Case 8.

Prodecure

The capture of CO, with the use of electrostatic dust collectors
Geological storage of captured CO2

Providing electricity for PEM electrolyzer from solar and wind.
Green hydrogen and oxygen production from PEM electrolysis.

Reforming of CO2, 02, and H2 in the methanol reformer and the subsequent
production of methanol.

Purification of methanol, separation of water and unwanted substances
Storage of methanol in liquid phase and ready for transport.
Transportation of methanol to the harbour by ships.

The re-storage of methanol at harbor in liquid phase

Supply of stored liquid methanol to SOFC ships berthed in harbour.
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e Step 1: The capture of carbon dioxide (CO,) and its subsequent separation into the
chimney of a factory that produces high levels of CO,

e Step 2: The storage of captured carbon can be achieved through the use of geological
storage in salt rocks, hard rock, or depleted gas reservoirs.

e Step 3: The provision of green electricity from hybrid solar and wind power plant to
an PEM electrolyzer

e Step 4: The production of green hydrogen and oxygen is achieved through the use of
an alkaline electrolyzer, whereby the necessary electricity is provided by hybrid solar
and wind.

e Step 5: The methanol reformer is employed to reform CO2, H2, and O, thereby
facilitating the synthesis of methanol.

e Step 6: Purification of the synthesized methanol to separate it from water and
unwanted substances.

e Step 7: The storage of methanol in liquid phase tanks at the production site.

e Step 8: Transport of Ethanol from the production area to the harbour ships.

e Step 9: Re- Storage of transported methanol in liquid phase in the harbor.

e Step 10: The filling of liquid phase methanol into ships approaching the harbour with
SOFC systems is the final step of the full pathway.

Table 4-23 details the essential elements of the methanol production and supply chain.
Preconditions include having a CO,-rich flue gas stream, operational carbon capture
technology, geological storage for CO,, and renewable energy sources for hydrogen and
oxygen production. The system also requires functional electrolysis setups, a methanol
reformer, purification technology, and storage solutions at both the production site and
harbour. The Main Flow outlines the steps from CO, capture and green hydrogen production
to methanol reforming, purification, storage, transportation, and fuelling of ships.
Postconditions ensure a steady methanol supply for shipping operations. Acceptance Criteria
specify requirements for CO, capture, hydrogen and oxygen production, methanol purity,
storage, and compliance with safety and environmental regulations. This table provides a
structured approach to managing the methanol supply chain efficiently.

Table 4-23 Category and Description of the Use Case 8.

Category Description
Preconditions 1. A flue gas stream containing CO; is available in the required

guantity and an appropriate carbon capture technology is setup and
functional
2. Geological storage for captured CO; close to the production site
is available.
3. Renewable energy for hydrogen and oxygen production is
available.

4. Production of green hydrogen and oxygen via alkaline or PEM
electrolysis is setup and operational.
5. CO2, Hz and O3 is reformed to methanol in the reformer.
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6. A purification process/technology is setup and operational to
separate it from the water and any unwanted products.

7. Storage solutions for purified liquid methanol are setup at the
production area.

8. Transporting systems for methanol to the harbour by ships are
operational.

9. Storage solutions for purified liquid methanol are setup at the
harbour.

10. Fuelling station for pure liquid methanol at the harbour is
available and functional to fuel target ships.

Main flow 1. CO; capture from industrial flue gas
2. Production of green hydrogen and oxygen by alkaline/PEM
electrolysis using renewable energy.
3. Production and purification of methanol by reforming CO», H»
and Oz in a methanol reformer.
4. Storage of purified methanol in liquid state at the production
site.
5. Transport of methanol in liquid state to the harbour.
6. Storage of purified methanol in liquid state at the harbour site.
7. Methanol fuelling of ships at the harbour.

Postconditions The Shipping Company receives the methanol fuel from the harbour
storage location as needed, ensuring a steady fuel supply for their
shipping operations.

Acceptance 1. CO; from flue gas is provided from industry and captured.
Criteria 2. Geological storage of captured CO; at production site.

3. Hydrogen and oxygen are produced by alkaline/PEM electrolysis
by renewable energy
4. Methanol is reformed from CO;, H; and O and purified to meet
SOFC fuel specification.
5. Fuel is transported from the production area to the harbor.
6. Methanol is stored in liquid form in special tanks both in the
production area and in the harbor.
7. Successful Transfer of Liquid Fuel to Ships with SOFC systems.
8. All stages of the methanol supply chain are monitored following
the pertinent safety and environmental regulations.

4.6.3 Use Case Application
The defined use cases 1-8 will be tested against the KPIs defined in the Deliverable 1.3A
which is describing the modelling tool. Finally, the results of the use case calculation will be
described in full detail in Deliverable D1.4B.
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5. Conclusions

Globally, shipping emissions represented 1,076 million tonnes of CO; in 2018 and were
responsible for around 2.9% of global emissions caused by human activities. Until today, oil-
based fuels are used for more than 99% of the total energy demand in international shipping.
This needs to change fundamentally since the International Maritime Organization (IMO), set
the target to reduce GHG emissions for international shipping by 250% by 2050 compared to
2008 which was currently revised in 2023 and sets a goal of net zero emissions from ships “by
or around, i.e. close to, 2050 (Santos 2023)"”

SOFCs as propulsion systems for ocean-going vessels are thus key for achieving a net zero
emission shipping industry providing transport of goods on a global scale. The energy
provision for such SOFC systems is currently considered to be achievable by several different
fuels (i.e., multifuel) such as Hz, NH3 or Methanol.

We proposed a modular structural diagram allowing fuel pathway assessment and addressing
of use cases for production technology, distribution, and storage pathways for multifuel
assessment. The proposed structural diagram for fuel pathways for SOFC propulsion systems
provides a modular approach to comprehensively address different use cases, thus allows a
modelling approach to investigate different raw materials, optimized production pathways,
storage, distribution along the supply chain. The described use case 1-8 show exemplarily the
applicability of the modular approach in defining use cases. The goal is to test potentials
pathways against the KPIs defined in Deliverable 1.3A in respect to the potential fuel
specifications for the SOFC model system defined in the FuelSOME project.

Comparing current norms and standards existing for the target fuels, it was evident that
neither of the current standards provides the requirements for the currently present SOFC
system fuel specification. Contaminants such as Sulphur and Silicon are not or not sufficiently
defined and regulated in investigated prevailing and/or drafted norms and standards.
Especially fuel refinement along the fuel pathway needs to be considered and investigated in
more detail, also in terms of feasibility for large quantities required to meet the fuelling
demand.

The results are being verified for its validity and limitations and calculation approaches will be
updated in the modelling tool that is described in Deliverable 1.3A. The developed use
cases 1-8 will be calculated in the modelling tool. Results will be reported in the Deliverable
1.4B in about 10 months. Currently defined KPIs will be (among others) re-evaluated and
optimized using the modelling approach to test and compare the use case acceptance criteria
defined in this document.
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Annex A: Structural Diagram

Please refer to the file “FuelSOME D1.1 ‘A Techn' AEE (310823) v0.7 Annex_A Structural
Diagram_v7.png”.
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