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1. EXECUTIVE SUMMARY
1.1. Description of the deliverable content and purpose

Through a holistic approach, the APOLO project aims to tackle the challenges of power conversion from
green ammonia and develop an efficient and flexible green ammonia cracking technology. This technology
will be coupled with fuel cells and engines to achieve complete decarbonization of the maritime sector.

The purpose of this market analysis are:
0] identifying market opportunities and current key players and their market share,
(ii) identifying the target customers and market segmentation,
(iir) identifying the competing solutions and the business models the existing solutions use,
(iv) identifying the specific customer needs that the novel solution can satisfy.
1.2. Brief description of the state of the art and the innovation brought

The state of the art in the APOLO project focuses on bridging the existing technologies for green ammonia
cracking and combustion engines or hydrogen fuel cells for marine applications. Green ammonia is
recognized as a carbon-free fuel, but current methods to crack green ammonia into hydrogen are inefficient
and unsuitable for onboard applications, particularly in maritime contexts. Hydrogen fuel cells are well-
established for clean energy conversion, but they face challenges in efficiently using hydrogen derived
from green ammonia.

The innovation introduced by the APOLO project is threefold:

Novel Membrane Reactors: APOLO develops advanced membrane reactors for green ammonia cracking,
which are more compact, energy-efficient, and capable of being integrated directly into maritime vessels.
This allows for cleaner and more efficient hydrogen production onboard.

Fuel Cell Integration: The project also aims to improve the integration of hydrogen fuel cells with these
green ammonia-cracking systems, ensuring seamless conversion of hydrogen into electricity. This creates
a more sustainable and efficient energy system for marine applications, reducing reliance on fossil fuels
and minimizing carbon emissions.

Ammonia combustion engine: The project will develop and optimize a spark-ignition combustion concept
for operation in conjunction with an ammonia cracker. The focus will be on power density, engine and
system efficiency, and the use of exhaust enthalpy for the ammonia cracking process.
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2. BACKGROUND AND MARKET OPPORTUNITIES
2.1. Market Overview

The maritime and shipping sector is a significant contributor to the EU economy, generating approximately
€147 billion in gross value added and providing employment for around 4.5 million people. It also accounts
for 75% of EU external trade volumes and 31% of internal trade. However, this sector is also a major
source of greenhouse gas emissions, responsible for 13% of total CO2 emissions from the EU transport
sector, with international shipping contributing 60% of these emissions.

The maritime industry primarily relies on fossil fuels like heavy fuel oil (HFO), marine gas oil (MGO), and
diesel, which emit high levels of CO2, SOx, NOx, and particulate matter (PM) during combustion. With the
International Maritime Organization (IMO) and European Commission (EC) introducing stringent
regulations to curb emissions, such as the Fit for 55 package and FuelEU Maritime, there is a growing
demand for alternative fuels and innovative technologies that can drastically reduce the carbon footprint
of the shipping sector.

According to the European Environment Agency (EEA), the shipping industry is under pressure to reduce
GHG emissions by 50% by 2050 and carbon intensity by 40% by 2030, as per the IMO’s 2018 strategy.
The newly introduced EU Ship Emissions Trading System (ETS) further mandates emission allowances
for ships over 5,000 gross tons, pushing the market toward low-carbon solutions.

2.2. Stakeholders Involved

The stakeholders involved in the APOLO project extend across multiple industries and regulatory bodies,
given the broad scope of the project. Key stakeholders include:

1. Maritime Operators: Shipping companies and fleet operators are the primary stakeholders, seeking
compliant and cost-effective alternatives to fossil fuels. They will benefit from adopting green
ammonia-based power systems as they aim to meet IMO and EU emissions targets while
maintaining operational efficiency.

2. Fuel Suppliers and Energy Providers: Companies producing and distributing green ammonia and
hydrogen derivatives play a pivotal role. The development of robust green ammonia cracking
technologies will allow these suppliers to offer a reliable hydrogen source, accelerating the
adoption of clean fuel alternatives.

3. Technology Developers and Manufacturers: The APOLO project involves innovative membrane
reactor technology developers, fuel cell manufacturers and ammonia engine developers. These
players will develop systems capable of efficiently cracking green ammonia into hydrogen for use
in fuel cells and ammonia engines, addressing both propulsion and auxiliary power needs onboard
vessels.

4. Regulatory Authorities: The IMO, European Commission, and national regulatory bodies set the
framework for emission reduction targets. Their continued enforcement of stricter environmental
regulations, such as the sulphur cap regulation and EU Ship ETS, will drive demand for APOLO’s
technological solutions.

5. Port Authorities and Infrastructure Providers: With over 17.5 million tons of green ammonia traded
annually and more than 120 ports equipped for green ammonia handling, port authorities and
infrastructure providers will be essential partners. The transition to green ammonia-based fuels will
require significant upgrades to port facilities and refuelling infrastructure to support NH3-powered
vessels.

6. End Users: The ultimate beneficiaries of the APOLO project’s innovations are industries reliant on
heavy-duty shipping and transport logistics, such as energy suppliers, mining companies, and
global exporters. These end users will be able to decarbonize their supply chains by utilizing green
ammonia as a clean and efficient energy carrier.
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2.3. Innovation Brought by the APOLO Project

The APOLO project brings groundbreaking advancements in the development of green ammonia-cracking
technologies and their integration with hydrogen fuel cells and ammonia engines. These innovations
address the market demand for sustainable energy solutions in maritime transport.

e Green ammonia Cracking Technologies: The core innovation lies in developing highly efficient
membrane reactors that decompose green ammonia (NH3) into hydrogen (H2). This allows ships
to carry green ammonia as a space efficient fuel and produce hydrogen onboard for use in fuel
cells, overcoming the challenges of hydrogen storage and transportation. Unlike direct hydrogen
storage, green ammonia's higher volumetric energy density allows more efficient cargo transport
by reducing the required fuel storage space.

o Fuel Cell Integration: The project aims to integrate hydrogen fuel cells into maritime vessels for
both propulsion and auxiliary power needs. Conventional low-temperature PEM fuel cells will
benefit from the project’s advancements in green ammonia cracking, producing hydrogen that
meets the necessary purity standards while optimizing storage space. For high-temperature fuel
cells, green ammonia cracking technologies improve system efficiency by providing pre-
decomposed fuel, enhancing thermal management.

e Ammonia Engine Integration: 4-stroke engines are already used in maritime applications. These
are reliable equipment ensuring thousands of hours operation in mobile applications. In the case
of APOLO, advanced 4-stroke engines operated with hydrogen/ammonia blends with efficiency
higher than 50% are targeted.

e Environmental and Economic Benefits: The adoption of green ammonia as a fuel source offers
significant environmental advantages by eliminating carbon emissions at the point of combustion.
This aligns with the IMO’s sulphur cap and the EU’s goal of reducing maritime GHG emissions.
The project also anticipates economic gains by reducing reliance on fossil fuels and increasing the
competitiveness of green ammonia in the fuel market. Additionally, green ammonia’s safe transport
and storage infrastructure is already established globally, making it a viable and scalable option.

3. GREEN AMMONIA TO POWER TECHNOLOGIES
3.1. Ammonia cracking
3.1.1. Market Trends in Ammonia Cracking Technology:

1. Prototype Stage: All of the companies analysed (Amogy, H2Site, Pherousa) are still in the prototype
phase, indicating that green ammonia cracking technology is at an earlier stage of development
compared to ammonia-fueled internal combustion engines. This suggests that while the market is
experimenting with green ammonia as a fuel, the infrastructure and systems needed to crack green
ammonia into hydrogen are still under refinement and testing.

2. Role in Hydrogen Economy: Green ammonia cracking is seen as a potential enabler for the
hydrogen economy. Hydrogen produced through cracking green ammonia can be fed directly into
hydrogen fuel cells or combusted in modified engines, leading to zero-emission or low-emission
operations. This reinforces green ammonia’s potential as an alternative clean fuel, especially in
sectors like shipping, where decarbonization is critical but challenging.

3. Marine and Heavy-Duty Focus: The companies analysed are clearly targeting marine applications,
such as onboard green ammonia cracking for ships. This aligns with similar trends in green
ammonia-powered combustion engines. Ships powered by hydrogen derived from cracked green
ammonia can achieve emission-free propulsion, which is a major selling point in an industry facing
increasing regulatory pressure to cut emissions.

4. Fuel Flexibility and Emissions Control: H2Site’s work on membrane reactors emphasizes versatility
in green ammonia cracking under various conditions, which is crucial for practical onboard
applications. Efficient green ammonia cracking will also help manage emissions from internal
combustion engines, especially the production of nitrous oxides (NOx) and other pollutants. These
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efforts highlight the dual goals of improving energy efficiency while maintaining environmental
friendliness.

3.1.2. Key Stakeholders and Technologies:
1. Amogy:

o Prototype Phase: Amogy is working in partnership with ITOCHU to explore the use of green
ammonia cracking onboard vessels. This partnership shows that key industry players are exploring
how green ammonia cracking might complement existing fuel systems.

e Innovation Impact: Amogy’s technology could play a key role in building practical, ship-based
solutions for green ammonia as both a fuel and hydrogen carrier. Their efforts point toward
integration of green ammonia cracking with broader hydrogen supply chains.

2. H2Site:

o Prototype with Versatile Reactor Technology: H2Site’'s development of membrane reactors
indicates flexibility in fuel applications. This could allow for a wide range of configurations onboard
ships and in other heavy-duty applications where fuel flexibility is critical.

e Environmental Impact: The emphasis on both emissions control and efficient hydrogen production
makes H2Site’s solution attractive to maritime operators who need to balance sustainability goals
with operational efficiency. Efficient cracking processes will help optimize green ammonia as a
bridge fuel in the transition to a hydrogen economy.

3. Pherousa:

o Prototype of Full Propulsion Systems: Pherousa is developing a more complete solution,
incorporating a 12 MW LT-PEM fuel cell system that will provide full propulsion to a fleet of six
vessels. With a target date for the first vessel in 2027, Pherousa is working on creating fully
operational ships using 100% emissions-free fuel.

e Shipping Decarbonization: The use of large-scale fuel cells fueled by green ammonia-derived
hydrogen suggests that Pherousa’s ships could serve as early models for a carbon-neutral shipping
industry. Their large deadweight tonnage (63,000) also suggests they are targeting large, ocean-
going vessels.

3.1.3. Broader Implications:

e Decarbonization Potential: Green ammonia cracking will be an essential step in utilizing green
ammonia as a carbon-neutral energy carrier, especially in marine applications where zero-emission
operations are becoming a requirement. This technology will be vital in complementing the growing
adoption of green ammonia-based fuels and decarbonizing maritime industries and potentially
other heavy-duty sectors (e.g., transportation, industrial).

e System Integration: To be successful, green ammonia cracking technology will need to integrate
seamlessly with other onboard systems, including fuel cells and internal combustion engines. As
companies like Amogy and H2Site work on prototype systems, their efforts are laying the
groundwork for this integration.

e Ammonia as Hydrogen Carrier: By enabling hydrogen to be efficiently produced onboard from
green ammonia, these cracking technologies will allow vessels to operate using hydrogen fuel cells
without needing complex hydrogen storage systems. This simplifies the logistics of fueling and
storage, as green ammonia is more stable and easier to handle compared to hydrogen. Ammonia
safety in storage and transport is an issue that must be solved through regulations.

3.1.4. Key Insights:

e Technology Maturity: As all the companies are still in the prototype phase, green ammonia cracking
is clearly an area where further research, testing, and development are needed. However, the
projected timelines for commercialization, such as Pherousa's 2027 target, indicate that these
technologies are moving closer to real-world application.
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e Emissions Control and Efficiency: Green ammonia cracking technologies are not only focused on
creating hydrogen but also on improving emissions profiles. Efficient green ammonia cracking that
minimizes pollutants like nitrogen oxides will be key in ensuring that these solutions meet
environmental standards.

e Marine Sector Leadership: The marine sector is currently the primary focus for green ammonia
cracking, driven by the need for decarbonization solutions for long-haul ocean transport. As a
result, ships could be the first widespread use case for green ammonia-to-hydrogen conversion.

o Efficiency: Energy efficiency is a key variable both in marine and the world. Utilising green ammonia
with a cracking technology has a potential of generating electricity at a slightly better fuel efficiency
compared to combustion technology and will be a key decision factor when both technologies are
competing against each other.

3.2. Internal Combustion Engines (ICE)

This analysis focuses on both market trends and key stakeholders, offering insights into the state of green
ammonia-fueled ICE technology and its future in the marine and heavy-duty sectors.

3.2.1. Market Trends:

The maritime and heavy-duty sectors are rapidly evolving to meet decarbonization goals, driven by both
regulatory pressures and global environmental commitments. The demand for cleaner energy solutions is
prompting innovations in alternative fuels like green ammonia, a promising candidate due to its carbon-
free combustion potential.

Several key trends emerge from our analysis:

e Maturity of Technology: Some companies, such as Wartsila, WINGD and MAN Energy Systems,
are leading the market with commercially available or soon-to-be-commercialized green ammonia-
fueled engines, both for two and four stroke. This is indicative of the technology reaching a viable
stage, particularly for marine applications, which are under intense pressure to reduce emissions.

e Research & Development (R&D) Focus: Several companies, including LEC and MAHLE
Powertrain, are still in the R&D phase or using test beds, indicating that green ammonia combustion
technology is still being refined. Innovations in these areas focus on enhancing engine efficiency
and addressing challenges such as green ammonia's lower energy density compared to traditional
fossil fuels.

e Projected Deliveries: Many companies have targeted delivery dates for 2025 and beyond,
suggesting that the market for green ammonia-fueled engines will see significant growth within the
next 2-5 years. The timeline aligns with major international and European emissions reduction
milestones, such as the IMO's 2030 and 2050 GHG targets.

¢ Global Participation: The companies involved are based in diverse regions, including Europe, Asia,
and the U.S., reflecting a global effort to decarbonize shipping and heavy industry. This also
suggests a future of increased global competition in the green ammonia-fueled ICE market.

3.2.2. Stakeholder Analysis:
The key stakeholders in this emerging market include:

1. Technology Providers: Companies like Wartsila, MAN Energy Systems, WINGD and Hyundai
HIMSEN are at the forefront of commercializing green ammonia-powered engines. These early
movers will likely dominate the market in the short term and set performance and safety standards
for the industry.

2. Shipbuilders and Marine Operators: Partnerships between engine manufacturers and shipbuilders
(e.g., Hyundai Mipo Dockyard) demonstrate the role of shipbuilding firms in the transition to green
ammonia-powered vessels. Operators such as CMB.TECH are investing in green ammonia-fueled
ships, indicating strong demand from the maritime transport industry for sustainable solutions.
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Regulatory Bodies: International regulations, like the IMO's GHG reduction goals and the European
Union's Fit for 55 legislation, are driving demand for green ammonia-fueled technologies.
Stakeholders in these regulatory bodies will play a pivotal role in shaping market adoption by setting
emissions standards and creating incentives for low-carbon fuels.

R&D Institutions: Research organizations (e.g., SINTEF, NTNU and LEC) and collaborative
projects like Bergen Engines' AMAZE project underscore the importance of academic and industrial
partnerships. These R&D efforts aim to overcome technical barriers, such as optimizing green
ammonia combustion and minimizing nitrous oxide emissions, which will be critical for broader
adoption.

Heavy-Duty and Industrial Users: Beyond maritime applications, green ammonia-fueled ICEs have
potential in other sectors, such as construction, mining, and other off-highway industries, as
explored by MAHLE Powertrain. Stakeholders in these industries are under similar regulatory
pressures to decarbonize, making them likely future adopters.

Key Insights:

Early Commercialization vs. R&D: Companies like Wartsila are already offering commercial
solutions, whereas others like Bergen Engines and MAHLE are still in the R&D phase, suggesting
that commercial maturity will vary by application and region.

Fuel Diversity: Most stakeholders are currently using the green ammonia ICE-operation with a
certain amount of pilot fuel, typically diesel, resulting in a partial operation on carbon-based fuel
together with the green ammonia with resulting emission. This does however also enable many of
the ICE-solutions to operate on diesel/other carbon-based fuels using the same engine enabling a
multi-fuel capability.

Collaborative Innovation: Partnerships between engine developers and research institutes (e.g.,
CMB.TECH with WinGD, IHI Power System with GE) show a collaborative approach to overcoming
technical challenges. This trend suggests that future breakthroughs in green ammonia ICE
technology will likely emerge from such collaborations.

Geographical Diversification: There is significant activity in Europe and Japan, where
decarbonization policies are most aggressive. However, companies like Hyundai and IHI show that
Asia beyond Japan is also poised to be a key player, especially as these nations ramp up their own
emissions targets.

Green ammonia’s Role in Global Decarbonization: Green ammonia is not just a fuel for internal
combustion engines; it's also being positioned as a hydrogen carrier, which could expand its utility
across various sectors, including renewable energy storage and electricity generation.

Future Expectations on technical variables that the cracking or fuel cell providers continuously will
be benchmarked against resulting in a more challenging entry barrier for these up-and-coming
technologies.

3.3. Fuel Cells

Focusing on Solid Oxide Fuel Cells (SOFCs), which are high-efficiency fuel cells capable of operating
on a variety of fuels, including hydrogen and green ammonia. SOFC technology has the potential to be a
significant contributor to the decarbonization of industries such as maritime shipping.

3.3.1.

Market Trends in Solid Oxide Fuel Cells (SOFC):

Prototype Phase: Similar to green ammonia cracking, SOFC technology for maritime applications
is still in the prototype phase. However, some progress is being made, with multiple companies
developing solutions aimed at enabling zero-emission operations, particularly in shipping.

Green ammonia as a Fuel: Green ammonia is emerging as a key fuel for SOFC systems. It can be
cracked into hydrogen or directly fed into specially designed fuel cells. This aligns well with the
broader push towards green ammonia as a zero-emission fuel in the maritime industry.
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o High Efficiency and Fuel Flexibility: SOFC systems are known for their high electrical efficiency
and ability to operate with a range of fuels with limited changes. This makes them highly attractive
for heavy-duty applications like shipping, where fuel flexibility and long-duration operation are
essential.

3.3.2. Key Stakeholders and Technologies:
1. Alma Cleantech:

e Prototype Phase: Alma Cleantech has been involved in the EU-funded ShipFC project, which is
one of the most prominent examples of green ammonia-powered SOFC systems for maritime
applications.

e 2 MW Green ammonia SOFC System: The project aims to retrofit the offshore vessel Viking Energy
with a 2 MW green ammonia operated SOFC. This system will allow the vessel to operate solely
on green ammonia for up to 3,000 hours annually. The goal is to demonstrate zero-emission deep-
sea shipping.

o World First: If successful, this will be the world’s first large scale green ammonia-powered fuel cell
system installed on a vessel, potentially setting the stage for broader adoption of SOFCs in the
maritime sector.

¢ However, Alma Cleantech has recently announced financial issues and hence decrease in its
development ambitions, so the realisation of the project is currently unclear.

2. SolydEra, Nautilus, AMON Project:

e Prototype SOFC System: SolydEra is developing a prototype SOFC system as part of the AMON
project. The system is designed to validate the efficacy of SolydEra stacks under various
conditions.

o Power Density Improvement: Currently, the power density is 7 kW/mz2, with a potential increase to
10.5 kW/mz in future versions. This indicates continuous improvement in the efficiency and output
of the system, which will make it more attractive for commercial use.

e Operating Range: The system is designed to operate within a broad temperature range, from -
20°C to +40°C, and in any air humidity conditions, from 0% to 100%. This flexibility is crucial for
maritime and other heavy-duty applications that require robust systems capable of operating in
harsh environments.

3. Bloom Energy:

e No green ammonia Announcements: Bloom Energy, which is well-known for its fuel cell
technologies, has not made any formal announcements regarding the use of green ammonia as a
fuel in its SOFC systems. However, Bloom Energy's fuel cells are already used in various industrial
and marine applications, demonstrating a commitment to fuel cell development for decarbonized
marine propulsion.

e Broad Market Impact: While Bloom Energy is not currently focused on green ammonia, its existing
SOFC systems are making a significant impact in the maritime sector, with efficient fuel cells that
can operate on other clean fuels such as hydrogen.

4. Ceres/Doosan

e Natural Gas: Launched a consortium to develop a 600kW SOFC auxiliary unit for a Shell LNG
vessel. Announcement focuses on using SOFC on natural gas but if successful it will also be a
step towards using similar SOFC technologies for green ammonia fuelled systems.

3.3.3. Broader Implications:

e Decarbonization of Shipping: SOFC systems have the potential to drastically reduce emissions
from shipping by enabling the use of clean fuels such as green ammonia, hydrogen and
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synthetic/bio-methanol. These systems are being designed to meet the stringent requirements of
maritime applications, including robustness, efficiency, and long operating hours.

e Fuel Flexibility: While some companies like Alma Cleantech and SolydEra are focusing on green
ammonia as a fuel, other companies such as Bloom are still exploring other fuel options. However,
the inherent flexibility of SOFC systems allows them to switch between different clean fuels without
major product changes, which makes them versatile solutions for industries transitioning to greener
operations.

e Technological Challenges: The ongoing development of prototype systems highlights the current
challenges in scaling up SOFC technology. However, with power densities improving and
prototypes being tested in real-world conditions, these systems are getting closer to commercial
viability.

3.3.4. Key Insights:

o Fuel Efficiency: The SOFC-technology has a significantly higher fuel efficiency compared to both
combustion and cracking+PEM FC technologies. Once/If all other hurdles of technological maturity,
robustness, cost etc. are overcome, then SOFC will become a preferred technology long-term
assuming energy/fuel is the primary cost-driver for vessels in the future. (The way it is today with
oil/gas)

¢ Alma Cleantech’s World First: If successful, — however, now more uncertain due to financial issues
— Alma Cleantech’s system on the Viking Energy will represent a significant milestone in the
maritime industry, providing proof of concept that green ammonia-powered SOFC systems can
provide sustainable, zero-emission propulsion for long-haul ocean transport.

e Power Density Improvements: SolydEra’s focus on improving power density is crucial for the
commercial adoption of SOFCs. Higher power densities will allow smaller, more efficient systems,
which are essential for fitting fuel cells into the constrained space available on ships and other large
vehicles.

¢ Bloom’s Potential: Although Bloom has not made any announcements about green ammonia, its
established presence in the fuel cell market suggests that it could quickly pivot to green ammonia
if market demand increases.

4. AMMONIA MARKET PLAYERS

The goal of Section 4, "Ammonia Market Players," is to provide a detailed, market-oriented analysis of the
ammonia landscape, focusing on the companies, projects, and specific technologies that drive maritime
decarbonization. Unlike Section 3, which introduces the technical foundations of ammonia-to-power
solutions and explores their functionalities and broader potential in the APOLO project, Section 4 dives
deeper into specific companies, partnerships, and projects, offering numerical insights into market trends,
investment levels, and technological readiness. By highlighting major players like Wartsila, MAN Energy
Solutions, and others, Section 4 gives an in-depth view of each segment’s market positioning, anticipated
commercialization timelines, and the projected impact on the industry. This approach not only
contextualizes the ammonia market’'s competitive dynamics but also examines how progress in each
segment—such as ammonia internal combustion engines, cracking technologies, and fuel cells—
translates into practical, scalable solutions for low-emission shipping. Together, Sections 3 and 4 give
readers a complete picture of ammonia’s role in maritime decarbonization, with Section 3 focusing on the
conceptual groundwork of the technologies and Section 4 providing a quantitative and strategic view of
their adoption and impact.

4.1. Ammonia producers

Ammonia producers and the current developments in green ammonia production, are crucial part of the
clean energy transition. Green ammonia is produced using renewable energy, such as green hydrogen,
and is viewed as a key component for decarbonizing various industries, particularly fertilizers and shipping.
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Key Market Trends for Green Ammonia:

Large-Scale Green Ammonia Plants: Companies like Fertiberia and SkiGa are developing large-
scale facilities aimed at producing green ammonia using renewable energy, reflecting an industry-
wide shift towards sustainable ammonia production.

Green Hydrogen Integration: Many ammonia producers are focusing on integrating green hydrogen
as a feedstock, which is pivotal in producing carbon-free ammonia. This reduces emissions
significantly, positioning ammonia as a cleaner alternative for fertilizers and industrial uses.

Licensing and Innovation: Some companies, such as Thyssen, act as technology licensors,
focusing on the development of green ammonia production technologies rather than producing
green ammonia themselves.

Partnerships for Supply: Partnerships like the one between Yara and ACME reflect the growing
trend of securing long-term agreements to supply green ammonia, demonstrating confidence in
the demand for low-carbon ammonia solutions.

Cost level for green ammonia: The cost of green ammonia as fuel to replace carbon-based fuels
is still a barrier for the transition. Depending on the availability of renewable energy, the cost of
green ammonia is more than double the cost of grey one.

Key Companies and Their Projects:
Fertiberia:

Plant (Operational): Fertiberia has taken a leadership position in Europe with the startup of the first
large-scale green ammonia and green fertilizer plant at its Puertollano facilities in Spain.

Sustainable Plant Nutrition: The company already produces 100% sustainable, decarbonized plant
nutrition solutions using green hydrogen as raw material for green ammonia under the Impact
Zero® brand.

First in Europe: Fertiberia is pioneering the transition to sustainable ammonia production, aiming
to significantly reduce carbon emissions in the fertilizer industry and leading several green
ammonia projects in partnership with other energy and industrial sectors.

Link: Fertiberia Green Hydrogen and Ammonia
SkiGa:

Plant Development: SkiGa has announced an investment decision to develop a green ammonia
plant by 2027 in Bergen, Norway as part of Project Skipavika — FUELLA AS.

Future Expansion: Although the project is in its early stages, the decision marks a significant
commitment to green ammonia production in Norway. This plant is set to be a key producer of
green ammonia for various sectors, including energy and shipping.

ThyssenKrupp (Licensor):

Not a Producer: ThyssenKrupp does not produce ammonia but is a leading licensor of technology
for green ammonia production. ThyssenKrupp-Uhde has developed technologies for producing
ammonia using renewable energy, playing a key role in scaling green ammonia production globally.

Technology Innovation: ThyssenKrupp’s technology solutions are crucial for companies that wish
to adopt green ammonia processes.

Link: ThyssenKrupp Green Ammonia

Talus Renewables:

Prototypes: Talus Renewables is developing prototype green ammonia systems that are
fabricated, containerized, and autonomous. These systems aim to lower nitrogen fertilizer costs
while offering reliable, sustainable solutions for smaller-scale or decentralized ammonia
production.
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Cost-Effective Solutions: Talus is focused on providing a cost-effective and sustainable solution for
green ammonia production that can be deployed easily, making it ideal for agricultural uses,
particularly in remote or underdeveloped areas.

Link: Talus Green Ammonia
Yara-ACME Partnership:

Supply Agreement: Yara, one of the largest ammonia producers globally, has signed a long-term,
binding agreement with ACME for the supply of ammonia with reduced CO2 emissions. This
partnership emphasizes the increasing demand for low-carbon ammonia as companies look to
reduce their environmental footprint.

Global Impact: Yara’s global reach and ACME’s green ammonia production capabilities ensure
that green ammonia will be available for multiple markets, including fertilizers and industrial
processes.

Link: Yara-ACME Green Ammonia Agreement

Fertilizers Europe:

Association: Fertilizers Europe represents the European Fertilizer Producers Association and plays
a critical role in promoting sustainable and environmentally friendly fertilizers, including those
based on green ammonia.

Industry Representation: The association supports innovation and the transition towards low-
carbon ammonia solutions in the fertilizer industry across Europe.

Link: Fertilizers Europe

Broader Implications for the Green Ammonia Market:

Decarbonizing Agriculture and Fertilizers: Green ammonia plays a pivotal role in decarbonizing
agriculture, with companies like Fertiberia leading the charge by producing green fertilizers using
ammonia made from renewable hydrogen.

Investment and Innovation: Companies like SkiGa and Talus Renewables are developing novel
solutions that could lower the cost of green ammonia production and improve scalability, making
green ammonia more accessible across industries.

Technology Licensing: Firms like ThyssenKrupp are accelerating the global adoption of green
ammonia by providing technology solutions to traditional ammonia producers, facilitating the
transition to green alternatives.

Global Partnerships: The Yara-ACME partnership demonstrates the increasing trend towards
securing green ammonia supplies through long-term agreements, indicating strong confidence in
the growth and importance of low-carbon ammonia solutions for industries like shipping and
energy.

4.2. Ammonia cracking

4.2.1.

Market Trends in Ammonia Cracking Technology

Ammonia cracking technology is essential to generating hydrogen onboard vessels, enabling them to
utilize ammonia as a fuel carrier. Hydrogen generated through cracking ammonia provides a steady and
safe hydrogen supply for fuel cells. Key trends in ammonia cracking technology include prototype
advancements, with estimated conversion efficiencies of 80-90% as companies approach commercial
viability.

Key metrics and trends include:

Efficiency Targets: Ammonia cracking systems aim to convert NH; to H, with efficiencies as high
as 90% at a scale sufficient for maritime applications, typically producing 5-10 kg of hydrogen per
hour per 100 kW of cracker capacity.
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e Energy Density Comparisons: Ammonia has a higher energy density than hydrogen, with about
10.7 MJ/L compared to hydrogen’s 5.6 MJ/L at 700 bar, making it a more practical fuel storage
solution. Cracking systems leverage this by enabling onboard hydrogen generation as needed.

e Prototype Investment: Companies like Amogy and H2Site are reportedly investing millions in
prototype systems, with Amogy’s systems reaching power outputs of around 1 MW, targeting
applications on large marine vessels.

4.2.2. Key Players

e Amogy: In partnership with ITOCHU, Amogy is developing membrane reactors for onboard
hydrogen generation, targeting efficiency rates of 90% in their prototypes. Their systems are
designed for high hydrogen purity, critical for fuel cell applications, and are expected to achieve
commercial scaling by 2027.

e H2Site: Specializing in compact, flexible membrane reactors, H2Site’s systems are designed to
produce hydrogen from ammonia with minimal emissions. Their technology targets efficiency
benchmarks of 85-90% conversion, with pilot projects on ships aiming for 5 kg of hydrogen
production per hour.

e Pherousa: Pherousa plans to implement a complete ammonia-to-hydrogen cracking and
propulsion system by 2027, targeting large ocean-going vessels with capacities up to 12 MW. Their
prototype systems emphasize high purity hydrogen production to meet stringent environmental
regulations.

Ammonia cracking technology facilitates hydrogen use in the maritime industry, overcoming storage
challenges by producing hydrogen onboard. A shift toward ammonia-cracking-equipped vessels could
reduce shipping emissions by approximately 15-20% compared to traditional fuels, supporting the APOLO
project's mission to decarbonize marine transport. The technology also enables the maritime sector to
utilize hydrogen fuel cells without extensive hydrogen refueling infrastructure, a significant advantage for
long-haul shipping routes.

4.3. Internal Combustion Engines (ICE)
4.3.1. Market Trends

The global shipping industry contributes approximately 3% of global carbon emissions, and transitioning
to ammonia-fueled engines could significantly reduce these emissions. This shift is driven by regulatory
initiatives such as the IMO's goal to cut GHG emissions by 50% by 2050, which is pressing the industry to
adopt cleaner technologies. Ammonia-fueled ICEs are currently one of the more mature technologies in
this transition, with pilot installations and commercial engines expected in the next 2-3 years.

Some key market data for ICE development include:

e Efficiency and Emission Targets: New ammonia ICEs aim for fuel efficiencies of 45-50%, close
to conventional marine engines. However, they must incorporate NOx reduction systems to meet
emission standards, with target NOx reductions of over 95% in some cases.

e Projected Delivery and Adoption Timeline: Companies like Wartsila and MAN Energy Solutions
are expected to introduce commercial ammonia-fueled engines by 2025, with full-scale adoption
projected by 2030 as more ammonia bunkering infrastructure becomes available.

e Investment and Scale: Research and development investment in ammonia ICE technology is
substantial. For instance, Wartsila has reportedly committed around €100 million to ammonia and
alternative fuel research over the past five years.

4.3.2. Key Players

e Wartsila: Aiming to be a leader in dual-fuel ammonia engines, Wartsila has developed engines
that operate on both ammonia and conventional fuels, targeting cargo ships and container vessels.
Wartsila's prototype engines have achieved operational efficiency benchmarks of over 40% with
plans for commercial launches by 2025.
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e MAN Energy Solutions: With a target to commercialize ammonia-fueled two-stroke engines by
2024, MAN is heavily focused on integrating ammonia in large vessel propulsion systems. MAN's
ammonia engines are expected to be compatible with two-stroke engines powering large container
ships, and they plan for a 5 MW power output for early models.

e Hyundai Heavy Industries (HHI): HHI, in partnership with WinGD, has conducted testing on
ammonia-fueled engines at capacities reaching 2 MW. They target high-tonnage vessels and have
strategic plans to expand ammonia use within Korea’s fleet by 2030.

Adopting ammonia-powered ICEs could lead to a reduction of 300 million tons of CO, annually if
implemented across the global fleet, equating to nearly 20% of the industry's current emissions. These
engines serve as a near-term solution with significant decarbonization potential, allowing the industry to
reduce reliance on fossil fuels while ammonia fuel supply infrastructure develops. The APOLO project
benefits by positioning ammonia as a commercially viable bridge fuel, supporting the sector's transition to
Zero-emission propulsion systems.

4.4. Fuel Cells
4.4.1. Market Trends in Solid Oxide Fuel Cells (SOFCs)

Solid Oxide Fuel Cells (SOFCs) are high-efficiency systems ideal for ammonia and hydrogen fuel use,
achieving efficiencies of up to 60% in conversion processes. SOFCs operate at temperatures around 800—
1000°C, enabling internal reforming of ammonia, which simplifies system design by eliminating the need
for external reformers. The global SOFC market is growing, with a compound annual growth rate (CAGR)
of around 15%, reaching an estimated value of over $3 billion by 2030.

Key performance metrics for SOFC development include:

e Operational Efficiency: SOFCs targeting maritime use achieve efficiencies of 55-60%,
significantly higher than other fuel cells such as PEM (Proton Exchange Membrane) cells, which
operate around 40-50% efficiency.

e Power Density and Space Optimization: Newer SOFC stacks have improved power densities of
around 10 kW/m?, allowing for compact, high-output installations. This is crucial for space-
constrained maritime applications.

e Demonstration Projects: The EU-funded ShipFC project, one of the most prominent SOFC
demonstration projects, involves a 2 MW ammonia-fueled SOFC system being installed on the
Viking Energy vessel, expected to operate zero-emission for 3,000 hours annually.

4.4.2. Key Players

¢ Alma Cleantech: Alma Cleantech is leading the ShipFC project, which will see a 2 MW SOFC
system installed on a vessel, marking one of the largest applications of ammonia fueled SOFCs.
The system is designed for up to 3,000 hours of operation, providing a real-world benchmark for
large-scale ammonia fuel cells in shipping.

o SolydEra: SolydEra’'s SOFC systems target power densities of 10.5 kW/m?, making them suitable
for maritime applications that require compact, efficient energy sources. They are optimizing their
technology to operate in varied maritime conditions, from sub-zero temperatures to tropical
environments.

e Bloom Energy: Bloom Energy has significant expertise in SOFC technology, with existing
applications in stationary power generation. Though currently focused on hydrogen, Bloom has the
capacity to adapt its fuel cell technology to ammonia, potentially allowing it to capture a substantial
share of the maritime market as ammonia adoption grows.

The deployment of ammonia fueled SOFCs in the maritime sector represents a major advancement in
decarbonizing large vessels. High-efficiency SOFCs could reduce fuel costs by approximately 30%
compared to combustion engines, and their zero-emission operation aligns with the APOLO project's
environmental objectives. As SOFC technology matures and scales, it has the potential to become a
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preferred propulsion system, allowing the maritime sector to meet stringent emission standards and
operational efficiency goals.

5. CONCLUSIONS

The APOLO project is strategically positioned to address the growing need for sustainable maritime fuel
solutions. By leveraging innovative green ammonia-cracking technologies and integrating them with
leading marine fuel cell systems, APOLO will help the shipping industry reduce its carbon footprint, comply
with increasingly stringent regulations, and transition to carbon-free energy systems. With the active
involvement of key stakeholders across sectors—ranging from maritime operators and energy providers
to regulators—the project is set to play a critical role in the decarbonization of global shipping.

The ammonia-fueled internal combustion engine market is approaching a significant inflection point, with
major companies on the cusp of delivering commercial solutions within the next few years. However, the
industry still faces technical hurdles, such as improving green ammonia’s combustion properties and
limiting the need for pilot fuels. Key stakeholders, ranging from technology providers and shipbuilders to
regulatory bodies and industrial users, are actively shaping the trajectory of this market. Collaborative
research efforts and regulatory incentives will play an essential role in accelerating the adoption of
ammonia ICEs, particularly in sectors like shipping, where decarbonization is both a priority and a
challenge.

Ammonia cracking technology is still in its early stages but is poised to play a crucial role in the maritime
industry’s path to decarbonization. By converting green ammonia into hydrogen onboard vessels,
companies like Amogy, H2Site, and Pherousa are developing systems that could enable 100% emission-
free operations in ships. These developments reflect a broader trend towards green ammonia as a
versatile fuel solution for hydrogen production, making it central to the energy transition in the maritime
and other heavy-duty sectors.

Solid oxide fuel cells have the potential to play a key role in the future of decarbonization of the maritime
industry and other heavy-duty sectors. Alma Cleantech, SolydEra, and Bloom are among the key players
developing SOFC systems capable of utilizing clean fuels like green ammonia and hydrogen. These
technologies are currently in the early prototype phase, but they hold immense promise for zero-emission
shipping and other applications where energy efficiency and environmental sustainability are paramount.
The continued development of SOFC systems may be instrumental in driving the transition to a hydrogen
economy, with green ammonia potentially becoming a key enabler for long-duration, clean-energy
operations in the maritime sector — if the development matures correctly.

The development and integration of ammonia-based technologies in the maritime sector represent a
transformative step toward achieving the industry's decarbonization goals. As seen in the analysis of
ammonia-powered internal combustion engines (ICEs), ammonia cracking technologies, and solid oxide
fuel cells (SOFCs), each solution addresses specific challenges within the transition to sustainable energy.

Ammonia-fueled ICEs offer a near-term solution that allows ships to operate with significantly reduced
CO, emissions while utilizing existing infrastructure. With major players like Wartsila, MAN Energy
Solutions, and Hyundai Heavy Industries leading commercialization efforts, ammonia ICEs are anticipated
to be widely available by 2025. The ability to retrofit existing engines to operate on both ammonia and
conventional fuels provides fleet operators with an accessible pathway to reduce emissions as the market
and regulatory environment evolve.

Ammonia cracking technology is critical for generating hydrogen onboard, a solution that mitigates the
challenges of hydrogen storage and transport in maritime applications. Companies like Amogy, H2Site,
and Pherousa are pioneering advanced membrane reactors and catalytic cracking systems to produce
high-purity hydrogen from ammonia with up to 90% conversion efficiency. This technology enables vessels
to leverage ammonia’s storage advantages while accessing hydrogen’s emission-free potential, thereby
supporting the maritime industry’s shift toward hydrogen fuel cells without requiring extensive refueling
infrastructure.
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Overall, ammonia-based technologies not only align with regulatory requirements but also provide versatile
and scalable solutions that can adapt to the unique challenges of maritime decarbonization. The APOLO
project stands at the forefront of this transition, leveraging the capabilities of ammonia ICEs, ammonia
cracking, and SOFCs to pioneer a future of carbon-neutral shipping. By combining these complementary
technologies, the project contributes significantly to the industry's shift away from fossil fuels, paving the
way for a sustainable and resilient maritime energy ecosystem.

The ammonia production sector is undergoing a rapid transformation, with green ammonia emerging as a
cornerstone of the clean energy transition. Companies like Fertiberia and SkiGa are at the forefront of this
shift, building large-scale plants to produce green ammonia from renewable sources. Meanwhile,
companies such as Talus Renewables are developing innovative and cost-effective green ammonia
solutions, and partnerships like Yara-ACME are ensuring a steady supply of green ammonia for global
markets. Finally, ThyssenKrupp is helping scale up the production of green ammonia by licensing
technologies that reduce the carbon footprint of traditional ammonia manufacturing. This and further
development in the ammonia production sector is needed as the cost of green ammonia is an important
factor for the transition.
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