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Introduction




The 2016 Paris Climate Agreement was a historic point in global environmental policy. With nearly
200 nations ratifying it, the world has collectively pledged to address the growing risk of climate
change by reducing anthropogenic greenhouse gas (GHG) emissions. The agreement established a
specific target: limit the rise in world average temperatures to below 2° C above pre-industrial levels,
with an aspirational goal of 15° C. The ways to achieve this goal, however, were open to interpretation
and change.

The International Maritime Organization (IMO) took an important step in this direction in 2018 when it
introduced the Initial IMO Strategy on Reduction of GHG Emissions from Ships (Initial IMO GHG Strategy).
This strategy reaffirmed the maritime industry's commitment to significantly lowering GHG emissions during
the 21st century. This step not only indicated increased regulatory ambition but also emphasized the need to
improve the efficiency of global transport services, which are essential for modern commerce and trade.

In the following years, the IMO has developed and put into effect a number of new regulatory measures by
working with other regulatory bodies. These policies were aimed to reduce GHG emissions from maritime
activities while promoting the development of advanced fuels and technologies that could further reduce
these emissions. The 2023 IMO Strategy on Reduction of GHG Emissions from Ships (the 2023 IMO GHG
Strategy) reaffirmed the IMO's commitment to accelerating the reduction of GHG emissions from maritime
activities and established the ambitious goal of achieving “net-zero” GHG emissions by or around 2050.

The 2023 IMO GHG Strategy, as revised at the IMO’s 80th meeting of the Marine Environment Protection
Committee (MEPC 80), will lead to significant changes for marine vessels. Vessels will need to switch from
traditional fuels to greener alternatives, which might involve engine upgrades and the development of new
fueling infrastructure. Improved energy efficiency measures, such as improved hull designs and operational
changes like optimized routing, will be essential. Additionally, vessels may need to be equipped with real-time
emission monitoring and reporting systems, which will require crew training for effective implementation
and compliance. Older ships may also see challenges with retrofitting, thus rendering them commercially
unviable. However, new, complying ships might see an increase in market value.
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The transition to greener technologies may incur initial expenses, but long-term operations could benefit from
reduced fuel use and regulatory compliance. Additionally, safety measures will need to evolve, especially when
considering the characteristic of the alternative fuels being currently considered by the marine industry. For
example, ammonia is one of the alternate fuels currently being considered, and it has unique handling and
storage requirements which will be further analyzed later in this publication. Overall, the IMO strategy indicates
a time of transition for the marine industry, with a focus on sustainability and efficiency.

On the other hand, the global energy market is at a crossroad. With rising energy consumption to meet
consumer demands and a pressing need to simultaneously reduce carbon footprints, there is a definitive shift
toward renewable and low-carbon energy sources. One of the solutions to the decarbonization challenge is the
evolution of the energy industry, which will support creating an alternative, low-carbon fuel supply chain. The
Market Outlook Section 2 provides a comprehensive analysis of the current energy sector and highlights the
upcoming challenges and possibilities.

ABS carried out extensive research in support of this publication to evaluate the potential effects of using
alternative, low-carbon fuels in the shipping industry. Part of our analysis was to present an updated fuel mix
forecast. Based on extensive research and the most current information from Q3 2023, we looked at different
scenarios up to 2050 and their effect on the forecasted fuel mix. Another layer of complexity in the equation is
the current geopolitical events that impact the future fuel mix. While geopolitical events have had a distortive
impact on mature energy markets, their ability to impact a transitioning energy market is disproportional.
Despite these challenges, the shipping industry remains dedicated to decarbonization, as demonstrated by the
growing investments in alternative fuel-powered vessels.

The fleet orderbook measures the maritime industry's progress toward meeting the IMO's decarbonization
targets for the future decades. As the sector navigates the challenges of this transformation, it is critical to
invest in cutting-edge technology that can significantly lower maritime operations' carbon footprint. This
involves looking at alternative fuels, energy efficiency technology (EET) and novel solutions such as onboard
carbon capture systems. While intriguing, the research of alternative fuels presents its own set of obstacles in
terms of supply, cost, infrastructure and safety. Concurrently, while EETs provide a realistic pathway to improve
ship operational efficiency and thus reduce carbon emissions, they're expected to play a supportive role in
decarbonization projects. Onboard carbon capture, while still in its early phases, has the potential to transform
the way industry manages carbon emissions.

The maritime industry is heading towards a technological revolution; a future that offers greater sustainability,
efficiency and collaboration which is propelled by developments in clean energy, digitalization and applied
research. As technology advances, the maritime industry is positioned to benefit from a myriad of creative
solutions. These solutions not only solve today's urgent environmental concerns but also meet the ever-changing
demands of a globalized world.

This year's Outlook focuses mainly on the anatomy (i.e, a study of the structure or internal workings) of the
three value chains that are expected to play a significant role as we approach 2050.

The carbon value chain — which includes core elements like the capture, utilization, storage and transportation
of carbon — is an integrated step for carbon emissions management, from source to potential utilization or
sequestration. Understanding and improving the carbon value chain becomes increasingly important as the
entire globe steps up its efforts to combat climate change. As it scales up, it will become apparent that the
maritime industry is at the center of making this value chain a reality as the industry accounts for a substantial
portion of global trade. Carbon, once extracted, can be utilized for a variety of applications. Captured carbon has
a wide range of possible applications; from chemical and fuel production to boosting agricultural yields. While
this year’'s Outlook provides insights of the various aspects of the carbon value chain, it focuses primarily on
transportation components.

As companies worldwide increase their carbon capture projects, the requirement to transport collected carbon
becomes essential. Ships built to transport liquid carbon as cargo are emerging as an important link in the
carbon value chain. These vessels ensure that liquid carbon is transported safely and efficiently from capture
sites to utilization or storage facilities.
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Safe and long-term storage methods are required for carbon dioxide (CO,) that cannot be efficiently utilized.
Geological storage techniques, in which CO, is stored deep down in rock formations, offer a possible path
forward. Furthermore, the economic potential of the carbon value chain ranges from the creation of new
industries focused on carbon usage to the creation of employment in carbon capture and storage (CCS).

By lowering carbon emissions, companies can avoid potential penalties and conform to global emission
regulations.

The ammonia value chain focuses on ammonia as a basic chemical substance which is emerging as a
critical component in the global search for sustainable energy options. Its relevance goes beyond simply
being a potential fuel source; it becomes a critical component in the larger energy transition narrative. The
relevant section of the Outlook goes into the complexities of the ammonia value chain by investigating its
production, transportation and utilization, as well as the associated challenges and opportunities.

Because ammonia has a higher energy density per volume than hydrogen, it is a more efficient energy
carrier for storage and transportation. Unlike hydrogen, which must be stored at extremely low temperatures
or high pressures, ammonia can be liquefied at room temperature. This makes long-distance storage and
transit more viable and cost-effective. The global ammonia production infrastructure, which was built
primarily for the fertilizer sector, can be used for energy purposes. This existing infrastructure has the
potential to increase the use of ammonia as an energy carrier.

The importance of ammonia as cargo is growing and stands as a potential contender to bridge the gap
between renewable energy generation and consumption in the context of the global green transition.
Ammonia plays a major role in the future energy matrix because of its ability to store and transmit
energy effectively, as well as its carbon-free emissions. As the world is dealing with energy storage and
transportation challenges, ammonia's position as an energy carrier becomes increasingly important and
gives a sustainable answer to some of time's greatest energy challenges.

The importance of the ammonia value chain in the global green transition cannot be emphasized enough.
As the world works to reduce its carbon impact, ammonia stands out as a potential viable fuel option and
critical cargo. Its dual role emphasizes the marine industry's vital role in the global transition to a greener,
more sustainable future.
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Finally, the hydrogen value chain focuses on hydrogen, which is often described as the "molecule of the
future." Hydrogen grows as a key component in the worldwide endeavor to build a sustainable energy
landscape. Its importance in the transportation industry, both as a cargo and as a potential fuel, cannot be
overstated. The hydrogen value chain demonstrates the shipping industry's dedication to the global green
transition. As the globe grapples with the effects of climate change, the maritime industry's acceptance

of hydrogen represents a bold step toward a more sustainable future. The industry is tackling its carbon
impact while also establishing itself as a vital actor in the global green energy revolution by embracing the
hydrogen value chain.

As the marine industry looks ahead and dives deeper into the complexities of these three value chains, it
becomes clear that it's more than a spectator in the global green energy revolution. Instead, it serves as a
critical facilitator and enabler. The transportation of carbon, ammonia and hydrogen as cargo highlights
the industry's significance in bridging the global energy landscape's gaps between production, storage and
consumption.

Carbon collection and transportation can significantly offset emissions and transform a potential
environmental burden into an economic benefit. The marine industry can support carbon capture activities
worldwide by providing safe and efficient transportation, thereby supporting efforts to reach a carbon-
neutral future.

With its potential as a green fuel, ammonia represents a twofold opportunity for the transportation industry.
While it can be used as an alternative maritime fuel, it must also be transported as cargo. As countries

and industries investigate ammonia-based energy solutions, the marine sector is at the forefront, ensuring
regional supply.

Hydrogen, nicknamed the "future fuel," has far-reaching consequences for industries ranging from
automotive to industrial. It can potentially serve two purposes in the marine industry: a fuel and a cargo.
Transportation of hydrogen, particularly green hydrogen derived from renewable sources, is critical to the
realization of a worldwide hydrogen economy. With its huge network and experience, the shipping industry
is primed to be a cornerstone in this initiative.

In essence, the maritime industry actively influences the green energy transition rather than simply
adapting to it. The sector is helping the global shift toward sustainable energy solutions by shipping these
critical elements — carbon, ammonia and hydrogen. This publication aims to shed light on the complexities,
problems and opportunities afforded by these value chains while underlining the marine industry's
essential position in a greener, more sustainable future.
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2.1. MARKET OUTLOOK: REGULATIONS UPDATE
2.1.1. INTRODUCTION

The Paris Agreement unified the global commitment to reduce the sources of anthropogenic
greenhouse gas (GHG) emissions and mitigate the impact of the increasingly energy-intensive pace
of commerce.

In shipping, the International Maritime Organization (IMO) introduced its Initial GHG Reduction Strategy
in 2018, committing the industry to drastically reduce its GHG emissions. The first step of that strategy was
the introduction of two short-term measures, namely the Energy Efficiency Existing Ship Index (EEXI) and
the Carbon Intensity Indicator (CII). In July of 2023, a revised strategy was adopted which introduced more
stringent targets in an effort to accelerate the decarbonization efforts of the industry with the aim to reach
‘net zero" by or around 2050.

2.1.2. IMO EFFORTS TO REDUCE GHG EMISSIONS FROM SHIPS

2.1.2.1. EEXI and CII

As the first targeted short-term measures from the Initial IMO GHG Strategy, EEXI and CII were implemented
under the International Convention for the Prevention of Pollution from Ships (MARPOL) at the start of
2023; this came after extensive deliberations about the most appropriate way to represent the efficiency of
transport work in calculations without disadvantaging specific voyage types or destinations.
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The EEXI provides a one-time certification of the energy efficiency of a ship’s machinery and its intended
operating profiles while the CII provides an ongoing annual certification and grading that indicates a vessel’s
operational efficiency. The effectiveness of these metrics will be examined for improvements by the IMO in 2026.

2.1.2.2. Revised GHG Strategy

Since the adoption of the Initial IMO Strategy on Reduction of GHG Emissions from Ships in 2018, the IMO

has continued to assess emerging technologies and the availability of alternative fuels to remain current with
the options that could support the decarbonization in shipping. In that time, the will among member States
grew to increase the level of ambition in the IMO's GHG reduction goals; by adopting the 2023 IMO Strategy on
Reduction of GHG Emissions from Ships, the shipping industry committed to achieving net-zero emissions

50 years sooner than previously agreed.

The IMO’s revised strategy is a comprehensive work package consisting of targets, workplans, reviews and
impact studies all aimed at achieving decarbonization by or around 2050: the GHG-reduction targets set levels of
ambition for overall emissions and carbon intensity, and they set indicative checkpoints along the way.

Achieving these targets will require a basket of mid-term measures to be developed to steer the maritime
industry towards full decarbonization by 2050. However, to get the balance of the proposed measures right, a
comprehensive impact assessment will be carried out in parallel.

In July of 2023, the IMO’s 80th meeting of the Marine Environment Protection Committee (MEPC 80) adopted the
following new targets in the revised strategy (all reductions compared to the 2008 levels). Also see Figure 2.1.

A reduction of carbon intensity by 40 percent in 2030.

An uptake of zero or near-zero GHG emission technologies, fuels and/or energy sources to represent at least
5 percent, striving for 10 percent, of the energy used by international shipping by 2030.

A reduction of overall GHG emissions to net zero by or around 2050.

Indicative checkpoints set at:
- Overall GHG emissions reduction by 20 percent, striving for 30 percent, by 2030.
- Overall GHG emissions reduction by 70 percent, striving for 80 percent, by 2040.

Several of the levels of ambition leave leeway for the exact date or amount of implementation, such as the
targets that strive for a higher value, or the net-zero target on or around 2050. Nevertheless, the revised targets
are ambitious and will be challenging to achieve.

100% [ .-
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2008 \ o e i 2018-2023
Benchmark Short-term measures
Year
80% 2023-2030
" Uptake of zero or Mid-term measures
c near-zero GHG
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Figure 2.1: IMO GHG reduction targets.
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2.1.2.3. Mid-Term Measures — Technical
and Economical

To achieve the new emissions-reduction
targets, a basket of candidate mid-

term measures to reduce GHGs will

be developed based on technical and
economic components. The technical
measures will be a goal-based marine
fuel standard regulating the reduction
of the marine fuel's GHG intensity.

__ IMSF&F

The economic measures will be based
°® on a maritime GHG emissions pricing
mechanism; there are several proposals
(see Figure 2.2), including:
) - Variations on Sustainability Fund

and Reward (F&R) and International
Maritime Sustainability Funding and
Reward (IMSF&R) systems.

A Zero-Emission Shipping Incentive

Scheme (ZESIS).

The International Maritime

Figure 2.2: Proposals for maritime GHG Sustainable Fuels and Fund (IMSF&F).
emissions pricing mechanism. + A GHG Levy (GHGL).

Both the technical and economic measures are to consider the Well-to-Wake (WtW) GHG emissions of
marine fuels as per the life-cycle assessment (LCA) Guidelines, the initial version of which was adopted by
MEPC 80 in July of 2023. Also see Figure 2.3.

Combinations of the measures above will undergo comprehensive impact assessments to discover their
effectiveness and feasibility across the shipping industry.

Well-to-Tank » Tank-to-Wake —>

Feedstock )
Extraction/ Feedstock (early) Feedstock Feedstock Product fuel Fuel Bunkering )
Cultivation/ EICEESHTEY transport to conversion to transport/storage/ Fuel combustion/
Acquisition/ transformation at conversion site product fuel

Recovery

delivery/retail conversion in a ship
source storage/bunkering

Figure 2.3: Well-to-Wake approach to emissions.

2.1.3. EUROPEAN UNION EFFORTS TO REDUCE GHG EMISSIONS FROM SHIPS

2.1.3.1. Fit for 55

In 2021, the European Commission adopted a series of legislative proposals known as the “Fit for 55” package,
aiming to reduce the region’s net GHG emissions by at least 55 percent by 2030 compared to 1990 levels.
Under the Paris Agreement, parties are requested to prepare, communicate and maintain the successive
nationally determined contributions they intend to achieve. Additionally, the European Union (EU) has
also declared to reduce the GHG emissions target by approximately 55 percent by 2030, as well as pursuing
complete carbon neutrality by 2050.

The Fit for 55 package is considered one of the most pioneering and ambitious regulatory frameworks to
reverse the impacts of climate change and to build a sustainable economy on the continent. The legislative
package is in line with the Paris Agreement objective to keep the global temperature increase to well below
2° C and pursues efforts to keep it below 15° C. Furthermore, it consists of new technical and market-based
regulations along with measures to revise existing ones.
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The proposals affecting the maritime industry are:

Revision of EU Emissions Trading System (EU ETS).
FuelEU Maritime.

Revision of Renewable Energy Directive.

Revision of Energy Taxation Directive.

Alternative Fuels Infrastructure Regulation.

EU Emission Trading System (ETS)

The EU ETS is a cap-and-trade regulation which aims to put a cap on annual GHG emissions. It has two
principles: setting a ceiling for the maximum annual GHG emissions and creating a system to trade EU
allowances (EUAs). Regulated installations will be required to purchase and surrender, at the end of each
annual period, an EUA for each tonne of carbon-dioxide equivalent (CO,e) they emit during that period.
Starting in 2025, shipping companies operating in European territorial waters will have to surrender EUAs
for ships over 5000 gross tonnage (gt) based on their verified emissions of the previous year as quantified by
Regulation (EU) 2015/757 (MRV).

On January 1, 2026, the EU ETS will be extended to include methane and nitrous oxide emissions. On
January 1, 2027, it will become applicable to offshore vessels of over 5000 gt. The EU MRV Regulation (EU)
2015/757 has been amended accordingly.

FuelEU Maritime Regulation

FuelEU maritime incentivizes the production and adoption of sustainable low-carbon and renewable fuels
for ships over 5000 gt operating in European territorial waters. Starting on January 1, 2025, the GHG intensity
of energy consumed by vessels on European voyages will be evaluated on a WtW basis. The upper limit of
GHG intensity is calculated based on the EU MRV data from 2020. This upper limit will be incrementally
decreased every five years, from 2 percent in 2025 to 80 percent in 2050. This progressive reduction is
designed to incentivize the development and uptake of biofuels and renewable fuels of non-biological
origin. Additionally, from January 1, 2030, container and passenger ships will be required to connect to an
onshore power supply and use it for all energy needs while at berth at a port under the jurisdiction of an EU
member State.

2.1.4. UNITED STATES EFFORTS TO REDUCE GHG EMISSIONS FROM SHIPS

2141 California Air Resource Board At-Berth Regulation

The goal of the California Air Resource Board (CARB) Ocean Going-Vessels at Berth Regulation is to reduce
diesel particulate matter (PM) and nitrogen oxides from ocean-going vessels’ auxiliary engines while they
are docked at California ports.

This is done using CARB Approved Emission Control Strategies (CAECS) while vessels are at berth. CARB
considers shore power to be the “gold standard” for reducing emissions from ocean-going vessels. Other
CAECS include emission-capture systems and onboard power generating systems that meet the regulation’s
emissions standards.

Per their ship type, ships visiting regulated terminals will be required to comply by the applicable start
date. The compliance start date for containerships, refrigerated cargo vessels and passenger vessels began
on January 1, 2023. All roll on/roll off (ro/ro) vessels will need to comply by January 1, 2025, along with tanker
vessels visiting the ports of Los Angeles and Long Beach. The compliance date for all other tanker vessels is
January 1, 2027.

Opacity and other reporting requirements for all vessels began on January 1, 2023.

2.1.4.2. US Clean Ship Act of 2023 (Proposed Regulation)

The Clean Shipping Act of 2023 was proposed to the US. Congress in June of 2023. The bill proposes to direct
the Environmental Protection Agency (EPA) to set progressively tighter carbon intensity standards for

fuels used by ships to reduce GHG by 2040. This is consistent with the goals of the Paris Agreement to limit
warming to 15° C.
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Specifically, the bill would direct the EPA to:

Set carbon intensity standards for fuels used by ships. The bill sets progressively tighter carbon intensity
standards for fuels used by ships. These standards would require life-cycle CO,e reductions of:

- 20 percent from January 1, 2027
- 45 percent from January 1, 2030.
- 80 percent from January 1, 2035,
- 100 percent from January 1, 2040.

Set requirements to eliminate in-port ship emissions by 2030. By January 1, 2030, all ships at-berth or
at-anchor in US. ports would emit zero GHG emissions and zero air pollutant emissions.

2.1.43. US International Maritime Pollution Accountability Act of 2023 (Proposed Regulation)

The International Maritime Pollution Accountability Act was proposed to the US. Congress in June of

2023 with the intent to levy a pollution fee on large marine vessels offloading cargo at US. ports, driving
industry-wide decarbonization efforts and incentivizing the use and development of cleaner maritime fuels.
The legislation imposes a fee of $150 per ton on the carbon emissions of the fuel burned on the inbound
trip, as well as fees for the nitrogen oxides ($6.30/1b.), sulfur dioxide ($18/1b.) and particle pollution (PM2.5)
($3890/1b)) that the ships emit. Only vessels that have 10000 gt or more would be required to pay the fee,
which would exclude most domestic shipping.

The pollution fees are expected to raise approximately $250 billion (B) over 10 years, providing critical
funding for decarbonization efforts in the maritime economy. The revenues collected from the fees would
go toward modernizing the Jones Act fleet with low-carbon vessels, revitalizing and electrifying the US.
shipbuilding industry, as well as addressing and reducing pollutants in US. port communities.

2.1.5. OTHER NATIONAL EFFORTS TO REDUCE GHG EMISSIONS FROM SHIPS

2151 China

China implemented the first phase of its national ETS on July 16, 2021. The initial phase included 2,225
companies in the power sector. Further plans are being developed to include seven additional industrial
sectors by 2025. China is expected to evaluate the success of the inclusion of the marine industry in EU’s ETS
before contemplating including such measures for their shipping and shipbuilding industries.

2152. United Kingdom

The United Kingdom has established the Clean Maritime Plan to provide a framework to direct the
development of domestic regulations. The plan emphasizes government support for new or improved
port infrastructure for bunkering alternative fuels and to deliver shoreside power to vessels. The plan’s
aspirations include the goal for all domestic ferries to be zero emission by 2050.

2.153. Singapore
The Maritime Singapore Green Initiative seeks to reduce the environmental impact of shipping and related
activities and to promote clean and green shipping in Singapore.

In 2019, the initiative was extended until December 31, 2024, and it was enhanced to promote the
decarbonization of shipping. Two pillars of the program are the Green Port Program and the Green Energy
and Technology Program.

The Green Port Program provides incentives to encourage environmental sustainability among ocean-going
vessels calling at the port of Singapore (including the Maritime Port Authority’s licensed harbor craft) by
providing up to 30 percent lower port fees for vessels that meet the criteria.

The Green Energy and Technology Program aims to encourage Singapore-based maritime companies to
develop/conduct pilot trials for green technologies that can help vessels meet the targets of the Maritime
Singapore Decarbonization Blueprint: Working Towards 2050.

2154. Norway

On January 2, 2023, the Norwegian Maritime Authority proposed a regulation to limit GHG, carbon dioxide
(CO,) and methane emissions in the West Norwegian Fjords world heritage site; it also sought to encourage
the use of the best available technology to reduce nitrous oxide emissions.
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Entering into force on January 1, 2026, the regulation will require passenger ships (cruise ships and ferries) to
use sources of energy that do not directly emit CO, or methane. Until December 31, 2035, passenger ships of
10000 gt and above will be encouraged to use biogas as an alternative source of energy, making those fjords
among the first Zero Emissions Control Areas (ZECAs), to be established.

2.2. MARKET OUTLOOK: ALTERNATIVE FUELS UPDATE
2.2.1. INTRODUCTION

As the global energy demands continue to increase, there is a growing list of fuels being added to the mix to
satiate the demand. Traditional energy sources, such as oil and coal, have typically been the staple. However,
there is a recent emerging trend of gradual replacement with alternatives fuels.

ABS updated the data found in the previous ABS Outlook publication which assessed the shipping industry’s
potential of emission-reduction impact of the adoption of alternative, low-carbon fuels. Building on earlier
studies, this subsection presents a summary of the latest base case scenario — extracted from MSI HORIZON's
Q2 2023 online forecasting platform — that assesses the decarbonization of the global economy from now
until 2050.

As in previous studies, these scenarios consider how the supply and demand for key commodities, such
as coal, liquefied petroleum gas (LPG) and liquefied natural gas (LNG), and containerized goods will drive
global trade through 2050. With this update, our coverage expanded to include all major shipping sectors.
The forecasts incorporate explicit views on global economic growth, demographics, social factors and
energy intensity.

Recent geopolitical events changed the energy landscape and has plunged the world into a new era of high
inflation and rising interest rates. The redrawing of the trade map for key energy commodities has been
swift and the implications for demand profound, just as the world is experiencing greater evidence that
climate change is beginning to show its effects. With the increase of cost, there is potential of an increase
toward the consumption of fossil fuels like oil and coal. In the near term this means the likely increase of
the consumption of some fossil fuels (notably oil and coal). But at the same time, investment in alternative
fuels, particularly in the hydrogen economy is advancing rapidly. The industry anticipates that the global
energy demand continues to gradually evolve, therefore, fossil fuel demand will be stronger for an extended
period. However, the long-term trends are anticipated to remain the same.

Currently, the shipping industry’s decarbonization journey is accelerating its pace. Investment in LNG, LPG
and methanol fueled vessels continues to grow, and the next topic of discussion will be what alternate fuels
producers can provide at affordable prices.

As part of this publication, ABS reexamined the supply and demand data for alternative fuels and updated
the future fuel mix to reflect the latest market information. In addition, we looked at the effect of the 2050
net-zero target to the projected fuel mix based on the recent adoption of the IMO revised decarbonization
strategy. By combining the derived ship demand with a forecast for a changing fuel mix in deep sea
shipping, the scenarios for global energy consumption are translated into global fuel consumption by ships.
Overall, with the updated findings, ABS finds that by 2050, demand for fossil fuels have the potential to be
marginally lower than what was estimated in our Outlook IV publication.

2.2.2. GLOBAL ENERGY DEMAND

According to the International Energy Agency (IEA), global energy demand is predicted to increase by
30 percent between 2020 and 2050. Multiple factors, including population growth, economic development
and urbanization, are expected to contribute to this expansion.

By 2050, the global population is projected to increase by two billion people, with most of this growth
occurring in developing nations. These nations are also anticipated to experience accelerated economic
growth, resulting in a rise in energy demand. As it stands, urbanization is a significant contributor to the
global energy demand. This increase will also place additional strain on the world's energy resources.
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The IEA has identified a number of key trends that will influence global energy demand in the coming
decades. These trends consist of:

+ Renewable energy — anticipated to play a significant role in satisfying the increasing global energy
demand. Solar and wind energy are the most promising renewable energy sources, and their prices have
been falling significantly over the past few years.

» Coal — anticipated to decline over the next several decades because of factors like environmental
concerns, the rise of renewable energy and the availability of inexpensive natural gas.

» Electric vehicles — becoming increasingly popular, and their sales are projected to increase significantly in
future years. This expansion will strain electricity demand, but it will aid in reducing GHG emissions.

The IEA’s latest comprehensive view of the changing energy landscape is contained in the World Energy
Outlook (WEQO) which was published in October 2022. With this latest update, IEA changed its scenarios, now
called Stated Policies Scenario (STEPS), Announced Pledges Scenario (APS) and New Zero Emissions by 2050
Scenario (NZE). The latter scenario represents a new approach, but comprehensive data is not available for it
and given it differs greatly from the Sustainable Development Scenario used in the previous WEO, we have
not included it in our review. STEPS is the most pessimistic scenario because it implies that countries will
not take significant steps to reduce GHG emissions. Under this scenario, global energy demand expects an
increase of 50 percent between 2020 and 2050.

While there is uncertainty that surrounds the future of global energy demand, it is evident that renewable
energy will play a significant role in satisfying the rising demand. Countries that aggressively reduce their
GHG emissions and invest in renewable energy sources have the potential to better satisfy their energy
needs while protecting the environment.

2.2.2.1. IEA Scenarios

According to the IEA’'s WEO 2022, STEPS looks to the actions and intentions of today’s policy makers and
provides a candid assessment of their implications for energy markets, energy security and emissions. Under
STEPS, the projected average temperature rise is 2.5° C by 2100.

The scenario reflects:
The impact of energy-related policies that governments have already implemented.
An assessment of the likely effects of announced policies as expressed in official targets and plans.

A dynamic evolution of the cost of energy technologies, reflecting gains from deployment and
learning-by-doing.

APS assumes that all climate commitments made by global governments — including Nationally
Determined Contributions (NDCs) and longer-term net-zero targets — as well as targets for access to
electricity and clean cooking, will be met in full and in a timely manner. Under APS, the projected average
temperature rise is 1.7° C by 2100.

NZE sets out the pathway to achieve net-zero CO, emissions by 2050 and less than 15° C increase in the global
average temperature. Additionally, it doesn’t rely on emission reductions from outside the energy sector

to achieve its goals. Universal access to electricity and clean cooking are expected to be achieved by 2030.
Figures 2.4 and 25 provide an illustration of the global primary energy consumption under STEPS and APS.
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Figure 2.5: [IEA Announced Policies/Pledges (APS) — global primary energy consumption (©MSI).

STEPS makes the assumption that the existing policies will continue to be in place before depicting the
consequent path. The most significant shift that will take place as a result of this scenario is a decrease in
the demand for gas. However, it is anticipated that the demand for coal will continue for a longer period
of time in the foreseeable future. This indicates the impact that increased cost of fuel has had on people's
capacity to afford their lifestyles. On the other hand, it is anticipated that there will be a correction in the
demand for gas during the subsequent years, presuming that there would be a price drop.
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APS operates with the presumption that all aspirational government aims, such as its long-term net-zero
and energy access objectives, would be reached within the estimated timeframe and in their whole. Under
this scenario, the most notable changes are a substantial rise in the use of coal through the year 2030 and a
transition away from the use of natural gas over the long term. Global energy demand is expected to grow
over the next few decades, but the concentration of growth is expected to be within certain regions.

2.2.2.2. Base Case Scenario
Looking at some key regions, we can identify the following trends:

1. Americas and Europe/FSU (Former Soviet Union) stabilize overall demand alongside a steady trend of
decline in their global share of final energy demand.

2. China and Northeast Asia are set to stabilize in terms of overall energy demand in the 2020s, peaking
above 30 percent of the global share before seeing a long-term trend decline.

3. Africa, Middle East, south and southeast Asia have potential to be the main regional drivers of long-term
increases in the global energy demand. These regions currently account for approximately 27 percent of
global final energy consumption. This is forecasted to rise to a combined 37 percent by 2050.
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Figure 2.6: Total global consumption by energy carrier (©MSI).
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Figure 2.7: Total global consumption by region (©MSI).

Figures 2.6 and 2.7 depict the transformation in the supply of energy from renewables in various regions
(note that FSU: Former Soviet Union and JKT: Japan, Korea, Taiwan). Additionally, it showcases the necessity
of renewables to meet the growing demand for energy in these regions. Renewables are already one of the
fastest growing sources of energy in the world, and they are expected to play an even greater role in the
future. By 2050, renewables are forecasted to account for over 40 percent of global electricity generation and
over 20 percent of global primary energy consumption.

2.2.2.3. Total Final Consumption — Energy Use
By reviewing the total global consumption forecasts (see Figures 2.8 and 2.9) certain major trends can be
clearly identified.

One major identified trend is the proportion of hydrocarbons will decrease, going from approximately

75 percent at the present time to slightly more than 50 percent by 2050. The use of hydrocarbons as a whole
is forecasted to reach its maximum around 2030; however, it is crucial to note that these fuel types will
continue to make up a significant portion of the global energy mix by 2050.

To that effect, we anticipate that the “gap” in energy will be filled by electricity, which will continue to

rise throughout the forecast in both absolute numbers and market share. In turn, this will necessitate
considerable increases in, as well as changes to, the way power is generated to meet this requirement in a
manner that is more environmentally friendly. Furthermore, it's expected that other energy sources — such
as hydrogen — will potentially play a more prominent role in final energy consumption.
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Figure 2.8: Total global consumption by economic sector (©MSI).
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Figure 2.9: Total global consumption by energy source (©MSI).
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2.2.2.4. Electricity Generation

It is anticipated that the demand for electricity will increase at a high rate over the next few decades. With
this increase, the ultimate need is anticipated to double from its current levels by the year 2050, totaling to
approximately 4 billion tonnes of oil equivalent (Btoe) (see Figure 210). There will be an expected increase
in demand across all the end-use sectors, particularly in the industrial sector; however, the transportation
sector is expected to have the most dramatic shift.
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Figure 2.10: Electricity use by economic sector (©MSI).
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Figure 2.11: Electricity generation by energy source (©MSI).
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Currently, the demand for transportation only accounts for a very small portion of the ultimate
consumption of energy that is currently dominated by the utilization of industry and residences. However,
the industry anticipates that this will alter when electric vehicles become more widespread. With the rapid
rate in which industries are working to make this a reality in the near future, it is anticipated that by 2030,
transportation will account for 7 percent of worldwide electricity demand, an increase from the current
2-3 percent share it holds. By 2050, this number has potential to reach 21 percent. It is expected that as we
move toward 2050, there will be a significant increase in the generation of electricity by renewable sources,
as illustrated in Figure 2.11.

2.2.2.5. Long Term Forecast

Recent geopolitical events are largely responsible for the significant shifts in the expectations that are
reflected in this latest update. The current high price of oil has had a beneficial impact on the oil market, as
indicated by the expectation to stimulate an increase in output in regions such as the US.

At the same time, a new course is being plotted for the trade of oil. While it is anticipated that the oil
market will remain strong until the middle of the following decade, the downward trend will then resume.

When it comes to oil, the industry still leans toward the APS. It is believed that the progress made towards
decarbonizing the transportation sector will be a significant element in the long-term drop in the demand
for oil (refer to Figure 2.12).
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Figure 212: Consumption by energy carrier (scenarios comparison) — OIL (©MSI).
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The circumstances surrounding gas couldn't be more different from one another. The rise in demand for
non-Russian gas to flow to Europe has come at the expense of demand from other regions that are more
sensitive to price changes. As a consequence of this, it is anticipated that there will be a progressive decline
in the demand for natural gas relative to earlier predictions up until the middle of the following decade.

However, it is important to note that in comparison to the IEA, the outlook for gas is optimistic as indicated
in Figure 213. This reflects how difficult it is to remove gas from the residential and industrial sectors of
the economy. For instance, it's possible that goals have been set to reduce carbon emissions from household
consumption, but there's not much evidence to suggest that a significant shift is on the horizon.
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Figure 213: Consumption by energy carrier (scenarios comparison) — GAS (©MSI).

Similarly, to events that happened with oil, the latest disruptions that have been caused by recent
geopolitical events are operating in favor of coal, which continues to be a readily available and less
expensive option to gas. Many developing countries that had intended to make the transition to gas are
unable to compete with Europe's larger pulling power for available supplies of LNG due to gas prices. As
such, this will act as a barrier to the growth of the demand for gas in the short term.

Recent events had a considerable impact, particularly on the oil and gas industries. The "traveling" distance
of Russian coal exports has increased recently, and larger boats are being used. The average distance traveled
is now between 7000 and 8,000 miles, which is significantly further than the customary range of 3,000 to
4,000 miles. The percentage of Russian coal commerce that is conducted on capsize vessels is currently over
25 percent, which is significantly higher than the regular range of 10-15 percent. However, because of the
accelerated shift toward renewable sources of energy, the trade in coal has been steadily decreasing ever
since it reached an estimated new peak in 2025 as illustrated in Figure 2.14.
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Figure 2.14: Consumption by energy carrier (scenarios comparison) — COAL (©MSI).

Figure 215 displays an aggregated view of the trends for each commodity. Consequently, demand for fossil
fuels in 2025 is expected to experience a dramatic uptick in comparison to more recent years. On the other
hand, this is an artifact partly caused by the emphasis placed on five-year milestones. In particular, the
year 2020 stands out as an exception because of the influence that COVID-19 had on the economy and the
consumption of energy:.

Notably, the trajectory leading up to 2025 does not imply a significant failure of the program to reduce
carbon emissions even though current geopolitical events are impeding progress in that direction. However,
what cannot be disputed is the fact that the use of fossil fuels will continue for a longer period of time
than was previously projected. The base case continues to be that geopolitics will not, over the course of the
longer term, derail progress.
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Figure 2.15: Energy consumption by primary carbon carrier (©MSI).

2.2.3. INSIGHTS INTO BIOFUELS AND GREEN METHANOL

2.2.3.1. Biofuels

As a result of fuel competition from various parts of the economy, the biofuels industry is, perhaps, the
clearest example of the effects that will be felt in the near future. However, the most important question is
whether there is an alternate supply of biofuels and how closely the supply of “conventional” biofuels can
meet the demand. Regarding the first part, the scenario seems to have a fairly straightforward answer. The
available supplies of edible oil, which can be utilized in the manufacturing of biodiesel, have reached a
plateau and will be subject to substantial challenges going forward.

There is a growing demand for biodiesel use within producing countries — most notably Argentina (for
soybean oil) and Indonesia/Malaysia (for palm oil) — with total edible oil consumption currently standing
at about 250 million tonnes (Mt) due to food being used as the primary application (refer to Figure 216).
Recent geopolitical events also brought about a potential problem regarding the supply of sunflower oil
which is anticipated to persist for a medium amount of time.

With this in consideration, there has been a recent uptick in interest in recycling spent cooking oil for use
as a feedstock in the manufacture of biodiesel as indicated in Figure 217 This provides the opportunity to
gain access to supplies of edible oil without interfering with the primary and most important market for
these items, which is the consumption of food.

In recent years, we have seen an exponential increase in the volume of trade in this product, but it still
represents a very small portion of total energy requirements. Acquiring prime mover status and securing
supply is likely the most effective tactic that can be utilized in the shipping sector. The individuals who
would be in the best position to do this would, in theory, be bunker suppliers rather than shipowners.
Although there are pioneers in this field, many more are required.
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To put things into perspective, the total global consumption of edible oils is 250 Mt which raises the question
of, how much of this can be recovered? The distinction between non-commercial and commercial use, as well
as general cooking versus recoverable oil applications like deep fat frying, is crucial in this context. If one-
fifth of the world's demand for edible oils were available in a form that could be used, the amount demanded
would be approximately 50 Mt, which is equivalent to 1 million barrels of oil per day (BOPD) and accounts for
approximately 1 percent of the world's need for oil. If current practices continue, this could be added to already
existing bunkers at a ratio of up to 30 percent. Additionally, by adding just 10 Mt, it would cut Tank-to-Wake
(TtW) shipping emissions by approximately 5 percent. Emissions from the Well-to-Wake (WtW) are more
difficult to estimate, and they could potentially have a less favorable influence.

However, the carbon footprint of individuals who will be collecting and distributing used cooking oil (UCO)

is currently unknown. In essence, it seems that current biofuels, in the absence of some major technological
breakthrough, offer limited opportunity to radically change the shipping industry's decarbonization outlook.
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Figure 2.16: Global production of biodiesel (©MSI).
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2.2.3.2. Methanol

Since the previous update from ABS, a model for the global hydrogen economy has been developed. This
model includes a database of green and blue projects that contain data on the sectoral use of hydrogen, as
well as the hydrogen carrier that will be utilized if hydrogen is not consumed directly.

Based on this data, Figure 218 shows the potential supply of green methanol by 2030 should all projects
(currently at the feasibility stage) materialize. This contrasts with the potential demand for methanol from
vessels fitted with methanol dual-fuel engines by 2030, based on continued optimistic demand from the
containership sector as indicated in Figure 219. Currently, containerships are blazing a trail, however, there is
available funding in newbuilding investments that are out of sync with normal market cycles. As it stands,
methanol has emerged as the favorite in this process, as shown in Figure 30. This is largely due to being a
“here-now” technology compared to ammonia which is a “hoped-for” technology.
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Figure 2.19: Potential requirement for methanol for bunkering.
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2.2.4. KEY COMMODITIES DEMAND AND FUEL MIX PER SECTOR

2.2.4.1. Bulk Carriers

Though the global energy crunch led to higher-than-expected coal consumption and trade during 2021 and
2022, the coal trade is expected to peak by the middle of this decade before declining at a faster pace than
previously forecasted. This is illustrated in Figure 2.20.

The outlook for iron ore trade is also forecast to peak by mid-decade before declining through to 2050. With
the two largest bulk commodities expected to decline in the long term, it will fall to grains/soya and minor
bulks to drive growth for the bulk carrier market. The grains/soy carrier market is forecast to expand at a
compound annual growth rate (CAGR) of 2 percent by 2050. Minor bulks are expected to grow at a CAGR of
2.2 percent.

Australia and Indonesia are the two major global coal exporters. As shown in Figure 2.21, global coal exports
are forecast to peak around 2025 with a total volume of 1,400 Mt. Exports are expected to gradually decrease to
around 900 Mt by the year 2050.

Figure 2.22 illustrates the fuel mix projection for the global bulk carrier fleet. By 2050, oil-based marine fuels

are forecast to account for less than 7 percent of the bulk carrier fuel mix on a heavy fuel oil (HFO) equivalent
basis. Ammonia, hydrogen and methanol are expected to account for most fuel consumption by 2050.
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Figure 2.20: Coal seaborne trade (©MSI).
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2.2.4.2. Oil and Chemical Tankers

Global oil consumption expanded by 2.3 percent year-on-year in 2022 and was forecast to grow by a further
2.4 percent year-on-year in 2023, as illustrated in Figure 2.23. However, the demand for oil is expected to
decrease in the future.

The declining demand for oil stems primarily from the continued acceleration in the uptake of alternative
fuels within the transport sector, with electrification and hybrid technologies leading the way. Oil demand
from the power sector is also under pressure from increased commitments to renewable energy sources.
Comparing figures 224 and 2.25, crude oil seaborne trade is forecast to peak and decline at a faster pace
than seaborne trade for oil-based products, reflecting the dislocation between points of refining supply
and demand. North American and European refining capacity is forecast to decline by 2050, with capacity
expansions in oil-producing regions bridging the gap as oil producers seek to diversify away from crude
exports toward refined products and petrochemicals. This moves refiners up the value chain and enables
them to capture a greater share of refining margins.
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Figure 2.23: Oil consumption by region (©MSI).
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Figure 2.24: Crude oil seaborne trade (©MSI).
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As indicated in Figure 226, the outlook for the seaborne trade of chemicals has seen a marginal revision
compared to 2020 projections. The expansion of petrochemical production in major oil-producing countries
should support export demand, but increasing petrochemical capacity in major consuming countries, namely
China, is likely to undermine trade. Much of the demand for chemical tankers will come from the dislocation
between petrochemical-producing nations supported by cheap feedstock, and rapidly developing countries
that require petrochemicals in the production of end products for both domestic consumption and exports, as

well as mining and agriculture.

However, as more petrochemical production comes online in these consuming countries, demand will be

met by regional trade and chemicals from cost-competitive nations. New markets will also be sought, such

as in Africa. The trade focus in Africa will likely emphasize mining and agriculture, but the region could

potentially become a frontier in the production of consumer products in the future. Regarding oil demand, it
is assumed that more oil will be converted into chemicals. Though it may be possible for organic chemicals to

be produced from carbon-neutral sources, these are still likely to be traded.

By 2050, oil-based marine fuels are forecast to account for approximately 10 percent of the oil and chemical
tanker market fuel mix (HFO equivalent). Ammonia, hydrogen and methanol are expected to dominate the
future fuel landscape for the sector. The fuel mix chart for oil and chemical tankers, shown in Figure 2.27,

illustrates the forecast for varying HFO equivalent levels among all the marine fuel options. It's expected that
2025 will have the highest HFO equivalent level before decreasing toward 2050. Starting from 2040, ammonia,

methanol and hydrogen are projected to account for most fuel consumption. The latest oil-based forecast

presents a sharp decline after 2035 compared to the 2020 oil-based projection for oil and chemical tankers.
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Figure 2.27: Fuel mix for oil and chemical tankers (©MSI).

2.2.4.3. Containerships

The global container trade is forecasted to evolve as illustrated in Figure 2.28. This partly reflects the
assumption that step-changes in consumer technology will gradually become smaller, lengthening the
technology replacement cycle. It also reflects a partial reshoring and nearshoring of manufacturing.

Recent global events are driving a growing interest in manufacturing reshoring. Natural disasters and
geopolitical conflicts have highlighted the disruptive risks to manufacturing supply chains that rely

on outsourced component manufacturing. Heightened geopolitical tensions have also emphasized the
importance of reshoring production of goods and components critical to national security. Figure 229 shows
the loaded container lifts by region.

By 2050, oil-based marine fuels are expected to account for less than 20 percent of the containership
fuel mix (HFO equivalent), with ammonia, hydrogen and methanol forecast to account for most fuel
consumption.

The fuel mix chart for containerships, shown in Figure 230, illustrates the varying HFO equivalent levels
among all the marine fuel options from 2020 to 2050. HFO equivalent levels are expected to increase into
2050, indicating long-term growth for the containership market. Starting from 2040 to 2045, ammonia,
methanol and hydrogen are projected to account for most fuel consumption. The latest oil-based HFO
equivalent forecast presents a similar trend compared to that of the 2020 oil-based projection.
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Figure 2.28: Global container trade evolution (©MSI).
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Figure 2.29: Loaded container lifts by region (©MSI).
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2.2.4.4. LNG Carriers

The loss of the Russian pipeline natural gas supply substantially impacted global gas markets. A
combination of demand destruction, alternative energy sources, increased LNG imports and mild weather
helped Europe successfully navigate the winter season of late 2022 and early 2023. Outside Europe, high
gas prices decreased LNG demand and imports in many other markets, encouraging the development of
alternative energy solutions. Figure 231 indicates a forecast for gas consumption by region.
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Figure 2.31: Gas consumption by region (©MSI).
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Although the forecast is optimistic compared to the IEA, this reflects the difficulty in displacing gas from
the domestic and industrial sectors. While targets for decarbonizing domestic consumption may already

exist, there is limited evidence of a step change in the future. Not surprisingly, the fuel mix for this sector is

dominated by LNG, with ammonia and hydrogen beginning to make inroads from 2035 onwards.

As illustrated in Figure 2.32, the Middle East and Africa regions are expected to continue leading LNG exports,

with the Americas close behind.

The forecast fuel mix chart for LNG carriers shown in Figure 2.33 illustrates the varying HFO equivalent levels
among all the marine fuel options from 2020 to 2050, with 2040 having the highest HFO equivalent level

and 2020 as the lowest level. This signals that the LNG-fueled carrier market is expected to grow until 2040

and then decline as the use of green fuels increases. The latest oil-based HFO equivalent forecast presents a
similar trend but projects higher values each year than the 2020 oil-based projection for LNG carriers.
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Figure 2.32: LNG exports by region (©MSI).
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Figure 2.33: Fuel mix for LNG carriers (©MSI).

2.2.45. LPG Carriers

LPG is produced as a by-product of oil and gas production and oil refining. Production and consumption
are ultimately constrained by activity in these other sectors. In Figure 2.34, the downward adjustment to LPG
production reflects the more pessimistic outlook for oil and, to a lesser extent, gas over the long term.

As indicated in Figure 234, exports of LPG are closely aligned with regions that account for the majority share
of oil and gas production. The production of US. shale gas has driven a considerable increase in exports from

the Americas. Though the Middle East and Africa regions are expected to remain important suppliers of LPG,
output will ultimately decline in line with trends in oil production and refining and gas output.
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Figure 2.34: LPG production by region (©MSI).
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Newbuild activity in the sector has focused on very large gas carriers (VLGCs) fueled by LPG, and it's expected
that LPG usage for propulsion will escalate significantly in the sector by 2025. The projected LPG imports by
region are shown in Figure 2.35. In the longer term, ammonia and hydrogen will increasingly displace fossil

fuels in the fuel mix.

The projected fuel mix chart for LPG carriers is shown in Figure 2.36 and illustrates the varying HFO
equivalent levels among all the marine fuel options from 2020 to 2050, with 2035 representing the highest
HFO equivalent level and 2020 showing the lowest level. This projection indicates that the LPG-fueled carrier
market is expected to grow in the near future before declining as the industry pivots to green fuels. From
2035, ammonia, methanol and hydrogen are projected to account for most future fuel consumption.

Americas [ Eurasia M Middle East/Africa M India M China Other Asia
140

120
100

80

Mt

60

40

20

Base Case
Base Case

o [} [} [} [0}
n wn wn 0 0
© © © © ©
@) Q Q (@) @]
o Q Q @ 0}
0 n n n n
© © © © ©
m m m m m

Q1 22 Update
Q1 22 Update
Q122 Update
Q1 22 Update
Q122 Update
Q1 22 Update
Q122 Update

2020 2025 2030 2035 2040 2045 2050

Figure 2.35: LPG imports by region (©MSI).
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Figure 2.36: Fuel mix for LPG carriers (©MSI).

2.2.4.6. Pure Car and Truck Carriers (PCTC)

As illustrated in Figure 2.37 global light vehicle (LV) sales declined by 06 percent year-on-year in 2022 despite
strong pent-up demand driven by pandemic-related supply chain disruptions. High and heavy equipment
manufacturing and exports were similarly disrupted at a time of high equipment investment, as shown in
Figure 2.38 Extensive order backlogs and severely depleted dealer inventories are expected to support higher
shipment levels during 2023-2024.

Long-term prospects for the sector remain positive. The transition from fossil fuels to new energy sources
is supporting a surge in electric vehicle production and sales globally, with China establishing itself as a

production and export hub for electric vehicles.

Although newbuild activity from 2021 to 2023 was dominated by LNG dual-fuel orders, a few leading
operators are now opting for ammonia-ready and methanol-fueled vessels.
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Figure 2.39: Fuel mix for PCTCs (©MSI).

2247 General Cargo Carriers

The general cargo sector competes with a few other sectors for employment. Unitized minor bulk cargoes
are ideally suited for carriage in general cargo vessels. Still, those vessels face competition from conventional
and open hatch bulkers, containerships, and, to a lesser extent, ro/ro ships and PCTCs. General cargo vessels
are also well-suited for container feeder employment and were increasingly called upon by container
operators during the tight box market in 2021 and the first half of 2022. The sector also competes with other
ship types for project cargoes such as power generation equipment, railcars and industrial equipment.
Despite the high level of competition, Figure 2.40 projects continued growth for general cargo carriers.

As shown in Figure 241, in contrast to the long-term outlook for conventional bulk cargoes such as iron

ore and coal, prospects for minor bulk cargoes are relatively positive. Aggregated minor bulks are forecast
to grow at a CAGR of 2.2 percent until 2050. However, iron ore and coal are expected to decline at a CAGR of
-15 percent and -1.8 percent, respectively The project cargo market is also expected to expand on the back of
rising infrastructure and green energy investments.
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Figure 2.40: Key drivers for general cargo employment (©MSI).
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The fuel mix for general cargo vessels shown in Figure 242 illustrates the varying HFO equivalent levels
among potential marine fuel options from 2020 to 2050. By 2050, oil-based fuels are projected to still account
for most fuel consumption for general cargo vessels. However, ammonia, methanol and hydrogen are
expected to grow to 42 percent of the fuel market by 2050.
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Figure 2.41: Minor bulk seaborne trade by commodity (©MSI).
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Figure 242: Fuel mix for general cargo vessels (©MSI).
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2.2.4.8. Cruise Ships

The COVID-19 pandemic left a profound impact on the global cruise industry. From a record peak of

297 million passengers in 2019, passenger volumes declined by 75 percent year-on-year in 2020 and a further
50 percent year-on-year in 2021. As indicated in Figure 243, the industry is expected to recover and surpass
2019 levels by 2025.

Long-term prospects for the sector are positive but are predicated on the continued expansion of cruise
holiday participation, particularly in Asia. Cruise penetration, measured as a percentage of the global
population, was less than 03 percent in 2010 but reached just under 04 percent in 2019. It is forecast to reach
0.7 percent by 2050.
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Figure 243: Cruise passengers by origin and global percent penetration (©MSI, CLIA).

The cruise sector was an early mover on LNG fuel, with the first dual-fuel LNG vessel built in 2018. Given the
frequency of port calls and the energy-intensive nature of hotel operations while in port, shoreside power
will be an important factor in reducing emissions. At the end of 2022, 45 percent of the vessels owned by the
three largest cruise groups could connect to shoreside power, which was only available in approximately

5 percent of cruise ports.

The fuel mix chart for cruise ships shown in Figure 244 illustrates the varying HFO equivalent levels of
potential marine fuel options from 2020 to 2050. With HFO equivalent levels expected to grow into 2050,
the cruise ship market is forecast to grow rapidly compared to other ship types. Starting from 2040 to 2045,
methanol is projected to account for most fuel consumption. By 2050, LNG and oil-based fuels are expected
to have HFO equivalent levels of 6 percent and 26 percent, respectively.

PAGE 43 | BEYOND THE HORIZON | ABS



M HFO/MGO/MDO LNG M Methanol

25
20
wd
c
o
g 15
'S
O
1]
o .
T 10 —
hd
=
0

2020 2025 2030 2035 2040 2045 2050

Figure 2.44: Fuel mix for cruise ships (©MSI).

2.2.5. ALTERNATIVE FUELS UPTAKE

Since 2022’'s shipping industry fuel mix projections, the seemingly unstoppable investment in containership
newbuilds has continued rapidly. As a direct consequence of this, most shipyards have now reached their
capacity for the year 2025. Very little dock space is available at major yards for 2026.

Since the 2022 ABS Outlook study, the most significant change was the rise of methanol use and, to some
extent, a decrease for LNG use.

While the proliferation of methanol has accelerated industry adoption of vessels capable of running on
alternate fuels, availability of such fuels is becoming a pressing issue for shipowners and operators. In
addition, methanol adoption is reliant on the type and size of the vessel.

Meanwhile, the oil tanker industry is underinvested at the present time, even though the freight market

is reasonably healthy In this context, the recent surge in orders for very large crude carriers (VLCCs) is
noteworthy While these orders included ships powered by LNG, the vast majority were still powered by oil-
based fuels.

Ship types included in this study are oil and chemical tankers, dry bulk carriers, containerships, LPG and
LNG carriers, car carriers, general cargo or multipurpose (MPP) vessels, reefer ships, ro/ro ships, roll on/
roll off passenger (ro/pax) ships and cruise ships. Ro/ro, ro/pax, general cargo and cruise ships are new
considerations in this ABS Outlook compared to past editions.

The ABS Zero Carbon Outlook: View of the Value Chain publication and the International Council on Clean
Transportation’s (ICCT) Accounting for Well-to-Wake Carbon Dioxide Equivalent Emissions in Maritime
Transportation Climate Policies [1] paper were used as sources for assumptions regarding WtW emissions.

2.2.51. Trade and Fleet Growth

With this latest update, the long-term prognosis for trade has not undergone any significant or noteworthy
shifts. The same cannot be said for the relatively close future. The energy landscape has been altered to an
extent that, prior to the conflict in Ukraine, would have been considered impossible.
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The Ukraine conflict has contributed to rampant inflation and rising interest rates globally. At a time
when the world is facing increasing evidence of climate change’s impact, the trade map for critical energy
commodities has been swiftly redrawn. The consequences for growing energy demand are substantial.

When looking at seaborne trade, it's anticipated that the crude oil trade, currently the largest single
commodity transaction, will fall of 40 percent from 2025 to 2050. This will only be surpassed by coal, the
seaborne volumes of which are forecast to plummet by 43 percent within the same period.

It is forecast that the oil products trade will be more resilient. Supported by structural adjustments in refining
capacity, that trade is expected to expand until the middle of the following decade.

The LNG trade is expected to expand alongside growing demand for natural gas. It is anticipated that
electricity generation from gas will approach a ceiling around the year 2035. As a result, the seaborne trade of
LNG is expected to hit a ceiling of around 740 Mt by 2040 following significant expansion in the prior decades.

When looking at shipping that does not involve energy, three major trends emerge:
The volume of container storage is expected to increase, mostly unaffected by the energy transition.

Although iron ore is not directly employed in the production of energy, its trade volumes are expected to
experience the same fate as crude oil and coal — specifically a 37 percent decrease in volume between 2025
and 2050.

Small bulk cargo growth is expected to make up for the decrease in other trades and is forecast to be the
largest non-containerized sector shipped by the year 2050.

The forecast trade growth for key commodities is illustrated in Figure 2.45 and is expected to vary depending
on the commodity. Some commodities, such as oil and natural gas, are expected to see slower growth. Others,
such as agricultural products and metals, are expected to see faster growth.

« Oil and natural gas: The trade growth of oil and natural gas is expected to slow down in the coming
years. This is due to several factors, including the increasing availability of alternative energy sources, the
transition to a clean energy economy and the geopolitical risks associated with oil and gas production.

« Agricultural products: The trade growth of agricultural products is expected to accelerate in the coming
years. This is anticipated because of growing demand for food from emerging economies, the global
increasing population and climate change.

« Metals: The trade growth of metals is expected to expand at a moderate pace in the coming years. This is
due to the increasing demand for metals from several industries, such as construction, infrastructure and
manufacturing.

Some of the trends expected to drive trade growth for key commodities in the coming years include:

« Growing demand for food from emerging economies: The population of emerging economies is growing
rapidly, leading to an increased demand for food. This is driving trade growth for agricultural products,
such as wheat, rice and corn.

« Increasing population: The global population is expected to reach 97 billion by 2050, driving demand for
essential commodities such as food, energy and metals.

« Climate change: Climate change is leading to changes in agricultural production and thus increasing
demand commodities such as corn and soybeans. Climate change is also leading to increased demand for
metals used in technologies that mitigate the effects of climate change.

» Geopolitical risks: Geopolitical risks, such as the Ukraine conflict, can disrupt the trade of commodities.
This can lead to higher prices and shortages.

The trade growth of key commodities is a complex issue that is influenced by many factors. These trends are
just some of the key factors expected to drive trade growth of key commodities in the coming years.
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Figure 2.45: Trade growth by key commodity (©MSI).

The ship composition of the global fleet ship is expected to be significantly different in 2050 from what it
is today.

» Tankers: The global demand for oil is expected to peak in the mid-2020s and then decline. This is
anticipated because of increased availability of alternative energy sources, the transition to a clean energy
economy and the geopolitical risks associated with oil production. The decline in the demand for oil is
expected to lead to a decline in the number of oil tankers in the global fleet.

» Containerships: The global trade of goods is expected to grow significantly in the coming years. Increasing
global population, growing middle class and the rise of e-commerce are driving this anticipated growth.
This is expected to lead to more containerships in the global fleet.

» LNG Carriers: The demand for LNG is expected to grow significantly in the coming years, driven by the
increasing use of LNG as a cleaner-burning fuel, the growth of the LNG export market and the geopolitical
risks associated with oil production. As a result, LNG carriers are expected to increase in the global fleet.

» Bulk Carriers: The global bulk carrier market is forecast to grow at a CAGR of 3.8 percent from 2022 to
2027 This growth is due to increasing demand for commodities such as iron ore, coal and grain. The
growth in the bulk carrier market is expected to lead to an increase in the number of bulk carriers in
the global fleet.

» Cruise Ships: The global cruise ship market is expected to grow at a CAGR of 6.6 percent from 2022 to 2027
Increasing popularity of cruising, the growing middle class and the aging population are pushing this
forecast. The growth in the cruise ship market is expected to lead to an increase in the number of cruise
ships in the global fleet.

» Ro/pax Ships: Ro/pax ships are designed to carry both passengers and vehicles and are becoming
increasingly popular for short-sea voyages. The ro/pax market is expected to grow thanks to increasing
demand for tourism, the growing middle class and the development of new technologies. This is
anticipated to lead to more ro/pax vessels in the global fleet.

The fleet composition forecast based on the above is illustrated in Figure 2.46.
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Figure 2.46: Fleet composition (©MSI).

2.2.6. FUTURE FUEL MIX AND EMISSIONS PROFILE

The transition to renewable energy sources is expected to play a key role in the long-term decarbonization
goals of the maritime industry Due to the complexity of emissions performance of alternative fuels,
emissions abatement technologies and commercial viability, the development of a fuel blend for shipping is
contingent on several factors.

When viewed from the WtW perspective, the IMO's adoption of the LCA methodology is a significant factor
in the maritime industry's shift toward low- and zero-carbon fuels. The LCA Guidelines were adopted at
MEPC 80 and additional development is anticipated from subsequent sessions.

The LCA method enables renewable fuels with carbon content to be viable candidates for reducing carbon
emissions via internal combustion engines, which is how shipping currently reduces carbon emissions. Due
to the technological characteristics of this form of engine, it is impractical to use it as the primary source of
propulsion for an extended period. As a result, the industry has a strong desire to continue utilizing fuels
that are compatible with internal combustion engines.

ABS has conducted an analysis to ascertain the potential impact that the shipping industry's adoption of
alternative marine fuel sources could have on reducing emissions. The scenarios for worldwide energy
consumption are then rendered into global fuel consumption by ships by integrating the generated ship
demand with a projection for a changing fuel mix utilized in deep-sea shipping. This is done so that the
effects of prospective future changes in global energy consumption can be better understood.

This publication examines the impact that the development of alternative fuels will have on the emissions
produced by various categories of maritime vessels. The available fleet is a result of the industry-specific
forecasting models we have developed. These models incorporate our trade estimates and the fluctuating
demand for vessels of various sizes. No assumptions regarding future shifts in engine efficiency, vessel
commerce speed, port efficiency or fleet fuel mix have been made in the preliminary investigation. All these
factors lie within the scope of the forecast.

This analysis accounts for HFO with a scrubber, marine gas oil (MGO), marine diesel oil (MDO), LNG, LPG,
methanol, ammonia and hydrogen as fuels. Based on the base case fuel mix projection scenario, expressing
the quantity of energy used in terms of tons of HFO equivalent illustrates the proportion of both traditional
and emerging fuels used in shipping.
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2.2.6.1. Fuel Mix Projections

The most significant change since the 2022 ABS Outlook has been the remarkable emergence of methanol,
although sector and vessel size continue to play a significant role in determining adoption. The emergence
of methanol has hastened the adoption of alternative fuel-capable engines.

This has, if anything, raised the question of how to obtain green fuels. Competition from other sectors of the
economy is also increasing, and this may be a significant factor impeding the shipping industry's adoption
of biofuels as well. Restating the energy consumption in terms of tonnes (t) of HFO equivalent reveals the
proportion of existing and novel fuels in shipping. This is considered simpler to contextualize than the use
of joules for energy content.

Since forecasts for the shipping industry's fuel mix were last updated, the expected shares for methanol and
ammonia have increased. The prospects for LNG would continue to be used across the energy system in a
steady demand for the following decades. In power, it has half the emissions intensity of coal and therefore
can persist longer. Figure 247 illustrates this year’s fuel mix (HFO equivalent) projection.

The consumption of fossil fuels is estimated to decline by 75 percent in 2050. The decline in the
consumption of fossil fuels will be driven by the following factors:

The world is transitioning to a clean energy economy, and this is driving the demand for renewable
energy sources.

The public is becoming increasingly aware of the environmental benefits of renewable energy, and this is
driving the demand for these sources.

Governments around the world are supporting the development of renewable energy through a variety of
policies, such as tax breaks, subsidies and renewable portfolio standards.
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Figure 2.47: Fuel mix (HFO equivalent). Ship types included: oil and chemical tankers, dry bulk carriers,
containerships, LPG, LNG, car carriers, general cargo, ro/ro, ro/pax and cruise ships (©MSI).
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The key to decarbonization will be the production of sufficient quantities of carbon-neutral versions of
these fuels.

Figure 2.48 shows how the total energy consumed by the shipping industry is expected to continue to rise
under the base case scenario, from 232 Mt HFO equivalent in 2020 to 308 Mt HFO equivalent in 2050. This is
due to the increasing importance of containerships and the degree of persistence of tankers and dry bulk
carriers within the system, even in 2050.

The shifting pattern of trade will reshape the global fleet. The aggregate share of the oil and chemical tanker
and dry bulk carrier sectors is forecast to decline from 64 percent of the fleet in gt terms in 2022 to 45 percent
in 2050. In both sectors there is expected to be much greater emphasis on smaller vessels (e.g, medium range
(MR) tankers and bulkers of Panamax, etc.). Considering the need for more containerized cargo by 2050, it

is noteworthy that the additional energy demand will come from containerships. Most other sectors are
anticipated to maintain their current profile. These trends offer mixed prospects for decarbonization. To
date, small tankers and bulkers are sectors that have been slowest to adopt alternative fuels. Considering the
fleet size, energy consumption and the benefit of bunkering alternative fuels along predetermined trade
routes, it's expected that containerships will be the primary drivers of alternative fuel pathways.
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Figure 2.48: Fuel consumption by ship type (HFO equivalent, © MSI).

2.2.6.2. Fuel Mix Projections Toward Net Zero

Considering the structural changes in trade patterns and fleet composition, the base case scenario
referenced in Figure 249 forecast results in a global fleet of 1.8 gt in 2050. The base case scenario assumes
that newbuilding vessels with oil-fueled engines will still be constructed until the next decade, and by 2050,
there will be a residual oil-fired fleet of 225 million gross tons (m gt). When paired with forecasts for the
development of the fleet over time and the future newbuilding deliveries and scrapping, the assumption
results in a fleet breakdown by 2050 as follows: 13 percent of the fleet will remain fitted with oil-only
engines. This results in a total of 224m gt with an associated consumption of approximately 47 Mt of
VLSFO/MGO.
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The base case scenario also assumes that the global supplies of green methanol and ammonia are sufficient
across the forecast. However, LNG and LPG are gradually “greened” so that by the designated timeframe,
emissions are 375 Mt CO, equivalent. Most of this is due to the consumption of oil; however, based on

the WtW emission factors, some GHG emissions will remain such as those related to gas slip during the
methanol burning process and nitrous oxide emissions from burning ammonia.

The percentage of new construction contracts that are exclusive to oil production has decreased from

95 percent in 2015 to 44 percent in 2022 and finally to 37 percent so far this year. On the other hand, this
decrease is due to activities in the containership, vehicle carrier and cruise ship sectors; certain sectors have
not been penetrated at all. These sectors that “had-to-abate” will potentially require a dramatic acceleration
in steps to cut emissions.

Assumptions have been made that all orders placed after 2030 will be for dual-fueled vessels to remove this
fleet as quickly as possible. If this happens, the remaining oil-engine fleet will only be 122m gt by the year
2050. As it stands, this fleet is primarily comprised of ships that were constructed in the later years of this
decade and the early years of the following decade. These ships have lifespans that are greater than 20 years
and include cruise ships, general cargo ships, ro/ro ships and ro/pax ships. The remaining fleet is estimated
to consume 26 Mt of oil. It is expected that there will be sufficient biofuel or synthetic fuel available to
fulfill this requirement in a manner that is environmentally friendly.

Under these circumstances, it is of the utmost importance that the LNG industry transitions entirely to the
use of bio- or synthetic-LNG at this point.
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Figure 2.49: Fuel mix projection toward 2050 (Net-Zero Scenario — Base Case, © MSI).
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Besides the base case towards net zero in 2050, ABS has developed three additional scenarios by considering
energy efficiency technologies (EETs), onboard carbon capture and storage (OCCS) and adoption of biofuels.
The developed scenarios are summarized as follows:

Scenario 1: EETs.
Scenario 2: EETs and OCCS.
Scenario 3: EETs, OCCS and adoption of biofuels/e-diesel.

The assumptions associated with these three scenarios are listed below:

It is assumed that an accelerated adoption of dual-fueled engines and scrapping rates over the next
15 years will provide an enhanced level of fleet turnover; a similar outcome would be achieved by
retrofitting. This is most significant for those sectors of the fleet that typically have lifespans beyond
20 years (in some cases well beyond 20 years).

To assess the potential for net zero, it is assumed that all ships ordered from 2030 onwards are dual fueled,
compared to our previous forecast where we assumed some would continue to be ordered into the first
half of the next decade.

The oil-fueled fleet will consume around 47 Mt of oil. Net zero can be achieved with the consumption of
47 million tonnes of oil equivalent (Mtoe) of net-zero biofuels or e-diesel.

If EETs achieve fuel savings of 15 percent on average across the fleet, the total fuel consumption will
decrease to 40 Mtoe.

This analysis shows that within the fleet growth and renewal assumptions that have been adopted, most
of the fleet can be dual fueled by 2050. The key assumptions are:

- Aggregate fuel consumption is reduced by 15 percent due to the widespread adoption of EETs on both
existing and new ships.

- There is sufficient synthetic oil/biofuel available to meet the needs of the residual oil-engine fleet.

- Supplies of green methanol and ammonia, as well as LNG and LPG, are sufficient to meet the needs of
the shipping industry.

- E-diesel or zero carbon biofuel will be needed for the remaining fleet of oil-fueled vessels.

- If net zero is based on WtW emissions, then substantial greening of fuel production and supply will
be needed.

- The actual required energy is likely to be much lower based on widespread adoption of energy saving
devices on both existing and new ships.

Scenario 1

To clarify the path to net zero, ABS examined a series of potential actions by the industry to quantify
additional reductions in emissions. Scenario 1 looks at the impact if aggregate fuel consumption is reduced
by 15 percent due to the widespread adoption of EETs on both existing and new ships. The adoption of these
technologies is anticipated to start impacting the industry from 2025 and reach the maximum impact of 15
percent in 2040.

By introducing EETs, the fuel consumption of the oil-fueled fleet will fall to 40 Mtoe. Starting from 2035,
there is an expected trend of gradual uptake of biofuel or e-diesel for conventional HFO/MGO/MDO.
Figure 250 illustrates the fuel mix projection toward 2050 under the first scenario.
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Figure 2.50: Fuel mix projection toward 2050 (Scenario 1, ©MSI).
Scenario 2

The second scenario looks at the potential impact of onboard carbon capture technologies on emissions.

In this case, the fuel mix remains the same and there is no impact on emissions from fuels other than oil.
The adoption of OCCS is assumed to begin in the second half of this decade and reach a peak of 70 percent
in 2050. This is based on the assumption that 70 percent is a realistic maximum across the fleet. The overall
impact is to reduce emissions from burning oil to 44 Mt CO, equivalent and total emissions to 116 Mt CO,
equivalent. Figure 251 illustrates the fuel mix projection toward 2050 under this scenario.
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Figure 2.51: Fuel mix projection toward 2050 (Scenario 2, ©MSI).
Scenario 3

In this scenario, it is assumed that oil consumption is gradually replaced by a mixture of biofuels and
e-diesel. For indicative purposes, these fuels are expected to become available from 2035 and achieve full
penetration by 2050.

To achieve net-zero emissions, a strong support would be for the economics use of green fuels or carbon
capture technologies which are still considered favorable prior to 2050. This can be achieved through

a combination of progressive reduction in the cost of producing green fuels and a high carbon price.
Additionally, this will be considered necessary so that all LNG, LPG, ammonia and methanol consumption is
green by this date.

Moreover, there are residual emissions from the burning of fuels such as ammonia, but these are reduced
to 71 Mt CO, equivalent from 375 Mt CO, equivalent that is found in the base case scenario. Additionally, it
has a close peak to 950 Mt CO, equivalent in the middle of this decade. A study by ICCT showed that second-
generation biofuels made from waste and lignocellulosic biomass could offer lower WtW GHG reductions
of up to 100 percent than that of MGO. This could be due to their small impact on land use, large biogenic
carbon uptake and modest use of fossil fuel energy for feedstock conversion. Figure 252 illustrates the fuel
mix projection toward 2050 under Scenario 3.
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Figure 252: Fuel mix projection toward 2050 (Scenario 3, © MSI).

2.2.6.3. Well-to-Wake CO, Emission Projections Toward Net Zero
The 2023 IMO Strategy for Reducing GHG Emissions from Ships emphasizes the need for mid-term reduction
measures that take into account the WtW GHG emissions of marine fuels.

Since the analysis of WtW GHG emissions is still relatively new, a range of different assessments have been
applied in the marine industry. These assessments differ from one another in their breadth, coverage of the
fuel production process, length of study and resolution of study.

However, multiple studies have neglected to include this stage in their LCA. This is due to uncertainties
in the data that are currently available on the carbon footprint of manufacturing solar panels and wind
turbines for green electricity, as well as the construction of various other processing plants for both
alternative and conventional fuels.

A lack of unanimity can be seen across emission inventories because of the difficulties associated with
measuring the uncertainties. To get around this obstacle, standardized models that have the potential to
quantify effective decarbonization across the industry will need to be adopted. These models will need to be
in line with the goals that have been established by the IMO.

In the context of this research project, fuel consumption on a sector-by-sector basis has been recast as
theoretical emissions from shipping using a WtW basis. We have applied elements that were cited in the
ABS Zero Carbon Outlook: View of the Value Chain publication, as well as a 2021 briefing paper on WtW
emissions written by ICCT.

It has been assumed for the purposes of this analysis that oil, LNG and LPG will continue to be produced
via traditional gray sources of production while methanol and ammonia will be available in green form. To
ensure the most accurate outcome possible, it is likely that a more sophisticated set of potential outcomes
should be discussed and agreed upon with ABS. Following the previous outputs of fuel mix projections, the
base case CO, equivalent emissions for the global fleet are shown in Figure 253.
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Figure 253: WtW CO, emissions projections toward net zero (base case, ©MSI).

As mentioned in subsection 22.6.2, ABS developed three scenarios, as indicated in Figures 2.54-2.56, to consider
EETs, OCCS and gradual uptake of biofuel. To reduce WtW GHG emissions to zero, the following assumptions
have been made for the three scenarios, which are also an indication of what needs to happen by 2050:

Aggregate fuel consumption is reduced by 15 percent due to the widespread adoption of EETs on both
existing and new ships.

Carbon capture is widely adopted on vessels consuming oil, with a 70 percent reduction of onboard
emissions achieved.

E-diesel or zero-carbon biofuel will be needed for the remaining fleet of oil-fueled vessels.
Global supplies of green methanol, ammonia, LNG and LPG are sufficient to meet the needs of the
shipping industry.

- Substantial greening of fuel production and supply chains is needed.
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Figure 254: WtW CO, emissions projections toward net zero (Scenario 1, ©MSI).
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Figure 2.56: WtW CO, emissions projections toward net zero (Scenario 3, ©MSI).

From the above figures, one item that can be easily identified are the benefits of EET, OCCS and biofuel. The
most optimistic case presents that the WtW GHG emissions in 2050 can be reduced to 20 percent of base case,
28 percent of EET case and 50 percent of EET and OCCS cases. This study assumes that newbuilding vessels
with oil-fueled engines will still be constructed well into the next decade.

As a result, widespread adoption of EETs and carbon capture will be required for the shipping industry to
achieve net-zero emissions. Achieving net-zero emissions will also require economies to use green fuels or
carbon capture technologies through a combination of progressive reduction in the cost of producing green
fuels and a high carbon price. This is necessary so that all LNG, LPG, ammonia and methanol consumption
transition to green by 2050.

2.3. MARKET OUTLOOK: ORDERBOOK

The COVID-19 pandemic initially curtailed global newbuilding contracting — in the first 10 months of 2020,

a total of 23m gt was ordered at shipyards, a decrease of 45 percent during the same period in 2019 — but
ultimately, the pandemic supercharged activity in a handful of sectors. 2021 was the key year with total
newbuild contracting that reached to 97m gt, the highest annual order intake since 2013 as seen in Figure 2.57.
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Figure 2.57: Annual deliveries in gt (©MSI).

The momentum continued into 2022, when an additional 67m gt was added to the global orderbook. As of
this year, the pace of newbuild ordering eased back considerably in response to increasingly challenging
and complex politico-economic conditions, elevated newbuild prices, limited berth availability at major
shipyards and, in some major shipping markets, significant correction in vessel earnings.

Recent trends in the newbuilding market include waves of ordering certain ship types. In 2021, the first ship
type to see a significant order volume was containerships, followed by dry bulk and gas carriers. Over the
course of 2021, these ship types accounted for a total over 80 percent of all orders placed.

Because of the 2020 pandemic, vessel earnings rose, even when underlying trade was weak; however, both
containerships and bulkers benefited from supply-chain disruption and port congestion. For containerships,
freight and time charters, rates hit unprecedented levels of approximately eight times those seen in the
previous decade. The profits accumulated in this period have funded the investment wave of the last couple
of years. Oil tankers also saw an initial surge in earnings in the early part of the pandemic, but this more
short-lived and did not translate into newbuilding investment.

In 2022, newbuild contracting of containerships and dry bulk carriers declined by 37 percent to 261m gt and
54 percent to 114m gt. Conversely, with accelerated orders of LNG carriers, there has been an increase of

60 percent, leading to a record 16.4m gt. After a prolonged absence from shipyards, PCTC owners returned in
force during 2021 and 2022, ordering 10.7m gt over this two-year period. For comparative purposes, annual
contracting volumes of PCTCs averaged 1.0m gt in the 2010s.

In summary, the boom in ordering since 2021 has been caused by disruption to global supply chains and
trade patterns rather than strong underlying economic fundamentals.

In the first seven months of 2023, a relatively modest 36.6m gt had been contracted at shipyards. However,
the most notable trend in 2023 thus far has been an uptick in contracting for product and chemical tankers,
which have benefited enormously from the disruption to oil trade due to recent geopolitical events.
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In terms of shipbuilders, the main beneficiaries of the recent ordering boom have been major Chinese

and South Korean shipyards. At an aggregate level, shipyards in these two countries have accounted for

85 percent of all newbuild orders since 2021 compared to the years immediately preceding the pandemic
which accounted to approximately three-quarters of the amount. Chinese shipyards have arguably made
the most impressive gains over the last few years. As detailed in Figure 2.58, not only have Chinese shipyards
gained overall market share, but they have also started securing a greater proportion of contracts for more
complex ship types such as LNG carriers, product tankers and PCTCs. China has also made strong inroads

into the passenger ro/ro market.
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Figure 2.58: Orderbook breakdown by region (©MSI).
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The composition of the global orderbook in recent years has been drastically altered to match the
concentration of newbuild contracting in specific markets. The orderbook is now remarkably “lopsided” with
sizable orderbooks for specific ship types and historically small orderbooks for others which are outlined in
Figure 259,
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Figure 2.59: Orderbook by ship type (©MSI).

A defining characteristic of the shipbuilding market in recent years has been a surge in newbuilding prices.
After struggling over the course of 2020, they rose across the board in 2021. Although there was a divergence
in the rate of increases between different ship types in 2022, prices have generally continued to stay firm.
Figure 260 indicates that, at the start of August 2023, benchmark newbuild prices are around 30-50 percent
higher than they were at the end of 2020. This was partly driven by the strong newbuilding interest and the
subsequent firming of forward cover at major shipyards. However, other factors have been at play at various
points over the last few years. The most significant of these have been elevated steel prices, significant
fluctuations in the exchange rates of the Asian currencies against the US. dollar (S) and general inflationary
pressures. Another significant factor was the reduction in shipbuilding capacity over the last decade.
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Figure 2.60: Average newbuild price by vessel category (©MSI).

Shipbuilding as an industry underwent a period of capacity retrenchment following the end of the
shipbuilding boom of the mid- to late-2000s. Characterized by an extended period of rationalization and
consolidation, global shipyard capacity fell to a low of 659m gt at the end of 2021, which was a 40 percent
decrease from its peak of 1098m gt in 2011. While the process of retrenchment was global, it was most
pronounced in Asia where a significant number of smaller, greenfield shipyards exited the shipbuilding
industry as indicated in Figure 2.61.
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Figure 2.61: Shipyard capacity by region (©MSI).

It is considered that the industry is at the peak of the current newbuild price cycle. Moving forward, prices
are expected to drop over the next few years as the factors that supported prices, most notably the high steel
prices and elevated forward cover, unwind. However, rising shipyard costs are also expected to put a floor
under the declines, and the low forecast in newbuild prices for 2025 will be significantly higher than
pre-pandemic levels. A revival in contracting volumes from 2025 and onwards will potentially see
newbuilding prices recover to firm levels.

Following the newbuild contracting boom in recent years, a spate of shipyard reactivations has been
announced. The cumulative effect of reintroducing this capacity into the market could be significant, with
aggregate latent capacity of over 13m gt, or one-fifth of the global total at the end of 2021. However, because
some of the capacity will be used for ship machinery or other activities, the actual growth is expected to fall
short of that figure. It will take considerable time to ramp up production volumes and the full reactivation
of capacity at many yards. As such, while shipyard capacity grew last year, it only increased 18 percent to
671m gt. Despite this, it is anticipated that by 2025, the capacity will reach 69m gt.

Looking further ahead, it is anticipated that shipyard capacity will continue rising over the second half

of this decade in response to increased ordering volumes on the back of replacement demand and
environmental regulations. However, a repetition of the “boom-and-bust” cycle that characterized shipyard
capacity development during the 2000s and 2010s is not expected. Instead, there is a current forecast that
global capacity will peak at 8lm gt in 2030. While this is significantly above current levels, it remains

26 percent below the 2011 peak.

The volume of newbuild contracting capable of utilizing alternative fuels as a proportion of the overall
total has risen significantly in recent years. In 2017, 11 percent of all newbuilding tonnage ordered across all
ship types were equipped with propulsion systems capable of utilizing alternative fuels. By 2022, the share
of alternative fuel, newbuild contracting had risen to 49 percent as shown in Figure 2.62. Uptake has been
particularly rapid in liner markets such as containerships and PCTCs. By comparison, their adoption in
tramp bulk markets, specifically tanker and dry bulk carriers, has been more limited, especially for smaller
vessels where it is non-existent.
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Figure 2.62: Percentage of newbuild contracts with alternative fuels by ship type (©MSI).

2.4. MARKET OUTLOOK: NEW TECHNOLOGIES
2.4.1. INTRODUCTION

The maritime industry is undergoing a technological revolution driven by advancements in clean-energy
technology, digitalization and applied research. These developments are propelling the sector towards a
more sustainable and efficient future, fostering reduced emissions, enhanced operational capabilities and
improved collaboration across the maritime ecosystem.

As technology continues to evolve, the maritime industry is poised to embrace even more innovative
solutions to address environmental concerns and meet the increasing demands of a globalized world.
Figure 263 contains an illustration of the technology trends and their expected outlook towards 2050.
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Figure 2.63: Technology Trends by ABS [1].

2.4.2. CLEAN ENERGY TRANSITION

The decarbonization of shipping is complex with unique challenges to navigate. An area of significant
advancement is the clean-energy transition and associated technologies where solutions such as carbon

capture, electrification, alternative fuels and alternative energy have gained prominence.

2.4.2.1. Carbon Capture Technology
Carbon capture, utilization and storage (CCUS) holds great promise in mitigating GHG emissions in

the shipping industry. By capturing CO, emissions from ships’ exhaust gases, CCUS prevents the release
of the emissions into the atmosphere. Various CO, capture technologies can be employed, including

post-combustion capture, pre-combustion capture and oxy-fuel combustion.
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Shipboard carbon capture is currently being explored as an end-of-pipe solution to reduce vessel emissions.
CCUS is still in its infancy as present land-based CCUS equipment cannot be directly used on ships due

to energy usage, on board storage and energy usage-related challenges. These technologies are at an early
stage of commercialization with considerable potential to reduce costs, increase efficiency and enable safe
operations [2][3].

i. Technology readiness:

- The most CCUS technologies for power generation and industrial applications are at Technology
Readiness Levels (TRLs) seven to nine. This means they have been demonstrated on a large scale or in
relevant environments. However, some CCUS — such as CO, liquefication and boil-off gas (BOG) — are
at lower TRLs of three to six, which means they require further development and testing.

ii. Technology benefits:
- Enable the use of existing fossil fuel-based assets and infrastructure.
- Create new revenue streams from CO, utilization and storage.
- Support the production of low-carbon synthetic fuels.
iii. Key considerations:
- High capital and operating costs.
- Large energy consumption and efficiency loss.
- Integration with ship design.

- Limited availability and suitability of CO, storage sites.

2.42.2. Electrification

One of the key steps for achieving net-zero emissions in the shipping industry is electrification which
involves using shore or offshore renewable energy sources to provide zero-emission energy to marine
vessels or offshore assets. Electrification can be achieved through various combinations of advanced energy
storage systems (ESS) and fuel cells that can power different systems on board, such as carbon capture and
propulsion.

Initially, the main utilization of electrification will be in the short-shipping sector. The utilization will
include onsite/onboard energy storage, port and offshore buoy charging stations, lithium and non-lithium
batteries and ceramic batteries. As 2030 approaches, the industry can expect to see a limited deep-sea
shipping application as the charging infrastructure and onsite/onboard storage is improved.

i. Technology readiness:

- Electrification is still a low TRL of three to six in the shipping industry, with various technical and
systemic challenges that need to be overcome to achieve large-scale deployment.

ii. Technology benefits:

- Improve local air quality and reduce noise pollution.

- Enhance operational flexibility and responsiveness.

- Integrate with renewable energy sources and smart grids.
iii. Key considerations:

- High upfront costs and long payback periods.

- Limited range and endurance of batteries.

- Insufficient availability and reliability of shore power and charging infrastructure.

2.423. Alternative Fuels

The industry is currently going through the phase of testing and early adoption of different alternative
fuels. The fuels that are currently in focus are LNG, ammonia, methanol, biofuels and hydrogen. As the
industry moves towards 2030 and 2040, it is expected that there is going to be a scaling up of the production
and adoption of different alternative fuels. The scaling up will support the industry to manage the
reduction of carbon emissions.
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i. Technology readiness:

- Most of the alternative fuel projects in the shipping industry are at TRL three or four, meaning they
have been validated in a laboratory or a simulated environment.

ii. Technology benefits:
- Increase engine performance and reduce emissions.
- Facilitate the transition to a low-carbon economy.
- Diversify the fuel supply and reduce price volatility.
iii. Key considerations:
- High production and distribution costs.
- Low energy density and storage challenges.

- Compatibility and safety issues with existing engines and systems.

2424, Alternative Energy

The industry is also looking at other, non-traditional, alternative energy sources. Advances in alternative
energy systems — such as fuel cells, hybrid systems and nuclear power — will be pivotal to the goal of
complete decarbonization of the global fleet.

Focusing on the potential of nuclear energy as international regulations evolve and advanced reactor
development matures, there is exciting potential for providing maritime industries with a zero-emission
energy source. Ongoing development in new types of reactors aims to commercialize nuclear reactors in
relatively small, plug-and-play platforms, providing assets with energy for years before refueling. Nuclear
power could offer several advantages for the commercial fleet like eliminating the need for bunkering
services — which can save time and money for vessels that operate in remote or isolated areas — and
extending the lifespan of vessels as nuclear reactors have longer operational cycles than conventional
engines. However, nuclear power also faces challenges and consequences that may hinder its widespread
adoption. The range from the need to update the relevant regulation in allowing the use and transport of
radioactive materials on assets, all the way to the management of an increased volume of nuclear waste,
must be managed by specialized operators of nuclear waste repositories. Finally, the initial costs of nuclear
systems may be higher than traditional energy systems, but they could be offset by savings in the long run.

i. Technology readiness:

- Nuclear power is still at a low TRL between two to three, technology in the shipping industry, as there
are very limited examples of mostly experimental applications [4][5]

ii. Technology benefits:

- Reduce fuel consumption and GHG emissions.

- Harness abundant and renewable energy sources.

- Demonstrate leadership and innovation in the shipping industry.
iii. Key considerations:

- High capital and operating costs.

- Variable and intermittent availability of renewable energy sources.

- Regulatory and social barriers for nuclear energy.

2.4.25. Energy Efficiency Technologies Trends

EETs are a key component of the decarbonization strategy These technologies can improve the operational
performance and fuel efficiency of ships, thereby reducing their emissions. Some examples of EET include
propulsion improving devices, lubrication systems, wind-assisted propulsion, waste heat recovery systems
and digital optimization tools. These technologies can be applied to both new and existing ships, depending
on their feasibility and compatibility.

When considering ways to manage emissions compliance for the existing fleet versus the new fleet, there
tends to be a dichotomy in the potential solutions.

For the existing fleet, EET retrofits provide a gradual reduction in emissions which will meet compliance in
the short to medium terms.
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The EET adoption rate for the current fleet is relatively low, but as shipping continues towards 2030 and
beyond, the adoption rate is expected to grow. As seen in Table 21, there are some key takeaways from the
current EET profile across the fleet.

- EETs with the highest adoption rates in the current fleet benefit from their relative ease of
implementation (e.g, exhaust gas economizers, propeller ducts, etc.).

- Renewables have some of the lowest levels of adoption in the current fleet. However, some vessel types are
more suitable for renewable options. One such example is the Flettner rotor, a cylindrical structure that
utilizes the magnus effect to generate propulsion power, which is much more practical for a bulker than
a containership.
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Table 2.1 EET uptake — existing fleet.
(Data Source: Clarkson’s Research — World Fleet Register — August 2, 2023)
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The orderbook adoption rate can be seen in Table 2.2, with key insights provided below:

Design considerations, such as bow enhancement and rudder bulbs have a much higher adoption rate on
new vessels than on the existing fleet.

Exhaust gas economizers and air-lubrication systems have some of the next highest adoption rates and
require minor design changes.

Suction wings have a high adoption rate in the general cargo market. This solution, like the Flettner
rotors, is most practical on specific vessel types. It could also be implemented on tankers, which generally
offer more available deck space for installation.

Overall, renewables continue to have low adoption rates in all vessel types except ro/ro/PCC and
passenger/cruise vessels.

PAGE 69 | BEYOND THE HORIZON | ABS




Energy . _
Efficient Bulkers Tankers Sl LNG LPG bl Ro/ro or

N Passenger
Technology ships Cargo PCC

Air Lubrication
System

Hull Fin

Twin Fin

Bow
Enhancement

Bow Foil,
Retractable

Hull Skating
System

Propeller Boss

0, 0,
Cap Fin (PBCF) 4.3% 3.9%
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Gate Rudder

Solar, Panel

Wind, Flettner
Rotor

Wind, Kite

Wind, Rigid Sail

Wind, Suction
Wing

Wind, Inflatable
Sail
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Waste Heat
Recovery 1.0% 0.9%
System
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All ESDs 43% 43% 26%

Table 2.2: EET uptake — orderbook.
(Data Source: Clarkson’s Research — World Fleet Register — August 2, 2023)
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2.4.3. DIGITALIZATION

Digitalization in the marine and offshore industries encompasses several interconnected technologies that
enhance efficiency, reduce risk and improve safety.

Visualization technology — such as mixed reality (MR) — allows for interactive training and education
in limited or hazardous environments. Combined with virtual reality (VR), augmented reality (AR), MR,
and with edge computing and digital twins, comprehensive visual information can be provided, thereby
enabling informed decision-making and condition-based maintenance strategies.

The continuous advancements in visualization technologies can significantly enhance operational
efficiency in marine vessels and offshore assets. MR technology merges the virtual and physical realms,
enabling users to directly engage with virtual environments (offering enhanced interactive education

and training opportunities). By combining VR, AR and MR with edge computing and digital twins,
comprehensive visual information can be provided for systems that are not directly observable. An example
is the inner workings of operating pumps. Additionally, virtual crew access, remote management and
monitoring of various functions on vessels can be accomplished. Eventually, when vessels become fully
autonomous, a single individual could virtually connect to a digital twin and oversee the entire system [1].

Artificial intelligence (AI) plays a crucial role in machine learning (ML) systems, enabling automated
decision-making and adaptive responses to all evolving patterns. Al-based machinery analysis and
monitoring systems improve asset performance and predict maintenance needs.

Virtual assets involve interconnected technologies that improve efficiency, reduce risk and enhance safety
in marine fleets and offshore operations. Digital twins, virtual replicas of physical assets, play a central role
in this digital transformation. By continuously updating with real-time data from sensors, digital twins
provide decision support for various systems. They range from individual components to entire vessels,
analyzing data to optimize operations. Advancements in connectivity, sensors, computing power and Al
drive the evolution of digital twins. As they become more reliable, digital twins will increasingly shape
maritime operations.

Autonomous functions — supported by modeling, simulation and increased asset connectivity — optimize
vessel operations, reduce risks and improve efficiency. Digital twins serve as virtual replicas of physical
assets, continuously updated with real-time data to support decision-making and eventually achieve
self-learning and autonomy. Cloud and edge systems can enhance simulations by reducing computing
power requirements and enabling real-time monitoring.

Improved asset connectivity is crucial for expanding the use of cloud and edge systems at sea. Cloud-based
models combined with operational data reflect real-life conditions. Future communication technologies like
low earth orbiting (LEO) satellites, high-altitude platform station (HAPS) and wireless optical systems are
essential for cloud-edge connectivity.

Modeling, simulation and increased asset connectivity contribute to the development of digital twins.
Combining AI with digital twins enhances decision-making, therefore, improving operational efficiencies
and safety.

Autonomous technology enables independent decision-making and can be applied to marine vessels

and offshore assets. It improves safety, reduces human involvement in high-risk operations and lowers
operational expenses by reducing crew numbers. Autonomous and remote-control functions may lead to a
shift in vessel and asset design, optimizing resources for primary objectives [1].

2.4.4. APPLIED RESEARCH

Applied research continues to drive innovation in the maritime industry, addressing various challenges and
exploring new possibilities. Research institutions, industry players and governments are investing in projects
that focus on areas such as green ecosystem, new materials and additive manufacturing (AM), vessels
performance and blue economy.

Green ecosystems cover not only the design and construction elements of green ships but also the green
infrastructure such as green ports, green shipping corridors and green cargo management (i.e, green
labeling, etc.).
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Nanotechnology and AM are technologies that can improve the performance and efficiency of the marine
and offshore industries by enhancing materials and creating objects based on digital 3D models.

Nanotechnology, which involves the utilization of advanced materials at the atomic and molecular scale,
could bring numerous benefits such as anti-viral coatings for high-touch surfaces, hull coatings to reduce
drag and composite materials for enhanced strength. Furthermore, carbon nanomaterials can be employed
to absorb sulfur in fuel oils. While the adoption of nanotechnology was hindered in the past due to cost and
manufacturing complexity, recent advancements have helped mitigate these challenges, leading to reduced
costs and increased acceptance.

On the other hand, AM — also known as 3D printing — offers a process where physical materials are

fused or joined to create objects based on a digital 3D model. Initially developed to expedite prototype
development and production, AM has evolved significantly, expanding its material capabilities to include
metals, ceramics and carbon fiber. As AM continues to advance, it could revolutionize how the marine and
offshore industries manage repairs. By decentralizing part manufacturing, repairs or part replacements can
be achieved independently of supply chains and away from ports. On-site or remote AM systems provide
the added advantage of printing parts closer to the point of need, streamlining logistics and supply chain
services. However, AM faces challenges such as system cost and space constraints, anisotropic mechanical
properties of as-built parts and post-processing requirements. Nonetheless, as technology advances, AM
systems can gradually produce more critical metal parts and fulfill large-scale needs like structural or
machine components [1].

Vessel performance addresses aspects such as component level performance optimization — multiphysics/
multi-domain optimization, virtual testing and commissioning — and vessel system level performance
optimization — fast solvers for high-fidelity models, advanced SIM-based decision-making — leading to
real-time fleet performance optimization.

The aim is to have real time fleet performance optimization. With the wide-spread adoption of energy
saving devices to maximize vessel performance, enhanced high fidelity performance optimization at the
vessel system level and higher fidelity analysis enabled by generative design can support this goal.

Finally, the blue economy covers all the activities that utilize ocean resources and space. It focuses on the
sustainable use of ocean resources and space, minimizing environmental impact while promoting economic
growth. It includes activities like windfarms, aquafarms, wave and tidal energy systems and offshore
spaceport rocket launching and recovery. Blue economy has the potential to be a key enabler for a global
paradigm shift in maritime industries. Sustainable practices are vital for supporting growth in the blue
economy, attracting investments in new infrastructure and bringing novel industries and opportunities to
the marine and offshore sectors. The proliferation of aquafarms as sustainable food sources is expected to
increase significantly, requiring infrastructure investment in the seafood value chain to support sustainable
aquaculture. Similarly, the growth of commercial space exploration can impact the blue economy with
offshore spaceports with the associated infrastructure playing a crucial role in the industry's impact on
ocean space. It is important to consider the carbon footprint of this infrastructure, including sustainable
transport of crew, fuel and equipment, as the industry expands. Additionally, the blue economy can
contribute to the maritime industry's broader energy transition by harnessing the ocean's renewable energy
potential. Offshore windfarms, wave energy conversion facilities and tidal energy harvesting facilities can
tap into these renewable sources [1].
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3.1 INTRODUCTION

Carbon value chain has gained significant attention due to the crucial role it plays in addressing
the challenges posed by the Paris Agreement’s climate change objectives and transition to a more
sustainable and low-carbon future. Other incentives to supplement the Paris Agreement, such as
emission trading systems (ETS) and carbon taxation to name a few, increase the need to focus on the
whole value chain that addresses the generation, emission, capture, utilization and management

of carbon dioxide (CO,). Understanding the carbon value chain is crucial for developing effective
strategies to mitigate CO, emissions.

Carbon capture, utilization, storage and transportation (CCUST) is one of the top priorities of the
sustainability agenda while onboard carbon capture systems gain ground in the shipping industry and are
supported by regulations. Figure 31 illustrates the steps of CCUST after CO, is generated at the source.

CAPTURE

Capturing CO, from fossil-
or biomass-fueled power
stations, industrial facilities
or directly from the air.

l

TRANSPORT

Moving compressed CO,
by pipeline or ship from
the point of capture to the
point of use or storage.

Figure 31: Carbon capture, utilization, storage and transportation (CCUST) value chain.

USE

Using captured CO, as an
input or feedstock to create
products or services.
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3.1.1 CAPTURE

In carbon capture, utilization and storage (CCUS) from point sources, CO, is captured from large industrial
sources, including power generation or industrial facilities (e.g, cement, steel factories, etc.). Different
methods and technologies are considered for this purpose such as post- and pre- combustion and oxy-fuel
combustion [1].

Direct air capture (DAC) is an emerging technology that captures CO, directly from the ambient air rather
than from specific emission sources [1].

3.1.2 TRANSPORTATION

Once CO, is captured, it needs to be  CO; capture plant
transported from the capture site to

either the storage or utilization sites.
Transportation methods include i
pipelines, ships or other means, & > ko
depending on the quantity of CO, ¢ \
and the distance (see Figure 32). CO,

transport is the vital link in enabling
the deployment of CCUS.

3.1.3 UTILIZATION

CO, is utilized in a variety of industries,
such as in the production of foods

and beverages, as well as integrating

it into industrial processes to convert

it into fuels, chemicals or building
materials while offering economic and Figure 32: Elements of CO, transportation.
environmental benefits. Additionally, Provided by Global CCS Institute.

CO, will be a key enabler in energy

chains of the future as it be used to synthesize methanol, and then re-capture the CO, from burning the
methanol. Figure 33 provides an overview of the different uses of CO,.

To geological storage

Based on the current market conditions, CO, utilization occupies a small portion of the overall CO, volume
expected to be captured, making storage an important option.

Fuel Chemicals
* Methane * Polymers

Building Materials
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Figure 33: Elements of CO, utilization.
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3.1.4 STORAGE

There are a few options available for the permanent storage of CO,. One option includes using it during
enhanced oil recovery (EOR), where it is permanently stored, following the recovery of oil from the reservoir.
This same process can be replicated by injecting supercritical CO, into depleted oil and gas reservoirs, saline
aquifers and other geologic formations. These have existed for millions of years and already have containment
caps, faults and permeability features that are suitable for storing liquids. Figure 34 illustrates the main
elements of both the onshore and offshore storage. One challenge that this process faces is that the CO, stream
needs to have consistent properties, and monitoring will be required to account for carbon to ensure there
aren’t issues with long-term leakage.

CO, transport

1 , Saline formations

2 , Injection into
deep unmineable
coal seams or
ECBM

3 , Useof COzin
enhanced oil
recovery

4 , Depleted oil and
gas reservoirs

' To geological storage |

Figure 34: Elements of CO, storage (onshore and offshore). Provided by Global CCS Institute.

3.2 INTERNATIONAL REGULATIONS AND POLICIES ON CCUST

The Paris Agreement’s primary objective is to hold the increase in the global average temperature to well
below 2° C above pre-industrial levels and pursue efforts to limit the temperature increase to 1.5° C above
pre-industrial levels.

To support this global effort, in 2018, the International Maritime Organization (IMO) published its own
“Strategy on the Reduction of GHG Emissions from Ships” with the target of reducing the total greenhouse gas
(GHG) emissions by at least 50 percent by 2050. During the recent 80th meeting of the Marine Environment
Protection Committee (MEPC 80), IMO members agreed on the revision of the Initial Strategy and approved
the 2023 Strategy which prescribes more enhanced targets to tackle harmful emissions with the continued
goal to reach net-zero GHG emissions by (or around) 2050.

These emissions-reduction goals have propelled the maritime industry down new pathways for zero- and low-
carbon fuels while searching for effective decarbonization technologies. An example includes carbon capture
and the supporting systems required to store, transport and use (or permanently sequester) captured carbon.
The ability to capture carbon and produce blue fuels (hydrogen, ammonia and methanol) as well as transport
green fuels (hydrogen and ammonia) will be one of the key pillars of the energy transition, thus requiring the
entire carbon value chain — from capture to utilization and storage — to scale up over the next decade.

Reports [2][3] from the Intergovernmental Panel on Climate Change (IPCC) and the International Energy
Agency (IEA) have stated that carbon capture efforts will be essential for global efforts of meeting net-zero

carbon goals.

At the IMO level, there were proposals submitted to MEPC 79 and 80 (see Table 31) that consider the inclusion
of carbon capture technologies in the regulatory framework of reducing CO, emissions from ships.
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Reference No.

Submitted By

MEPC 80/7

Onboard carbon capture

RINA

MEPC 80/7/7

The use of onboard carbon capture systems within
IMO's regulatory framework

China, Japan, Liberia, Norway,
Republic of Korea and ASEF

MEPC 80/INF.14

Onboard carbon capture [Full Report]

RINA

MEPC 80/INF.31

The challenge and importance of accounting for GHG
emissions from shipping for sustainable renewable
marine fuels and onboard carbon capture

Republic of Korea

MEPC 80/INF.32

Policy action on Inclusion of carbon capture system
from ship's engine exhaust

India

MEPC 80/7/4

Final report of the Correspondence Group on Marine
Fuel Life-Cycle GHG Analysis

China, Japan, and EU

MEPC 79/7/4

Proposal for including carbon capture technologies
in the IMO regulatory framework to reduce GHG
emissions from ships

Liberia and ICS [4]

Proposed amendments to the Energy Efficiency
Design Index (EEDI) calculation Guidelines to

. hi

SE A incorporate Carbon Capture system for Ship Exhaust Chnfine
gas (CCSE)
Proposed amendments to EEDI Survey and

MEPC 79/7/7 Certification Guidelines to incorporate a Carbon China
Capture system for Ship Exhaust Gas (CCSE)

MEPC 79/7/16 Carbon capture and storage (CCS) on board ships Norway

MEPC 79/7/22

Proposal to include onboard CO, capture system in the
IMO GHG regulatory framework

Republic of Korea

MEPC 79/INF.27

Information on the development of onboard CO,
capture system in the Republic of Korea

Republic of Korea

Table 31: Carbon capture, utilization, storage and transportation (CCUST) value chain.
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3.2.1 LONDON PROTOCOL

An important international convention which controls marine pollution and dumping of waste at sea is the
London Protocol (LP), adopted in 1996. This protocol superseded the 1972 Convention on the Prevention of
Marine Pollution by Dumping of Wastes and Other Matter (London Convention).

While CO, dumping was initially prohibited by the Protocol, the 2006 amendment (Resolution LP1(1))
enabled sub-seabed CO, storage — derived from CO, captured processes— by incorporating it to the list

of wastes that can be considered for dumping. Another amendment in 2009 enabled cross-boundary

export of CO, for sub-seabed geological storage. While the 2009 export amendment is not yet in force — it
requires ratification by formally being accepted by two-thirds of the Parties to the LP — it does effectively
allow CO, streams to be exported for carbon capture and storage (CCS) purposes between cooperating
countries, provided that the protection standards of all other LP requirements have been met. A further
amendment made in 2019 (Resolution LP5(14)) allows provisional application of the 2009 amendment by flag
Administrations, indicating their intent to provisionally apply the 2009 amendment, before entry into force.

The LP can facilitate the international transport of CO, by ship, increase availability of portside
infrastructure for CO, loading and unloading, and subsequent discharge of carbon captured on board vessels.

Several countries have established bilateral agreements under the LP or have entered in cooperations
towards the signing of such an agreement. Some examples are as follows:

+ Belgium and Denmark: In 2022, these countries signed a bilateral agreement on cross-border CO, transport
for permanent storage offshore. This agreement was instrumental for Project Greensand, which aims to
store CO, in a depleted oilfield offshore Denmark.

« Belgium and the Netherlands: In 2023, these two countries signed a bilateral agreement on facilitating the
cross-border transport of CO, between key ports and industrial hubs in both countries, such as Antwerp,
Ghent, Rotterdam and Zeeland.

« Belgium and Norway: In 2022, Belgium and Norway signed a memorandum of understanding (MOU) on
energy-related cooperation in the fields of offshore wind energy, hydrogen and CCS. One key objective of
this MOU was to prepare a bilateral agreement to enable cross-border transport and permanent geological
storage of CO, on the Norwegian Continental Shelf.

« Norway and the United Kingdom: In 2018, these countries signed an MOU to cooperate on CCS which
includes the transportation of CO, In 2022, there was an expansion of the MOU to concretize the
cooperation from ship CO, to a subsea storage facility in Norway.

« Denmark and the Netherlands: In 2022, these two countries signed an agreement that expresses mutual
intent to advance CCUS development and deployment. As part of this agreement, they will explore the
need for a bilateral agreement to enable cross-border transportation and storage of CO,.

« Norway and Sweden: In 2022, the two governments have agreed to put in place an agreement to enable
cross-border transportation and storage of CO, as soon as possible. The intent is the transportation of CO,
from Sweden to Norway for the purpose of geological storage.

« Norway and the Netherlands: In 2021, Norway and the Netherlands signed an MOU to promote bilateral
cooperation in the field of CCS and explore future areas of energy cooperation related to the North Sea.

« Norway and France: In 2022, the two governments signed a letter of intent (LOI) to promote the
development of CCS by creating a framework for cooperation to facilitate their sharing of technical
knowledge, advice, skills and expertise in the field of CCS. As part of the cooperation, the two governments
will consider and prepare a bilateral agreement to enable cross-border transportation and storage of CO,,

« Germany and Norway: In 2023, Germany and Norway agree to enter a strategic partnership on climate,
renewable energy and green industry. The partnership encompasses, among others, the field of CCS.

« Germany and Denmark: In 2023, the two countries signed a joint declaration of intent to enter a bilateral
cooperation on the further development of CCUS. One of the priorities is the consideration of a bilateral
agreement or arrangement between the two countries to enable cross-border transportation and storage
of CO,.

2
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3.2.2 EUROPEAN REGULATIONS

Directive 2014/52/EU, on the assessment of the effects of certain public and private projects on the
environment which adds requirements on environmental impact assessment to identify direct and indirect
impacts on:

Population and human health.
Biodiversity:.
Land, soil, water, air and climate.

Material assets, cultural heritage and the landscape.
Projects defined in Annex I of the Directive should be assessed according to Articles 5-10.

Projects related to CCS defined are:

Pipelines with a diameter of more than 800 millimeters (mm) and length of more than 40 kilometers
(km) for the transport of CO, streams for the purposes of geological storage, including associated booster
stations.

Storage sites pursuant to Directive 2009/31/EC on the geological storage of CO,,

Installations for capturing CO, streams for geological storage pursuant to Directive 2009/31/EC.

Directive 2009/31/EC, that amended Council Directive 85/337/EEC on the geological storage of CO,, regulates
the scheme under which member States can store captured CO, under their exclusive economic zones and
on their continental shelves. 2009/31/EC focuses on governance of CO, storage and not on cross-border CO,
transportation. Article 24 “Transboundary Cooperation” states that for transboundary transport of CO,, the
competent authorities of the member States concerned shall jointly meet the requirements of that Directive
along with other relevant community legislation.

For now, there is no legislative regime that governs the transboundary transportation of CO, in Europe.
However, the latest revision of Projects of Common Interest (PCIs) under the TEN-E Regulation — with

the six new cross-border CO, transport network projects — proves the interest of European Union (EU) to
invest in transboundary transport of CO,, as well as recognizing CCUS as a necessary tool to achieve the
decarbonization targets. Thus, it is safe to assume that it is only a matter of time for the development of the
regulatory framework of cross-border transport of CO, in the EU.

By applying goal-based reduction of GHG energy intensity as of 2025, FuelEU Maritime Regulation will be
the basic tool for EU to motivate the maritime industry towards the adoption of renewable and low-carbon
fuels and technologies. Although FuelEU is mostly focused on adoption of alternative fuels, Article 28 of
Fuel EU titled "Report and Review" states the possibility to include new GHG abatement technologies such
as onboard carbon capture systems in the calculation of GHG intensity which is subject to review by
December 31, 2027

Starting from January 2024, EU Emissions Trading System (EU ETS) will be extended to cover CO, emissions
from all ships 5000 gross tonnage (gt) and above that are entering EU ports, regardless of the flag they fly.
This will require vessel operators to purchase allowances for emissions produced by voyages in and out of
European ports. Additionally, carbon prices will be raised, and the emissions cap will be tightened to align
with the 2030 target.

3.2.3 CARBON PRICING

Carbon pricing's potential role in the transition to a low-carbon economy is gaining acceptance from
governments and businesses alike. Climate policies, that include mechanisms such as carbon pricing,
account for transition risks and opportunities and allow the reassessment of strategies to stimulate clean
technology and market innovation.

Many of today’s businesses use internal carbon calculations to evaluate the potential impact of mandatory
carbon prices on their operations and to identify potential climate risks and revenue opportunities.
Additionally, long-term investors use carbon pricing to assess the impact of climate change policies on
their investment portfolios. This allows them to reassess investment strategies and reallocate capital to
low-carbon or climate-resilient activities.

ABS | VIEW OF THE EMERGING ENERGY VALUE CHAINS | PAGE 82



The illustration in Figure 35 highlights the five main types of carbon pricing; these options continue to be
fine-tuned, adapting to new circumstances and incorporating lessons learned.

Emission Trading Carbon Offset Result-based Internal Carbon
System (ETS) Tax Mechanism Climate Finance Pricing (ICP)
(RBCF)

A system where Tax directly setsa  An offset mechanism RBCF makes Organizations
emitters can trade price on carbon by is usually project- or payments to usually use internal
emission units to defining an explicit program-based, programs which are carbon pricing to

meet their emission tax rate on GHG which offers carbon verified to have direct their
compliance targets. emissions i.e. a price credits to entities in climate change decision-making
By creating supply per tCO,e. accordance with an mitigating outcomes, process related to
and demand for accounting protocol such as emission the effects, risks and
emissions units, an or their own registry. reductions. opportunities of
ETS establishes a climate change.

market price for
GHG emissions.

Figure 35: Main types of carbon pricing [5]

Article 6 of the Paris Agreement allows countries to voluntarily cooperate with each other to achieve
emission reduction targets set out in their Nationally Determined Contributions (NDCs) [6].

Article 6.4 of the Paris Agreement approved by the 21st session of the Conference of the Parties (COP) to

the United Nations Framework Convention on Climate Change (UNFCCC), provides a framework for the
establishment of a global carbon credit market, which is being overseen by a United Nations’ entity referred
to as the Supervisory Body While the Parties of the Paris Agreement have agreed to the basic principles of
this market mechanism, negotiations continue about certain elements (e.g, development and assessment of
mechanism methodologies, mechanism’s regulations, etc.) that will need to be finalized for the mechanism
to reach operationalization.

Through this mechanism, a company in one country can reduce emissions and have those reductions
credited so that they can be sold to another company in another country. The second company may use
them to comply with its own emission reduction obligations or help it meet its net-zero target.

3.3 CCUST VALUE CHAIN STATUS

CCUST value chain will be discussed in two separate sections: CCUS and CO, transportation. The CCUS
section focuses on the latest project development status of CCUS. Meanwhile, the CO, transportation section
covers the major transportation modes for CO, as a commodity.

3.3.1 CCUS STATUS

Most of the research and feasibility studies [7][8] primarily focus on examining the feasibility of connecting
a single point source of CO, emissions to a single storage site. Over the last few years, there has been a
broader approach which explored the potential of emission clusters and storage hubs.

Industrial clusters will handle CO, captured from various sources, and they will include different impurities
likely to be included in the gas stream. The quantity of captured CO, number of sources, injection rate,
storage type and capacity will all impact the ship size, portside infrastructure and CO, conditioning

needs. Building CCUS hubs near clusters of large emitters can lower costs and accelerate scale-up. Shared
transportation, utilization or storage infrastructure could lower costs, increase savings through economies of
scale, provide additional options for managing or sharing risks and strengthen regional visibility for support
by governmental entities. However, hubs may bring companies together from different sectors that do not
normally work together, and this can introduce project complexity as there are multiple collaborators across
different industries, all with different timelines and objectives.
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Based on the 2022 Status Report from the Global CCS Institute [9] there are over 190 facilities in the

global project pipeline; CCS has progressively become commercially competitive in many countries with
governmental policy and funding support. As of September 2022, the total output capacity of CCS projects
in development was 244 million tonnes per annum (Mtpa) of CO,, which represents a 44 percent increase
over the past 12 months. Approximately 45 Mtpa in capacity is operational, while nearly 10 Mtpa is under
construction and 100 Mtpa is in advanced development and there has been 5 Mtpa of capacity suspended.

Many factors have led to this rapid growth: public pressure for greater economic prosperity; a just transition;

greater demand for low-carbon energy, steel, cement, chemicals and for services to reduce GHGs. Figure 3.6
illustrates the status of carbon capture projects globally.

100

MtCO,/year

10
] .
[
0 Operational In Construction Advanced Early Operation

Development Development Suspended

Figure 36: Global carbon capture capacity.

As of September 2022, there are currently 35 commercial facilities applying CCUS to industrial processes,

fuel transformation and power generation. This produces almost 45 million tonnes (Mt) of CO, annually.
While CCUS deployment has been below expectations, there are around 300 projects in various stages of
development across the value chain which include 200 new capture facilities that have potential to detain
about 220 Mt of CO, per year by 2030. Even at this level of deployment, it will be well below the International
Energy Agency’s (IEA) Net-Zero Scenario (see Figures 3.7 and 3.8).
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Figure 37: Evolution of CO, capture project pipeline, 2010-2022.
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Figure 38 Annual CO, capture capacity vs. CO, storage capacity, 2022-2030,
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As of 2022, most of the CO, capture capacity in operation was used at natural-gas processing plants, but the
new CCUS developments are increasingly used for other applications. Based on the IEA’s projections, it is
expected that the amount of CO, captured annually for hydrogen production could reach 70 Mt in addition
to the 70 Mt already captured from power generation and 20 Mt from industrial facilities (cement, steel
and chemicals).

The technologies used in bioenergy with carbon capture and storage (BECCS) and DAC with CO, storage are
critical to the sector's development. About 40 bioethanol facilities have announced plans to capture CO,
along with 15 biomass and waste-fired, heat and power plants which have collective potential to capture

15 Mt CO, by 2030. Finally, the first megaton-scale DAC plant is expected to start operations in the United
States (US.) by 2024.

There are two routes for captured CO, permanent storage or utilization by converting into products. CO,

can be used in a broad range of applications, either directly (i.e, not chemically altered) or indirectly (i.e,
transformed into various products). In today’s age, approximately 230 Mt of CO, is used globally each year.
This is primarily for production of fertilizers (around 125 Mt/year) and for enhanced oil recovery (around

70-80 Mt/year). Other commercial uses of CO, include food and beverage production, cooling, water
treatment and greenhouses.
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M Current and Planned M NZE
Figure 39: Annual CO, storage capacity, current and planned vs. net-zero scenario, 2020-2030.

IEA disclosed that in 2024, the current and planned annual CO, storage capacity is 38 Mt, and it will increase
to 166 Mt in 2028 and 267 Mt in 2030, respectively. The Net-Zero Emissions (NZE) Scenario predicts that

there will need to be 877 Mt of CO, storage capacity to achieve net-zero emission by 2050. Figure 39
illustrates this point.

New utilization pathways in CO,-based synthetic fuels, chemicals and building aggregates are gaining
momentum. The current project pipeline shows that approximately 10 Mt of CO, per year could be captured
for these new uses by 2030 with about 7 Mt being captured in synthetic fuel production. If all announced
projects are commissioned, they could reach approximately half the level of CO, utilization for synthetic
fuel production by 2030 envisaged in the IEA’s NZE Scenario. To be compatible with the NZE Scenario, all the
CO, would need to come from air or biogenic sources. Currently, this is the case for approximately 4 Mt per
year of planned CCU to fuel capacity for 2030 (see Figure 3.10).
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Figure 310: Planned commercial CO, use in synthetic fuel production by CO, source
compared to the net-zero scenario, 2022-2030.

The deployment of other utilization routes remains limited. Only a few large-scale capture projects are
targeting the use of CO, to produce building materials or yield enhancement. However, there are several
facilities that exist on a smaller scale to produce CO,-based chemicals and polymers. Some examples are
as follows:

- Since 2015, approximately 75000 tonnes of CO, per year have been captured from a Capitol Aggregates
Cement plant located in Texas. It has then been used for chemical production by the company Skyonic.

- In 2022, US. company Twelve announced the scale-up of their technology for electrochemical reduction of
CO, into various products that range from plastics to fuels.

Econic Technologies announced partnerships with chemical companies in China and India to scale up
their CO, to polymers technology.

Furthermore, there have been recent government funding calls for CCUS hub developments in Canada,
Europe and the US. to address industrial emissions and accelerate the development of both carbon-removal
technology and infrastructure. There are approximately 15 CCUS hubs globally under various stages

of development, with many more being planned. Countries and regions making notable progress in

CCUS include:

- US. In 2022, the US. announced significant opportunities aimed at accelerating the development of CCUS
projects. One of the opportunities is the new funding under the 2021 Infrastructure Investment and Jobs
Act, and favorable CCUS tax credits changes in the 2022 Inflation Reduction Act.

- EU: In March 2023, the EU introduced the Net Zero Industry Act, which proposes ambitious measures to
achieve carbon neutrality. This includes setting an annual CO, injection target of 50 Mt of CO, by 2030
and improving permitting procedures for CCUS projects. At the same time, the pilot phase of Project
Greensand in Denmark became operational. This project facilitates the transportation of CO, from
Belgium and its storage in a depleted oil field located in the Danish North Sea.

- The UK announced 20 bbillion (B) British Pound (GBP) in its Spring Budget for the early deployment of
CCUS projects.

- Indonesia: In March 2023, Indonesia finalized its legal and regulatory framework for CCUS, making it the
first country in the region to establish a framework for CCUS activities.

- In China, three new projects became operational in 2023 while Japan selected seven candidate projects for
support towards their commercialization.
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3.3.2 CO2 TRANSPORTATION STATUS .
Transportation

Method

Capacity Phase

CO, transport is an essential factor of carbon
value chain in enabling the deployment of CCUS.
The two main options for large scale transport Pipeline -100 Mt CO,/year | Dense vapor
are pipelines (onshore and offshore) and ships.
However, for smaller capacities, motor carriers

. . Shi >70 Mt CO Liquid
and railways are deployed. Table 32 summarizes L o/year b
the different transportation methods and their

yearly capacity. Motor Carrier >1 Mt CO,/year Liquid
The oil and gas industry has used pipelines for . o
transporting CO, for more than 50 years, notably Railway >3 Mt CO,/year Liquid

for providing injection media for EOR.
Pipeline routing has, thus far, avoided large Table 32: CO, transportation capacity comparison [10]
population centers; however, extensive pipeline
networks for large scale CCUS facilities may be more of a challenge. It will be important to minimize risks
associated with the potential release of CO, since, at ambient temperature, it is a colorless, odorless and
hazardous gas that can accumulate in enclosed spaces or depressions. Permanent underground storage of
CO, will require thousands more miles of pipeline, both as main trunk lines and feeders from industrial
sites where it is captured. As it stands, existing pipelines are unlikely to be suitable for repurposing in many
cases due to differences in design parameters.

Another factor to consider is that pipeline costs are proportional to distance while shipping costs are not
significantly affected by the same parameters. Total cost of pipelines consists of capital expenditure (capex),
especially offshore, while shipping costs are less capex-intense. For point-to-point transport of CO, between
a cluster and a nearby store, pipelines have low operational costs after the initial capex investment. However,
for cross-border transport of CO, which entails longer distances, shipping becomes a cheaper option.

Numerous studies have shown that shipping is economically advantageous over pipelines for distances
greater than 700 km and quantities greater than 6 Mtpa. IEA GHG analysis found the distance threshold to
be roughly above 650 km for a flow rate of 1 Mtpa and that increases to 920 km for a flow rate of 2 Mtpa.

The Zero Emissions Platform (ZEP) report on CO, transport costs states that the construction of a “point-to-
point” offshore pipeline for a single demonstration project is less attractive than ship transportation for
distances under 500 km. An indicative cost estimate for large-scale networks of 20 Mtpa (EUR/tonne CO,) is
presented in Table 33.

Distance (km) 180 500 750 1500

Onshore pipe 1.5 3.7 53 N/A

Offshore pipe 3.4 6.0 8.2 16.3
Ship (including liquefaction) 1.1 12.2 13.2 16.1

Table 33: Cost estimates for large-scale networks of 20 Mtpa (EUR/tonne CO,) [11].
ISO 27913:2016 specifies additional requirements and recommendations — not covered in existing pipeline

standards — for the transportation of CO, streams from the capture site to the storage facility where it is
primarily stored in a geological formation or used for other purposes (e.g, EOR or CO, use).
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3.4 KEY FOR CCUST VALUE CHAIN: LCO, SHIPPING

CO, as liquid has a higher density than in gas phase, so for economic reasons, it is more practical to transport
CO, as a liquid [12]. Along with pipelines, shipping is turning into a crucial means of moving CO,, frequently
when sources and storage locations are too far apart for pipelines. Shipping offers a versatile solution for
CO, transport, especially for dislocated emitters that are far from geological storage solutions. Additionally, it
offers the potential to develop projects earlier and at lower costs than pipelines.

Figure 311 is a schematic of the CO, shipping chain from source to storage. It illustrates the process of CO,
being captured from a power plant, then liquefied and stored. It is loaded onto an LCO, carrier and delivered
to the intermediate terminal that is connected to end-point pipelines and storage site.

Liguefaction Storage

Tanks
System ) .
Capture 4 Cargo Handling Pumping

System System System

! o 1

<+ Pipeline

Storage site

CO, Carrier

Figure 311: CO, shipping chain.

However, different offloading modes should be considered such as:

CO, unloading at port with transportation through a pipeline to a storage injection site (as depicted in
the graph).

CO, unloading at an intermediate port and loading to another ship for onward transportation to storage
or utilization site.

CO, unloading at an offshore, subsea injection point.

CO, unloading into temporary storage for onward transportation to an injection site, moored storage at an
injection site or another port connected to an injection site.

Ship-to-ship transfer is highly unlikely with its difficulty to deliver, but it should not be ignored.

To enable LCO, shipping, development of dedicated vessels is a crucial step; however, relevant infrastructure
needs to be developed as well. The entire chain should be well defined as it has an impact on the CO,
conditioning requirements (pressure and temperature) and offload conditions or injection. Additionally,
different equipment may be required for each case. Currently there are two vessels under construction plus
one recently signed that are intended for commercial use (Northern Lights CCS project) and one technology
demonstration vessel while two more have recently been ordered for Capital Gas with an estimated delivery
of 2025 or 2026. Table 34 summarizes the current LCO, carrier orderbook.

PAGE 89 | BEYOND THE HORIZON | ABS



Shipyard IMO Number Type Owner Capacity (m3)

Dalian Shipbuilding 9954228 LCO, Carrier Northern Lights 7,500

Industry 2

Dalian Shipbuilding 9954230 LCO, Carrier Northern Lights 7,500

Industry 2

DEIER StilEeulielng -- LCO, Carrier Northern Lights 7,500

Industry 2
Mitsubishi SB LCO, Carrier .

. . . K 1,4
Shimonoseki 9966336 (demonstration vessel) Sanyu Kisen 50
Hyundai Mipo . Capital Gas Ship

-- L 22
Dockyard €O, Carrier Management Corp 000
Hyundai Mipo . Capital Gas Ship
Dockyard LCO, Carrier Management Corp 22,000

Table 34: LCO, carrier orderbook.

3.4.1. CO, CARRIER DESIGN

Currently, other than the existing four LCO, carriers of capacities not exceeding 1,800 cubic meters (m?), the
largest capacity CO, carrying ships are at different stages of construction. The orderbook ranges from 7500
m? capacity (intended for the Northern Lights carbon sequestration project) to the recently announced
22,000 m? capacity.

The presented concept designs in this report are a result of collaboration between ABS and an engineering
design firm. They have been based on a 10-bar operating pressure, corresponding to an operational liquid
phase temperature range of -45° C to -50° C. This is believed to be a good compromise between a reasonably
broad temperature range for control of the liquid phase and minimization of overall pressure for large
C-Type cylindrical tank construction. These temperature and pressure values are kept constant by an
onboard refrigeration plant. These CO, carrier concept designs also include CCS to capture the CO, produced
from the conventionally fossil fueled engines and auxiliaries.

3.4.2. DESIGN BASIS — CO, STORAGE

Given the relatively high-pressure range, CO, storage tanks are typically small diameter cylindrical C-tanks.
The larger tanks that have been built for shipping purposes are those on the ship Yara Gerda, which have
a capacity of around 1,800 m® and operate at a minimum temperature of -30° C (and presumed to be at a
pressure of around 18 bar). However, scaling up cylindrical C-tanks can be problematic since the outer shell
steel thickness depends on the maximum operating pressure value and the tank diameter. For this reason,
most commercial tanks retain a relatively small diameter and increase capacity by increasing the tank
length. Of course, this limits their maximum size as a result of the increasing length/diameter aspect ratio.

The feasibility of very large CO, carriers (e.g, a total cargo capacity of 80000 m®) depends on the maximum
operating pressure. In turn, this determines the temperature range the tank insulation and refrigeration
system needs to maintain to prevent over-pressure venting from boil off. As an illustration, an 18-bar max
operating pressure implies an operating temperature range of approximately -25° C to -50° C, which is easily
and safely manageable for any standard refrigeration system and reasonably cheap external polyurethane
insulation. At this pressure, while using a 25 mm thick high tensile steel shell, the maximum tank radius

is around 7 meters (m). The same shell thickness at 10-bar max operating pressure allows a maximum tank
radius of up to 125 m; however, it also requires a much narrower operating liquid temperature range of
about -45° C to -50° C with colder temperature transition to the solid phase and higher boiling temperature
transition to the gaseous phase. The latter temperature range is more difficult to manage and would require
more effective (and expensive) insulation, as well as a more sensitive and reliable temperature and pressure
control system.
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For the above reasons, Type C cylindrical tanks can be designed for higher pressures (18-24 bar), but their size
quickly becomes limited by the need to maintain a reasonable shell thickness for manufacturing. Assuming
that a tank has a 25 mm maximum thickness E690 high-tensile steel, the maximum tank size is around

10,000 m?* In the case of stainless steel, the size would drop to 1,000 m? or less unless shell thicknesses above
25 mm are used. If the design pressure is reduced to 10 bar, the maximum E690 tank size for Type C cylindrical
tanks based on 25 mm thickness would roughly be 30000-40000 m? while the equivalent stainless steel of
equal shell thickness would only be about 5000-6,000 m? Stainless steel tanks of equivalent sizes could only
be built in specialized facilities that are able to increase the shell thickness well above 25 mm.

Bi-lobe tanks would be suitable for the larger sizes of CO, carriers due to the volumetric efficiency they offer
in cargo hold comparing to cylindrical tanks. However, the detailed construction of these tanks depends on
careful design and manufacturing of the internal stiffeners. It is conceivable that similar sizes to those of the
cylindrical tanks might be achievable for the higher maximum operating pressures (at least 10 bar) needed
for CO,. While this is, at present possible, it is also highly speculative. Figure 312 illustrates the different IMO
tank types.

A multi-gas option strategy would need to effectively address all the individual risks from the intended gases
and those which might arise from having two or more gases, e.g, CO,, liquefied petroleum gas (LPG), NH, on a
vessel. The potential design of such a carrier will consider the following points:

Applicability of international regulations and codes and potential conflicts among cargoes.
Material availability and compatibility with all potential cargoes (adequate properties).
Individual gas characteristics (flammability, toxicity, corrosivity etc.).

Constraints due to gas characteristics.

Increase in overall cost due to engineering design constraints (for instance LCO, is carried only in Type C
tanks).

Technological development and readiness to handle various cargoes (reliquefication plants, cargo pumps
and compressors).

Hazardous areas and ventilation requirements. Independent Type C Tanks

Pressure (p) > 2,000 mbar
No Secondary Barrier

While it is still uncertain how big the CO, market will be, with more
and more CCUS projects being announced, it is expected that increasing
the number and unit capacities of the LCO, carriers will be essential to
transport the large volumes of captured CO,,

In response to this anticipated demand, shipyards are currently
investigating larger designs, ranging from 10000-100000 m?* ABS stays close
with these developments and has worked with all major shipyards with
respect to issuing approval in principle (AIP) for their designs.

To achieve the larger capacities, design developments from shipyards are
focusing on transporting CO, at pressures closer to its triple point (5.18 bar,
-56.6° C for pure CO,), where CO, density is approximately 1100 kg/m?* and
enables transportation of a greater cargo quantity comparing to higher
pressure and lower density. The construction of larger sized tanks is also
more favorable at lower pressures, as higher design pressures require
thicker steel plates. The key point when transporting CO, near its “triple
point” — the temperature and pressure at which the three phases (gas,
liquid and solid) coexist — is to avoid transitions from the liquid to solid
phase and solidification of cargo that can subsequently cause tank and
equipment damages, piping clogging, etc.

Cylindrical

Figure 312: IMO
tank types.
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Type C tanks are considered the most appropriate for LCO, carriers; normally, the tanks are cylindrical or
bi-lobe shapes and arranged in vertical or horizontal configurations. The diameter of these tanks

vary between 10-30 m, depending on the individual tank's capacity. Material choices should take

into consideration the low-temperature operating conditions close to triple point, corresponding to
approximately -50° C. Low-temperature carbon manganese steel is suitable for CO, storage while Nickel steel
may also be applied. However, it may not be a viable solution from a cost perspective. Simple polyurethane
(PU) foam insulation is applied externally by spray.

Plate thickness is correlated to design pressure and affects the maximum diameter and tank capacity. If
higher pressure is used, higher steel plate thickness will be required which will increase the weight of the
tank. A plate thickness of 40-50 mm can be considered for the construction of these tanks, and shipyards
are working to develop effective tank materials that will meet the rules and regulations requirements.
Additionally, cargo tanks should be continuously monitored for low pressure, and safety functions will be
activated when pressure falls within 0.05 megapascal (MPa) above triple point as prescribed in the IMO's
International Code of the Construction and Equipment of Ships Carrying Liquefied Gases in Bulk (IGC Code).

3.4.3. THE LIQUEFIED CO, CARRIER CONCEPT DESIGNS

The most common storage used for CO, in land applications is in its liquid form. Storing CO, as a liquid
requires compression to at least 6 bar and refrigeration to keep it in liquid form. Although low-temperature
CO, liguefaction is not a simple process on board ship, liquid CO, near the triple point occupies 561 times
less volume than gaseous CO,. At ambient temperature, even if compressed to the same pressure as that
necessary to liquefy it, gaseous CO, would still occupy 94 times more volume than liquid CO, of the same
mass.

3.4.31. The 25k LCO, Carrier Concept Design

The LCO, carrier cargo tank design (see Figure 313) is driven by the conflicting requirements of guaranteeing
reasonable tank construction characteristics with an appropriate shell thickness chosen for the tanks shell.
The goal is to be able to sustain 10-bar operating pressure and minimize the refrigeration plant power
requirements with a reasonable insulation thickness by supplying the lowest tank surface to volume ratio.
Furthermore, a design philosophy choice was made that these LCO, carriers should use conventional fossil
fuel propulsion and auxiliary plants with an appropriately sized CCS system. Finally, the high cargo specific
gravity (liquid CO, weighs approximately 11 t/m® and the weight of the tanks imposed reasonably large
residual buoyancy in addition to the net cargo tank volume.

Figure 313: 25k LCO, carrier concept design.

For both LCO, ships, the same basic tank setup was chosen with two main cargo tanks occupying the ship'’s
mid-body and a smaller CCS tank at the bow. The trim is controlled by exchanging a sea water ballast (SWB)
for CCS LCO, as this gets generated and stored. The CCS tank is a vertical cylinder to better accommodate

it in the finer bow sections and minimize free surface effect. The CCS liquefaction plant is separate from
the cargo and CCS refrigeration plant to simplify and minimize the requirements and management of the
refrigeration plant power.

Since the CO, market is not yet established, these ships were designed so that they could carry alternative
cargo. This is relatively simple for refrigerated LPG, which does not impose any changes to the basic design.
However, it could be more complex and expensive to carry ammonia as an alternate cargo for several
reasons. One such reason is the imposition it would have on the use of stainless steel for the cargo tanks,
in addition to a more complex cargo handling and piping system, and with a doubling of shell thicknesses
compared to the high-tensile E690 steel used for CO, and LPG.
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The 25k LCO, vessel features two identical cargo tanks that are 825 m in radius and 5825 m in length. Each
tank is 11,900 m?® in volume and has a 40 mm thick shell if fabricated in stainless steel. With this shell
thickness, each tank weighs around 1,000 t. If the tanks are to only carry CO, or LPG, the thickness of E690
could be reduced to 17 mm, implying a weight of 425t per tank. Additionally, both tanks are insulated with
05 m thick polyurethane foam that is covered by a high-reflective white outer shell. Estimated heat ingress
rate is 22 kilowatts (kW) per tank, which is removed from the refrigeration plant.

The CCS tank is 63 m in radius and 1595 m in height. Its capacity is 1,730 m? which covers all the CO,
generated by the vessel's fuel capacity. It has a 20 mm thick shell, and it is fabricated in E690 steel. The total
tank weight is around 115 t and it is insulated with 05 m thick polyurethane foam that is covered by a high-
reflective white outer shell, resulting in an estimated heat ingress rate of just 5 kW.

The main engine’s maximum continuous rating (MCR) is 585 megawatt (MW), plus 495 MW for auxiliaries.
The CCS system power requirements take approximately 11 MW of the auxiliary power to feed an amine
carbon capture plant in addition to a CO, liquefaction plant. The remaining installed auxiliary power

is needed for the cargo refrigeration plant and shipboard consumption, having assumed appropriate
redundancies. Propulsion is provided by a single 6.6 m diameter high performance propeller that is matched
to a rudder bulb. The remaining auxiliaries’ power feeds the ship load and the cargo refrigeration plant. The
main engine and fuel tank capacity are sized to provide enough power to sail at 14.5 knots with a 20 percent
sea margin for 172 days, covering 6,000 nautical miles range. Refer to Table 35 for relevant onboard carbon
capture system parameters at 90 percent capture rates.

Additionally, the vessel is sized to carry CO, This means that no ballast, other than the ballast needed to
offset the CCS tank contents, is needed when CO, is loaded. However, SWB is needed to counterbalance the
significant difference in specific gravity (SG) between liquid CO, and LPG or ammonia when these cargo
types are carried instead. Damage stability is ensured, extending the SWB J-tanks to the B/5 line, placing the
cargo holds beyond max IMO damage penetration.

Parameters at 90% Capture Rates

Main Engine 85% MCR 5,859 kW
Assumed Electrical Base Demand 4,950 kW
Voyage Duration 18 Days
Fuel Burned w/o CCS 43.0 t/day
Fuel Burned w/CCS 478 t/day
Additional Fuel Demand for CCS 4.8 t/day
Addition Power Demand for CCS 805 kW
Additional Steam Demand for CCS 24.3 t/day
CO, Captured per Day 129.3 t/day
LCO, Storage Tank Capacity 1,730 m3
Exhaust Blower/SO, Scrubber/MEA Absorber Exhaust Capacity 63,173 m3/hr
Water Wash Scrubber Exhaust Capacity 60,425 m3/hr
CO, Compressor Skid Capacity 2,748 m3/hr
CO, Refrigeration Skid Capacity 582 kW (Ref.)

Table 35: Onboard carbon capture system parameters (25k LCO, carrier).
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3.4.31. The 82k LCO, Carrier Concept Design

The basic design for the 82k LCO, carrier (see Figure 314) is the same as for the 25k LCO, carrier, with two
main cargo tanks occupying the ship’s mid-body and a smaller CCS tank at the bow. The 82k LCO, vessel
cargo tanks both have 1322 m in radius, and they measure 7422 m and 7822 m in length. The aft tank is
38,300 m?® in volume, while the forward tank has a total capacity of 40600 m> They need a 62 mm thick shell
if fabricated in stainless steel and would weigh around 3200 and 3400 t, respectively. If the tanks were only
to carry CO, or LPG, the thickness could be reduced to 26 mm, implying a weight per tank of approximately
1,400 t. Both tanks are insulated with 05 m thick polyurethane foam that is covered by a high-reflective
white outer shell. the estimated heat ingress rate is around 46 kKW per tank, which is removed from the
refrigeration plant.

Figure 314: 82k LCO, carrier concept design.

The CCS tank is 80 m in radius and 240 m in height. Its capacity is 4,250 m?3 which covers all the CO,
generated by the vessel's fuel capacity. It has a 25 mm thick shell, and it is fabricated in E690 steel. Total tank
weight is around 270 t and it is also insulated with 05 m thick polyurethane foam that is covered by a high-
reflective white outer shell, resulting in an estimated heat ingress rate of 10 kW. All tanks are protected from
the elements by a main deck superstructure.

The main engine’s MCR is 12 MW, with an additional 66 MW for auxiliaries. The CCS system power
requirements take approximately 24 MW of the auxiliary power to feed an amine carbon capture plant in
addition to a CO, liquefaction plant. Propulsion is provided by a single 84 m diameter high performance
propeller that is matched to a rudder bulb. The remaining auxiliaries’ power feeds the ship load and the
cargo refrigeration plant. The main engine and fuel tank capacity are sized to provide enough power to

sail at 14.5 knots with a 20 percent sea margin for 172 days, covering 6,000 nautical miles range. Stability and
subdivision are the same as the 25k LCO, vessel. Refer to Table 36 for relevant onboard carbon capture system
parameters at 90 percent capture rates.

Ship-based CO, transport relies on refrigeration to liquefy the CO, and make it denser, allowing for the
transport of more tonnes for a given volume. Early ship designs were specialized carriers that shuttle CO,
from specific CO, harvesting plants. These early ships were based on LPG carrier designs that already existed.
The current fleet of dedicated LCO, carriers is limited to only four vessels that serve the food and beverage
industry; these ships have small capacities (~1,700 tonnes of CO,) and operate at high pressures (15-19 bar).
The current orderbook includes three vessels of 7500 m? capacity, each destined for Norway’s Northern
Lights project; they will transport pure CO, and operate at medium operation pressures (13-18 bar). In March
2023, Japanese shipbuilder, Mitsubishi Shipbuilding, launched a LCO, demonstration test vessel intended for
CCUS. This demonstration vessel will be equipped with the liquefied CO, tank system that was researched
and developed by the Engineering Advancement Association of Japan (ENAA). Future CO, ships are expected
to be built using brand-new designs and bigger capacities to enable longer open-sea transport routes.
Recently, Greece’s Capital Gas Ship Management Corp announced their order of two 22,000 m? gas carriers,
which is capable of transporting LCO,, LPG and ammonia. The ships will have energy-saving technologies,
including onboard carbon capture and cold-ironing (shore power), as well as dual fuel “ammonia-ready”
engines that can run on LNG and ammonia fuel in the future.
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Parameters at 90% Capture Rates

Main Engine 85% MCR 12,000 kW
Assumed Electrical Base Demand 6,600 kW
Voyage Duration 18 Days
Fuel Burned w/o CCS 78.0 t/day
Fuel Burned w/CCS 84.4 t/day
Additional Fuel Demand for CCS 6.9 t/day
Addition Power Demand for CCS 1,276 kW
Additional Steam Demand for CCS 38.3 t/day
CO, Captured per Day 224.5 t/day
LCO, Storage Tank Capacity 4,250 m3
Exhaust Blower/SO, Scrubber/MEA Absorber Exhaust Capacity 100,412 m3/hr
Water Wash Scrubber Exhaust Capacity 95,640 m3/hr
CO, Compressor Skid Capacity 4,772 m3/hr
CO, Refrigeration Skid Capacity 876 kW (Ref.)

Table 36: Onboard carbon capture system parameters (82k LCO, carrier).

3.4.4. CARGO CHARACTERISTICS AND LIMITATIONS

The design and construction of LCO, carriers is covered by IGC Code, which also sets the standards for all
liquefied gas carriers. Chapter 1721 of the Code sets high-level, prescribed requirements to mitigate the risk of
cargo freezing that focus on:

Cargo tanks pressure/temperature monitoring.

Safety functions when pressure falls within 0.05 MPa of the triple point.
Cargo tank relief valves isolation and interlock.

Materials selection.

Gas detection requirements.

Chapter 1722 refers to the reclaimed quality CO, and the corrosion issues that impurities, such as water,
sulfur dioxide, etc, can cause. The next revision of the IGC Code is expected to include more details on
CO, shipping.

The society of International Gas Tanker and Terminal Operations (SIGTTO) also worked with industry to
address the hazards of CO, transportation and provide recommendations to the IMO to improve the Code. In
the meantime, several SIGTTO publications are available and may be relevant to LCO, carriers.

L. CO, Properties

The development of LCO, carriers requires a solid understanding of the behavior of CO, as cargo, especially
when transported close to triple point. CO, is a non-flammable gas where many of the hazards associated
with transportation of flammable liquefied gases in IGC Code (e.g, LNG, LPG, etc.) are not applicable.
However, to carry it in liquid phase, it is necessary to compress CO, to a pressure at least that of its triple
point (518 bar) and refrigerate it to temperature values close to (but not below) -56.6° C as the liquid would
freeze at any pressure below that. If carried near this triple point pressure, the cargo would be difficult to
control as the temperature range between the solid, liquid and gaseous phase of CO, is very small.
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In practice, most commercially available LCO,
tanks operate at pressures between 12 bar

(at temperatures under -30° C) and 24 bar (at
temperatures under -15° C). Figure 315 provides an
illustration of the CO, pressure and temperature
phase diagram.
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II. Density

At atmospheric pressure, CO, has a density

of approximately 198 kg/m? while at liquid

phase — close to -50° C and 7 bar — it reaches
approximately 1100 kg/m? This means that CO,

is denser than air (approximately 15 times) and
would accumulate in lower areas in case of a
potential release. Higher density means that more
CO, can be transported. For liquid CO,, the density
increases when reducing the pressure due to the 200 250 300 350 400
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III. Toxicity and Asphyxiation

CO, is an asphyxiant (see IGC Code Chapter 19) but Figure 315: CO, pressure vs. temperature
there are also several standards that highlight CO, phase diagram.

toxicity in high concentrations. Exposure limits

from various standards are shown in Table 37 If a cargo is designated as “toxic,” more stringent measures
are applied.

Source Threshold limit value (TLV) (ppm) Short term exposure limit (STEL) (ppm)
HSE (U.K.) [13] 5,000 (8 hours) 15,000 (15 minutes)
OSHA (U.S) [14] 5,000 (8 hours) --
NIOSH (U.S)) [15] 5,000 (10 hours) 30,000 (15 minutes)
ACGIH (U.S) [16] 5,000 (8 hours) 30,000 (15 minutes)

Table 37: CO, toxicity levels.

IV. Pressure and Temperature Control

Operating an LCO, carrier close to triple point requires the careful design of cargo-handling equipment and
piping to avoid the formation of dry ice. In general, it is expected to follow a similar philosophy for LPG
carriers. Any discharge piping from safety-relief valves will need to remain free of obstructions that could
cause clogging.

Operational procedures should be established to mitigate the risk of losing pressure/temperature controls
and the solidification of cargo. Installation of the reliquefication plant will depend on the individual vessel's
trading pattern and voyage duration.

V. CO, Impurities

CO, composition plays a key role in designing these vessels and associated systems. Most designs consider
pure CO, Composition can be influenced by the CO, source and capture technology, the transportation
conditions (pressure/temperature) and destination storage reservoir.
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Impurities in the mixture have impacts on:

Thermophysical properties and phase behavior. Some impurities could potentially alter the phase
envelope of CO,, which in turn, could affect the triple point or density.

Corrosion and material suitability. CO, with free water creates carbonic acid which is highly corrosive.

Reaction and cross-effects of impurities should be investigated.

Reliquefaction plant design (non-condensable and cargo contamination).

Health and safety due to toxic components in the mixture. Insignificant amounts of hydrogen sulfide

(H,S) or sulfur dioxide (SO,) may pose a substantial risk due to their toxicity.

So far, there is limited work on standardization of CO, specifications for shipboard transportation. The

majority refers to pipelines. Impact of the impurities in the CO, mixture needs to be investigated through
proper research specifically for shipboard transportation.

Table 3.8 shows an indicative list of impurities reported in published specifications. Table 39 includes
concentration recommendations for ship transport from EU CCUS Projects Network.

Component Component

Water (H,0)

Nitrogen Oxides (NOx)

Hydrogen Sulfide (H.,S)

Sulfur Oxides (SOx)

Carbon Monoxide (CO)

Acetaldehyde

Methane (CH,)

Amine

Nitrogen (N,)

Ammonia (NH,)

Oxygen (O,)

Cadmium (Cd) / Titanium (Ti)

Argon (Ar)

Formaldehydes

Hydrogen (H,)

Mercury (Hg)

Table 38 Indicative list of impurities in CO, mixture.

Component Concentration

CoO, >99.7% vol
H,O 50 ppm
H,S 200 ppm
CO 2,000 ppm
CH, <0.3% v/v (all non-condensable gases)
N, <0.3% v/v (all non-condensable gases)
0, Unknown
Ar <0.3% v/v (all non-condensable gases)
H, <0.3% v/v (all non-condensable gases)

Table 39: CO, quality recommendations for ship transport (EU CCUS projects network, “Briefing on carbon

dioxide specifications for transport”).
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3.5. LCO, FLEET PROJECTION

It is still uncertain how big the CO, market will be. However, with more and more CCUS projects being
announced, it is expected that increasing the number and unit capacities of the LCO, carriers will be
essential to transport the large volumes of captured CO,, and the projections of future fleet are ambitious.
According to a 2018 study by European Zero Emission Technology and Innovation Platform (ETIP ZEP), it is
estimated that 600 vessels will be required for CO, transport due to the burgeoning CCUS application for
supporting the CCUS sector in Europe. Although the study was EU specific, the CO, vessels will support the
development of the carbon value chain all over the world.

From the current orderbook, there have been at least three vessels that are confirmed to support actual
offshore sequestration projects (e.g. Northern Lights), and if the market follows the IEA estimation of
needing a 16-fold increase in CCUS capacity by 2030 and a 100-fold increase by 2050, it can be estimated that
the number of vessels required will be 48 in 2030 and 300 by 2050 (see Figure 316). The range varies between
50 to 600 vessels between the years 2030 to 2050. While the specific number is not the most important part,
it helps showcase that the general trend is increasing.

As the size of the vessels gets larger, the number of vessels may reduce; however, the total capacity required
will follow the market trend of greater need for LCO, carriers. There are several assumptions and variables
in estimating the size of the market such as the CCUS market size, the announcements of projects and
their successes, economic climate and disruptions, etc; however, it is still uncertain how big the market will
eventually be. But as new projects are announced and source to sink matching is done, it becomes apparent
that new vessels will be required to satisfy the demand for offshore storage.

In addition, the CO, utilization market is nascent and there is large variability in the expected growth of
the market. That will also pull in additional demand and lead to further growth in the size of the LCO,
vessel market.
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Figure 316: Forecast of LCO, carriers market.

a The number of vessels ordered ub Carbon Storage application (Northeren Lights (3), Sanyu Kisan (1)
and Capital Ship Management Corp (2))

b Represents a 16-fold increase to meet the IEA estimated total CCUS requirement of 800 Mtpa from
50 Mtpa in 2020

¢ Represents a 100-fold increase to meet the IEA estimated total CCUS requirement of 5000 Mtpa from
50 Mtpa in 2020

d EU Zero Emission Technology and Innovation Platform Study Estimate, 2018
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3.6. LCO, TRADE ROUTE ANALYSIS

Understanding CO, emitters and captured carbon destination is crucial in analyzing LCO, trading routes. By
identifying and prioritizing the key LCO, trading routes, stakeholders can focus their efforts and resources
on implementing CCSTU projects. There are different categorizations that may be followed to sort emitters,
end users and sequestration sites, some of which are listed below:

Sector-Based: Grouping emitters based on sectors such as power generation, industrial processes,
transportation, buildings, agriculture and waste management allows for targeted strategies tailored to
the specific characteristics and challenges of each sector. Different sectors may have unique CO, emission
profiles and technological requirements for CCUS implementation.

Regional: Analyzing carbon utilization and sequestration on a regional or geographical basis helps identify
hotspots of post-captured carbon processing. Focusing CCUS efforts on regions with high emissions can
make a substantial difference in overall carbon mitigation. Additionally, regional categorization considers
factors like population density, industrial concentration and environmental vulnerabilities, thereby
influencing the feasibility and impact of CCUS projects.

Fuel Source: Distinguishing emitters based on their primary fuel sources such as coal, natural gas, oil, or
biomass provides insights into the carbon intensity of various energy systems, as well as the means of
carbon utilization.

CCUS Infrastructure Availability: Categorizing emitters based on their proximity to CO, storage sites, existing
pipeline networks or potential utilization opportunities can inform the feasibility of the development of
CCUS projects in these sites.

3.6.1. GLOBAL CO, SUPPLY: HEAVY CO, EMITTERS

The 2022 IEA report for CO, emissions indicates that global energy-related CO, emissions grew by 09 percent
(or 321 Mt) in 2022, reaching a new high of over 36.8 gigatonnes (Gt). Emissions from energy combustion
increased by 13 percent (or 423 Mt), while emissions from industrial processes decreased by 102 Mt.

Power generation is the top emitting sector, with industry ranked second close to transport. Power
generation also comes first among the other sectors with respect to an absolute increase in emissions from
2021 to 2022. This increase corresponds to 261 Mt (or 18 percent), reaching an all-time high of 14.6 Gt. Gas-to-
coal switching in many regions was the main driver of this growth: CO, from coal-fired power generation
grew by 21 percent and was led by increases in the Asian emerging market and developing economies.
Natural gas emissions in the power sector remained close to 2021 levels, however, it was significantly
propped up by an increase in the US. At a global level, CO, emissions from power and transport (including
international bunkers) grew by 261 Mt and 254 Mt. This is, respectively, more than offsetting reductions from
industry and buildings. Figures 317 and 3.18 illustrate this data.
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Figure 317: Global CO, emissions by sector [17]
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Figure 318: Global CO, emissions [18]

The latest outlook from IEA for the electricity market includes a projection for a slight decline of CO,
emissions of approximately 1 percent, both in 2023 and 2024, as electricity generation from fossil fuels
shrinks. Falling coal-fired generation is the main driver of this decline, with a drop in total CO, emissions
of approximately 140 Mt over the current period and up to 2024. Oil follows with a decrease of 100 Mt. Total
change in emissions from gas fired generation out to 2024 is expected to be close to zero as slight increases
in 2023 are expected to be offset by declines in 2024. The top 10 CO, emitting countries are illustrated in
Figure 3.19.
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Figure 319 Top 10 CO, emitting countries [19]

China has been the world's largest CO, emitter. The country's rapid economic growth and industrialization have
led to significant increases in CO, emissions over the past few decades. The primary source of CO, emissions in
China is the burning of fossil fuels, particularly coal, for energy generation and industrial processes. The U.S.

is the second largest CO, emitter with the largest sources coming from transportation, power generation and
industry. The country heavily relies on fossil fuels, including coal, natural gas and oil, to meet its energy needs.
Although the US. government undertook significant efforts on adoption of renewable energy sources, fossil
fuels still dominate the energy mix, contributing to CO, emissions. India, Russia and Japan are among the top
emitters by region. Coal still makes up a significant share of these courtiers’ energy consumption. Those top
emitters will be acting as the carbon exporters if their domestic carbon utilization and sequestration capacities
cannot consume the produced CO,,

3.6.2. GLOBAL CO, DEMAND: CARBON COMMODITY UTILIZATION

It is estimated that the CO, commodity market could increase between 1 and 7 Gt of CO,/year by 2030 as
new methods of carbon utilization are unlocked, such as the use of fuels, chemicals and building materials.
The utilization value chain is overly complex and may not develop as fast as required to help reduce GHG
emissions; hence, the disposal of CO, — by injecting it into geological formations — will be necessary.

Only a few large-scale (> 100000 tonnes CO, per year) capture plants using CO, for fuel, chemical production
and yield enhancement are operational today, with the most recent commissioned at a steel plant in December
2022. Plans are underway for around 15 additional capture facilities targeting CO, utilization for synthetic
hydrocarbon fuels through Fischer-Tropsch (FT) synthesis, direct conversion to methanol or fermentation to
ethanol. Together, these large-scale plants could be capturing and using around 7 Mt CO, by 2030.
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An increasing share of the synthetic fuel project pipeline is targeting sources of CO, that are compatible
with a net-zero trajectory, including air and bioenergy or waste plants:

Project Air in Sweden aims to start producing 200000 tonnes per annum (tpa) of methanol in 2025, using
CO, captured from a biogas plant and electrolytic hydrogen.

Highly Innovative Fuels (HIF) global is studying the feasibility of large-scale air-sourced synthetic fuel
production facilities, with plants being developed in Chile, the US. and Australia.

In Switzerland, Synhelion started construction of their first synthetic fuel plant using solar-based
thermochemical conversion technology and sourcing CO, from a nearby pulp and paper mill.

3.6.3. IMBALANCE OF CO, SUPPLY AND DEMAND SOLUTION: CARBON SEQUESTRATION

CO, storage involves injecting captured CO, deep into an underground geological reservoir comprised of
porous rock covered by an impermeable layer of rocks. This sealing layer ensures that the CO, remains
within the reservoir, preventing any upward movement or "leakage" to the atmosphere. Several types of
reservoirs are suitable for CO, storage, with deep saline formations and depleted oil and gas reservoirs
offering the largest capacity.

Deep saline formations consist of porous and permeable rocks saturated with salty water (brine) and are
found in both onshore and offshore sedimentary basins. They offer extensive storage potential for CO,
Depleted oil and gas reservoirs are porous rock formations that have naturally trapped crude oil or gas for
years before being extracted. These reservoirs can effectively trap injected CO,, making them suitable for
large-scale CO, storage.

Global CO, storage resources are considered well over future requirements. However, in many regions,
further assessment work is required to convert theoretical storage capacity into “bankable” storage to support
CCUS investment. As per IEA analysis, billions of tonnes of CO, will need to be stored in a net-zero pathway,
but this is dependent on identifying and developing the world’s vast resources for geological storage. IEA
detailed geospatial analysis shows that approximately 70 percent of power and industrial emissions in
China, Europe and the US. are within 100 km of potential storage. For comparison, in the US, CO, captured
at existing facilities is transported an average of 180 km via pipeline today.

The proximity of storage to emission sources, where feasible clustered around CCUS hubs with shared
infrastructure, will be a crucial factor in reducing costs, decreasing infrastructure development times and
enabling a rapid rollout of CCUS.

The IEA examined the opportunity for CO, storage in three key regions:

e US.: The leader in global CCUS deployment, home to more than 60 percent of current CCUS capacity and
approximately 50 percent of capacity under development.

» Europe: Progressing significant CCUS development in the North Sea and around CCUS hubs. In September
2020, the Norwegian government committed $1.8B to the Longship CCS project, which includes the
“Northern Lights” CO, transport and storage hub. Additionally, the UK. government has announced 1B GBP
to establish CCUS in four industrial regions.

e China: Accounts for around one-third of global emissions today with the 2060 carbon neutrality target
announced in September 2020 already providing a major push for CCUS.

Figure 320 showcases the theoretical CO, storage capacity by region. The availability of storage differs across
regions, with Russia, North America and Africa holding the largest capacities. Substantial capacity is also
thought to exist in Australia. Furthermore, it is obvious that for most of the regions, more than 50 percent of
storage capabilities are onshore. Graph results are, of course, theoretical estimations and any actual storage
capabilities will be defined after detailed site explorations which will require considerable time supported
by legal and regulatory frameworks.

Figure 321 illustrates the increase of carbon storage projects. The stacked columns indicate the yearly

injection capacity rather than the total storage capacity The “capture” line illustrates capture capacity. The
Asia-Pacific column excludes data from China to avoid double counting.
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In the US, there is a clear increase in CO, storage capacity with a doubling in the announcement of new
projects in 2022 compared to 2021, according to IEA data. A similar increase in storage capacity can be

seen in Europe, mainly in the North Sea region. The Asia-Pacific region is also seeing an increase on the
announcement of new storage capacity. An example is the region of Japan which has set up an annual CO,
storage target of 6-12 Mt CO, per year for 2030 and 120-140 Mt CO, per year for 2050.
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3.6.4. GLOBAL CARBON TRADE ROUTES

The CO, shipping market has yet to be established, and the potential trading patterns for LCO, carriers are
expected to start emerging once the location of sequestration and utilization projects become clearer. With
the current data for the emitters by region and storage capacities, only a few assumptions can be made.

Although there are several regions that are in the top 10 emitters, there are other sites that can provide
additional storage capabilities in terms of sequestrations and potential trading patterns.

While the US. is expected to have significant storage sources, it is not expected to have transatlantic trading.
Long duration voyages should also consider cargo conditioning using reliquefaction plants that increase
operational costs.

European mapping of geological CO, storage sites and estimations of CO, storage capacities have indicated a
large potential in the Nordic region. Extensive sedimentary basins in the Baltic Sea, the Skagerrak area, the

North Sea and the area offshore mid-Norway have been assessed to be able to store substantial amounts of
CO, in deep saline aquifers and depleted oil and gas fields. This site could be a potential location for North

and Central Europe to access sequestration.

The EU and China pledged to further develop their bilateral cooperation on carbon markets in the EU-China
Joint Statement on Climate Change adopted at the EU-China summit in 2015. The EU and China signed an
MOU to further their collaboration on emissions trading during the EU-China summit in 2018. Additionally,
the 2015-launched Korean emissions trading system (KETS) accounts for over 66 percent of all GHG emissions
in Korea. It is the first UNFCCC-mandated carbon trading system for non-Annex I nations. The KETS may
lead to an increase in carbon trading among developing nations and growing economies.

Based on the collected data from both carbon emissions [21] and carbon sequestration capacities [22] the
country-based gap value can calculate by the ratio of annual carbon emissions and theoretical carbon
sequestration capacities as indicated in Table 3.10.

Country Theoretical CO, Storage (GJ) Annual CO, Emissions (Gt) Carbon Gap Ratio
China 403 116.8 3.5
United States 812 45.4 17.9
India 99 241 41
Russia 56.41 16.7 3.4
Japan 8 10.6 0.8
Iran 492* 6.9 71.3
Germany 302* 6.4 47.4
South Korea 3 6.2 0.5
Saudi Arabia 492* 5.9 83.6
Indonesia 2871* 5.7 49.4
Canada 318 5.4 58.6

Table 310: Country-based carbon gap ratio.

*Theoretical CO, storage for Iran and Saudi Arabia is assumed as the Middle East sequestration capacity;
Germany is using Europe sequestration value; Indonesia is applying southeast Asia sequestration value.
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Figure 322: Global carbon trade routes projection.

As indicated in Table 310, Japan, South Korea, Russia, China and India share the least carbon gap ratio
values, so these five countries display a higher possibility to be carbon exporters. Meanwhile Saudi Arabia,
Iran, Canada, Indonesia and Germany share the largest values of carbon gap ratios, making them more
susceptible to serve as carbon importers. Therefore, the possible CO, shipping routes has potential to be
from Northeast Asia to Southeast Asia, Russia to Europe/Eurasia and India to Middle East/Southeast Asia
by considering the geographical locations (see Figure 3.22). Other possible carbon trade routes may be US. to
Canada/Central America and European emitters to the North Sea/North Africa. Carbon routes projection is
more sensitive for voyage distance since carbon price is a major driver for LCO, trade.
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4.1 INTRODUCTION

In a world that is increasingly interconnected and more environmentally conscious, ammonia (NH,)
is gaining prominence as a key player in the global energy landscape. Ammonia has numerous
industrial applications and in addition to being a key component in the production of fertilizers,

it's also emerging as a potential alternative marine fuel This section examines the complex and
expansive ammonia value chain and its significant connection to the marine industry that is
currently at a turning point of innovation and sustainability.

The value chain includes all elements of the production, transportation and usage of ammonia.
From the production side, there are numerous stakeholders involved, including natural gas producers and
ammonia production facilities. Current ammonia production is energy-intensive and relies heavily on fossil
fuels, which contributes significantly to global greenhouse gas (GHG) emissions.

Ammonia is mainly used in the production of fertilizers, as well as in cleaning agents and various chemical
processes. It is also widely used in refrigeration systems, air conditioning and cold storage in industries due
to its thermodynamic properties.

The maritime sector is crucial to the ammonia supply chain. As a substantial amount of ammonia is
transported across oceans, the maritime industry can be both a key consumer and service provider in this
chain. As it stands, the maritime industry is under pressure to reduce its GHG emissions, and ammonia has
been identified as a possible clean fuel and potential hydrogen carrier. It could be an essential component
that could revolutionize shipping through the global transition to more sustainable energy.
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Figure 4.1: Production and utilization routes of ammonia in the energy sector.

On the other hand, transporting ammonia presents numerous obstacles. Its corrosive nature and explosive
potential require specialized handling and storage solutions.

This section explores the ammonia value chain as it relates to the marine industry and provides a holistic
view as it examines the ammonia producers, technology trends in ammonia carriers, potential trading
routes and the inherent challenges of ammonia's cargo characteristics.

4.2. THE FUNDAMENTALS OF AMMONIA

Ammonia is gaining favor in the global

shipping industry due to its potential as a Volumetric Energy Density (MJ/L)
zero-carbon fuel. Since there is no carbon

atom in the ammonia molecule, it does Ammonia Methanol Hydrogen
not emit carbon dioxide (CO,) during

combustion. At atmospheric temperature 12.8 15.6 85

and pressure, ammonia is a colorless gas
with a characteristically pungent smell.
At higher pressures, ammonia becomes
a liquid, making it easier to transport
and store.

Table 4.1: Comparison of alternative fuels
volumetric energy density.

The energy density of ammonia is similar to that of methanol and more favorable than hydrogen.
Compared to hydrogen, ammonia storage is more practical due to both its energy density and liquefaction
temperature. As ammonia has low energy content, it will require larger tanks for storage. Additionally,

their location on board will be a critical design factor When ammonia is used as a fuel, the changes in
vessel arrangement are dependent on the location and type of ammonia tank/containment system. Cargo
capacity is also expected to decrease based on the use of ammonia combustion engine or ammonia fuel cell
arrangement employed. The additional space for fuel, due to lower energy density, may require larger vessels
sizes, decreased cargo space or more frequent bunkering.

Ammonia has a relatively narrow range of flammability compared with some other fuels being considered
for the shipping industry, however, it is highly toxic and very reactive. In addition, low concentrations of
ammonia can be irritating to the eyes, lungs and skin; at high concentrations, or in the case of direct contact,
it is immediately life-threatening. Symptoms include difficulty breathing, chest pain, bronchospasms and,
at its worst, pulmonary oedemas where fluids fill the lungs and result in respiratory failure. Due to these
toxicity issues, ammonia is classified as a hazardous substance. For this reason, exposure levels and time of
exposure is controlled by several national standards, typically setting Permissible Exposure Limits (PEL) at
approximately 50 parts per million (ppm), Recommended Exposure Limits (REL) at 25 ppm and identifying
the Immediate Danger to Life or Health (IDLH) limit at 300 ppm.
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The risk of fire and explosion is reduced when compared with other hydrocarbon fuels and gases,
particularly in open air, as ammonia has a flammability range in dry air from 152 percent to 274 percent.
However, under certain conditions, there can be a risk of fire and explosion, so safety concepts must consider
both toxicity and fire/explosion risks [1].

When attempting combustion in an engine, ammonia is hard to ignite. It requires high-ignition energy in
the form of either a pilot fuel or another "hot" source. It also has a high auto-ignition temperature and low
cetane number, so it will be challenging to develop for marine combustion without a pilot fuel. However,
many different fuels can be used as pilot fuels. The best igniters are fuels such as marine gas oil (MGO),
marine diesel oil (MDO) and dimethyl ether (DME); different types of biofuels and very low sulfur fuel oils
(VLSFO) can also be used.

Ammonia is incompatible with various industrial materials. In the presence of moisture, it reacts with

and corrodes copper, brass, zinc and other alloys, forming a greenish/blue color. Ammonia is an alkaline-
reducing agent and reacts with acids, halogens and oxidizing agents. These properties add challenges related
to the selection of materials for onboard equipment and tanks.

Item Ammonia [\ [cTe]
Energy density (MJ/L) 15.7 35.95
Latent heat of vaporization (LHV) (MJ/kg) 22.5 42.8
Heat of vaporization (kJ/kg) 1,371 250-450
Autoignition temperature (° C) 630 250
Liquid density (kg/m3) 696 (at -33° C) 840 (at 15° C)
Adiabatic flame temperature at 1 bar (° C) 1,800 2,000
Molecular weight (g/mol) 17.031 54
Melting point (° C) -77.7 -26
Boiling point (° C) -33.4 154
Flash point (° C) 132 60
Critical temperature (° C) 132.41 654.85
Critical pressure (bar) N3.57 30
Flammable range in dry air (%) 15.15 to 27.35 0.7-5
Minimum ignition energy (MJ) 8 0.23
Cetane number 0] 40
Octane number ~130 15-25

Table 4.2: Key properties of ammonia in comparison to MGO.

4.3. VALUE CHAIN ANALYSIS
4.3.1. SOURCES AND PRODUCTION OF AMMONIA

With the demand for global food production constantly growing, the global appetite to make fertilizers out
of ammonia is expected to remain strong. It is a vital component in the manufacture of nitrogen-based
fertilizers such as urea, ammonium nitrate and ammonium phosphate. Demand for these applications of
ammonia is continuously driven by the growth of the chemicals, pharmaceuticals and plastics sectors.
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The use of ammonia, as well as its storage and transportation, is subject to stringent rules and regulations,
which affect supply chain logistics and overall production costs. However, the increasing environmental
worries about ammonia emissions during manufacture and consumption are expected to impede market
growth to some extent.

Figure 42 illustrates the main sources, production methodologies, transportation and utilization of ammonia.
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Figure 4.2: Production and utilization routes of ammonia in the energy sector.
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4311 Ammonia Pathways

A typical Well-to-Wake (WtW) ammonia value chain consists of two processes: Well-to-Tank (WtT) and
Tank-to-Wake (TtW). The WtT process starts from feedstock exploration and processing, through refining
and distribution, to the storage facilities in the port areas. The TtW process for GHG footprint refers to the
CO, equivalent emissions by ammonia combustion onboard [1].

Conventional and clean ammonia production processes are distinguished by colors, based on the carbon
footprint. Gray and brown ammonia refers to conventionally produced ammonia, while blue and green
ammonia represents environmentally friendly alternatives.

In general, three pathways can be identified for the WtT portion of the ammonia value chain, and they are:

» Brown/Gray ammonia: Utilizes hydrogen produced from coal via coal gasification (brown ammonia) or
hydrogen produced from natural gas via Steam Methane Reforming (SMR) (gray ammonia).

» Blue ammonia: Utilizes either gray or brown hydrogen; however, its manufacturing process is integrated
with carbon capture technologies to capture up to 90 percent of CO, emissions associated with the
ammonia life cycle.

» Green ammonia: Utilizes renewable electricity for electrolysis, thus resulting in a zero-carbon emission.

HIGH CARBON
INTENSITY

—> GASIFICATION % BROWN AMMONIA
FOSSIL
FEEDSTOCKS > GRAY AMMONIA

CCus

_’ REFORMING OR
GASIFICATION % BLUE AMMONIA

RENEWABLE

ENERGY
A casirication [ GREEN AMMONIA

Figure 4.3: The color spectrum of ammonia production.

LOW CARBON
INTENSITY

I. Gray Ammonia Pathway

Most of the ammonia produced to date is “gray ammonia,” which has higher GHG emissions than
conventional marine fuels on a WtW basis. Current production processes for ammonia mainly rely on
natural gas which is used as a feedstock for SMR to produce hydrogen for the ammonia-synthesis process
without any carbon capture, utilization and storage (CCUS) processes.
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When using ammonia as a fuel in marine internal combustion engines, the emissions of sulfur dioxide,
carbon monoxide, heavy metals, hydrocarbons and polycyclic aromatic hydrocarbons (PAH) drop to zero. In
addition, harmful particulate matter (PM) emissions would also be substantially lower than conventional
fossil fuels. This is because ammonia has no carbon, sulfur or other contaminants typically seen in
conventional residual or distillate fuels. Particulate matter emissions will mainly come from the combustion
of pilot fuel and cylinder lubrication oil.

II. Blue Ammonia Pathway

Blue ammonia is produced with hydrogen from steam-reformed natural gas, and the CO, emissions from
the process are captured and permanently stored geologically Hydrogen is first derived as a byproduct

of captured and stored CO, It is then combined with nitrogen to produce ammonia. Blue ammonia is
considered a low-carbon fuel based on the effectiveness of carbon capture and fugitive methane emissions
in upstream natural gas production.

III. Green Ammonia Pathway

Ammonia made from e-hydrogen (clean hydrogen made from renewable resources such as solar and wind
power) is only considered “green” if the electricity used in the electrolysis process is renewable. For example,
this would require the direct use of electricity produced from wind turbines or solar panels, or electricity
from the grid that is considered “green” after purchasing renewable electricity certificates.

Currently, hydrogen for ammonia production is typically produced by means of SMR or autothermal
reforming (ATR) of natural gas (gray ammonia) [2] If the CO, emissions from the process of converting
natural gas are captured and stored, the ammonia is typically referred to as “blue.” However, methane, which
is a much more potent GHG than CO, (825 times that of CO, on a 20-year basis and 298 times on a 100-year
basis, as per the IPCC AR6 report) [3], may leak at the production plant or at any point along the distribution
chain. Also, the CO, capture rates of SMR and ATR are lower than 95 percent.

431.2. Ammonia Production Technologies

Because ammonia can be produced from the same process as hydrogen, it is reasonable to question whether
hydrogen could be used directly as a marine fuel instead of ammonia. However, to use hydrogen as a fuel
would require it to be stored in a highly compressed form (from 250-700 bar) or as a liquid to minimize the
storage space it would require on board a ship. Even in the liquid form at -253° C, it would still take up about
four times more volume than fuel oil.

In addition, liquid hydrogen needs to be stored in insulated spherical tanks to minimize heat ingress which
can take up even more volume. When hydrogen is transported in a liquid form on ships, or when it is stored
at terminals, a substantial amount of energy is required to keep the hydrogen in cryogenic conditions.

As a result, there is a near consensus that ammonia is a preferred energy carrier compared to hydrogen.

It provides a higher energy density by volume compared to hydrogen, and it has a much higher boiling
temperature. Additionally, turning hydrogen into ammonia using the well-established and efficient Haber-
Bosch process results in a relatively low energy loss, another feature that favors ammonia as a marine fuel.
Marine engines are being developed to burn ammonia with similar efficiency as hydrogen engines.

Each type of ammonia requires a different technology for its production. Five productions processes have
been identified for green ammonia as indicated in Figure 4.4, and it's described as follows:

1. Electrolysis and Haber-Bosch synthesis.
2. Direct solar hydrogen production.

3. Biogenic hydrogen production.

4. Non-thermal plasma synthesis.

5. Electrochemical ammonia synthesis.

ABS | VIEW OF THE EMERGING ENERGY VALUE CHAINS | PAGE 116



Renewable
Electricity EERERERED = H
2

\ '
|
Flectrolyser 1A -
\ v
-
cmmmm=)
<
Direct Solar Haber-Bosch (HB)
Hydrogen Synthesis
Production 3

Biogenic Hydrogen
Production

|—4—>

Air L L T, =

_—

Non-thermal Plasma Green Ammonia

Synthesis

Renewable
Electricity

TS S

(Pure) Water

Electrochemical

Air Ammonia Synthesis

Figure 4.4: Production process of green ammonia [4].

Most pathways start with the production of renewable hydrogen. The first three pathways combine
renewable hydrogen-production technologies with the Haber-Bosch synthesis process. Pathway 4 combines
renewable hydrogen technology with an innovative synthesis process (non-thermal plasma synthesis), while
Pathway 5 (electrochemical ammonia synthesis) does not require a separate hydrogen production step.

Production Pathways 2-5 are still at a low technical-readiness level, and their expected efficiencies are lower
than those of Pathway 1. As such, Pathway 1 should be projected to dominate in the years to come.
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Process Type Expected Efficiency

Pathway 1 ~72 percent
Electrolysis and Haber-Bosch Synthesis P
Pathway 2 9 percent
Direct solar hydrogen production [up 70 percent]
Pathway 3
Biogenic hydrogen production 57 percent
Pathway 4 12-37 percent
Non-thermal plasma synthesis [up to 45 percent]
Pathway 5 14-62 percent
Electrochemical ammonia synthesis [up to 90 percent]

Table 4.3: Ammonia pathway expected efficiency [4]

Ammonia is currently produced in large quantities as an input for products in the fertilizer and chemical
industries. However, to realize the large-scale production of “green” ammonia needed for shipping, its
production capacity, along with that of renewable electricity and green hydrogen, will need to increase
dramatically. The current globally installed capacity of wind and solar farms, and especially the electrolysis
needed to produce the necessary green hydrogen for ammonia production, fall short by the capacity required.

Renewable electricity for the electrolyzers will need to be produced at locations around the globe that have
favorable exposure conditions to wind and solar (or other low carbon power generation). Compared to
transporting hydrogen itself, it is generally cheaper and more efficient to use the electricity directly located
in electrolyzers, in addition to synthesizing ammonia (i.e, co-location of hydrogen and ammonia production)
for use and further distribution. Storing hydrogen has also proven to be costly, so this practice will need to be
minimized and to keep production costs low.

Current projections for the growth in global production appear to indicate that by 2040, there will be enough
renewable electricity to produce the volumes of green ammonia needed for the maritime fleet alone.
However, by that time, shipping will also be competing with many other industries for renewable electricity
and green hydrogen necessary to produce ammonia, as well as with other sectors that also currently depend
on the consumption of ammonia (e.g, agriculture).

Furthermore, there are constraints toward the speed at which solar and wind farms, ammonia plants and
transport and distribution infrastructure can be deployed. This can potentially limit the availability of

green ammonia, especially in the short and medium term. It should also be noted that the production and
creation of ammonia relies on the use of water that is further decomposed into hydrogen and combined
with nitrogen. Currently, it is produced in large quantities as a binding agent for products in the fertilizer and
chemical industries.

4.3.2. TRANSPORTATION OF AMMONIA

4321. The Fundamental Elements of Transportation

There is significant experience from the land-based sector with regards to the production, storage and
distribution of anhydrous ammonia. Ammonia is currently widely used in other industries and in the
agricultural sector, therefore, it has been handled in large quantities in the past decades. Consequently,
there is a high level of maturity for the storage and distribution of ammonia in the industry Currently,
25-30 million tonnes (Mt) of ammonia are transported by road, trains, ships or pipelines. The ship-based
transportation accounts for 18-20 Mt of ammonia trade [5]
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Ammonia is not new to shipping. For several years, it has been transported as cargo with gas carriers. Because
there is considerable industry experience, some safety procedures for handling ammonia are already in place.
However, the prospect of using ammonia as a fuel would mean an increase in the operations and human
interaction with it. This would require the careful implementation of dedicated and unified training regimes.
In addition, when pertaining to the distribution, it's important to consider the proximity to ports or to a
pipeline grid connection. This is to ensure feasible and rapid distribution of ammonia at a lower cost [6], as
well as to lower the risk to stop production of ammonia for lack of security in the distribution.

To that effect, additional regulations would need to be developed to reduce the risk and safety concerns.
These should include rules for the detection of ammonia leakages; definition of ammonia concentration
thresholds; requirements for protective equipment, toxicity zones, the handling of ammonia, bunkering
procedures, safe discharge of ammonia or water contaminated with ammonia, fire protection, firefighting,
ventilation, procedures for emergencies, alarms, etc.

The design elements of ammonia carriers are addressed in more detail in Section 4.5.

4322. Ammonia Storage Tanks

One of the key elements in the transportation of ammonia is the special considerations of the storage tanks.
The most significant storage issue relates to stress corrosion cracking (SCC) in pressure vessels made of carbon
steels. After World War I, the US. agricultural industry used a method for injecting liquefied ammonia
directly into the soil as a direct source for nitrogen fertilization. This led to the development of the US.
ammonia pipeline-distribution system and significant experience in storage of ammonia in pressure vessels
in the agricultural sector. While liquefied ammonia has been used in the refrigeration and chemical sectors
without significant difficulties, inexplicable ruptures of ammonia containers started to occur soon after
introduction to the agricultural sector [7]. In the 1950s, these failures were found to be caused by SCC. As such,
the US. National Association of Corrosion Engineers (NACE) recommended Department of Transportation
(DOT) regulations [8] to prevent such failures.

While failures are attributable to several factors linked to the grade or quality of the ammonia, the material
composition and production or the repair practices, the recommendations still form the basis for the safe
storage of anhydrous ammonia in carbon-steel pressure vessels. These recommendations included the
selection of lower strength steels — ensuring that pressure vessels were fully stress relieved — measures

to eliminate air contamination and the retention of small quantities of water (01-02 percent) within the
ammonia to inhibit SCC and reduce the concentration of oxygen. These principles are applied to the carriage
of anhydrous ammonia in carbon manganese steels under the International Maritime Organization's (IMO's)
International Code for the Construction and Equipment of Ships Carrying Liquefied Gases in Bulk (IGC Code).

The ability to store ammonia in a liquefied state at pressures of approximately 17 bar (or -330° C) is a
significant advantage compared with other gaseous fuels such as liquefied natural gas (LNG). It enables
storage in carbon manganese or low nickel steels, which are cheaper. The IGC Code requirements (Section
1712.6) provide an established marine reference for ammonia storage in tanks manufactured from these
steels. The IGC Code requirement specifically prohibits the use of nickel steels containing more than 5
percent nickel. For obvious commercial reasons, it is typical for designers and specifiers to select the cheapest
materials suitable for the application. The Code applies the material storage requirements with respect to
the specific conditions in which the product is stored, so it has more detailed requirements at cryogenic
temperature thresholds from -550° C to -1,650° C for LNG.

Additionally, the Code does not envisage the storage of ammonia in stainless-steel tanks. At the least, it

has differentiated specifically to restrict application of nickel steels; effectively, the use of stainless steels
containing chromium and nickel (such as 304 or 316 types) is unclear because of its high price and because
there are ways to mitigate for SCC. The use of these stainless steels may be common in refrigerant piping and
similar applications for ammonia, but data substantiating their use for bulk storage seems limited.

This requirement may only be an issue for designs that require these materials for other products at lower
cryogenic temperatures, which intend to switch to ammonia later. The British Stainless-Steel Association

[9] notes that “.. It has been assumed that there is no corrosion risk to stainless steels that are normally
considered for the storage and handling of bulk ammonia (i.e, 304 or 316 types), although there does not
appear to be any published data to substantiate this..” Furthermore, the Nickel Institute [9] notes that the
usage of steel types 304 and 316 are recommended in applications where freedom from corrosion products is
essential and that they have been in use in ammonia production plants.
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4.3.3. AMMONIA CONSUMERS

The ammonia market is anticipated to witness a remarkable expansion due to various industry applications.
As indicated earlier, it is mainly used in the production of fertilizers as well as in cleaning agents,
refrigeration and various chemical processes. It is an environment-friendly refrigerant due to low global
warming potential (GWP), which led to its increased adoption as a replacement for hydrofluorocarbons
(HFCs) and chlorofluorocarbons (CFCs) in refrigeration systems. The market is expected to grow due to the
increasing demand for fertilizers to enhance worldwide food production. Ammonia is also a key ingredient
in the production of nitrogen-based fertilizers such as ammonium nitrate, urea and ammonium phosphate.
The expansion of industries like chemicals, pharmaceuticals and plastics also drives the demand for
ammonia in these applications. Strict regulations and guidelines govern the transportation, storage and
usage of ammonia which impacts the overall cost of production and supply chain logistics. The rising
environmental concerns related to emissions of ammonia during production and use are anticipated to
hinder market expansion.

Ammonia is mainly used as a nitrogen-based fertilizer in the agricultural sector to increase crop yields and
meet the rising demand for food. The demand is also anticipated to grow due to the increasing population,
particularly in an emerging nation. With worldwide food demand likely to rise due to increasing numbers
of people and changing dietary trends, there is a big opportunity for ammonia manufacturers to meet the
growing need for agricultural fertilizers. Approximately 90 percent of global ammonia production is utilized
in fertilizers that assist in sustaining the production of food for billions of people. Food crop production
naturally reduces soil nutrient resources. Farmers rely on fertilizers to make their soil productive to produce
healthy harvests. Ammonia is utilized to generate nitric acid, which is then combined to produce nitrate
fertilizers such as ammonium nitrate (AN).

Furthermore, ammonia is used as a raw material in the production of various chemicals, including plastics,
fibers, explosives and cleaning agents. The demand for these industrial applications impacts the demand

for ammonia in the market. For instance, the growth of the automotive industry, construction industry and
consumer goods manufacturing influence the demand for ammonia in the production of chemicals used in
these sectors.

4331. Use of Ammonia as Marine Fuel and Cargo

As a cargo, the ammonia trade supply chain is well established. Ammonia is shipped in bulk on ammonia
carriers, and it is served as the third largest seaborne trade in liquefied gases market after LNG and liquefied
petroleum gas (LPG). The largest ammonia exporting country in 2020 is Saudi Arabia, and the top 10
ammonia exporting countries account for approximately 85 percent of total ammonia exports. Currently,
there are roughly 196 ammonia terminals worldwide. There is increased industry interest in ammonia as

a marine fuel — the first marine engines capable of burning ammonia are expected to be commercially
available in early 2024 — with significant potential to help meet IMO’'s GHG-reduction targets for 2050.

Ammonia is used as a medium for storing and transporting hydrogen, which is then released on demand
for various applications, such as fuel cells or combustion engines. One of the main advantages of using
ammonia as a hydrogen carrier is its high hydrogen content. Ammonia contains approximately 176 percent
hydrogen by weight, making it a dense source of hydrogen. This denotes that ammonia stores and transports
hydrogen more efficiently compared to other hydrogen carriers (e.g, liquid hydrogen, compressed hydrogen
gas, etc.) which have lower hydrogen densities. Furthermore, the advantage of using ammonia is its
relatively low cost. As the world shifts towards renewable energy sources, and as decarbonization efforts gain
momentum, the demand for ammonia as a clean energy carrier may increase, thereby driving the ammonia
market. Ongoing research and development efforts are currently being conducted to further explore the use
of ammonia as a hydrogen carrier.

Ammonia as a fuel has gained popularity in recent years, particularly in the maritime sector, where it is
considered a zero-carbon fuel that is less expensive on a volumetric basis compared to liquefied hydrogen.
Additionally, it has been recognized as a potential long-term solution for maritime fuels, especially for
marine applications. Ammonia is currently being explored as a potential future maritime fuel, either via
ammonia-based fuel cells or directly as fuel. Such techniques are presently being tested and developed on
maritime ships. Using existing ammonia facilities expands ammonia's usage as a fuel to cut emissions from
the shipping sector, but ships must be constructed or retrofitted to use ammonia as a fuel. The availability
and prices of raw materials used in the production of ammonia, such as natural gas or coal, impact the cost
of production as well as the prices of ammonia in the market. This further affects the ammonia market.
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4.4. POTENTIAL TRADING ROUTES

Ammonia is a widely available chemical, notably used for the global production of fertilizers. Currently,
approximately 235 Mt of ammonia is produced annually, thereby suggesting that production capacity would
need to increase significantly to provide fuel for maritime shipping and other industries.

Global ammonia production in 2020 was about 187 Mt, produced mainly from worldwide fossil gases and
coal. By region, more than 107 Mt came from Asia Pacific countries, followed by Europe with a count of 35
Mt and North America at 22 Mt. The largest consumers, which includes China, the European Union (EU), US.
and India, produce most of their ammonia demand locally using domestic or imported fossil fuels. However,
although they are only minimally reliant on ammonia imports, their combined share of global imports is
almost 60 percent.

By product, liquid represented the largest revenue shareholder segment in 2020; it is also the segment with
the greatest growth rate during the forecast period [10]. The segment's dominance is related to the growth in
demand from the pharmaceutical and metal sectors.
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Figure 4.5: Global ammonia market projection (supply capacity) by product type.

Ammonia production using renewable energy sources, such as wind and solar energy, is becoming more
and more popular. This green ammonia has the potential to grow to be a significant trend in the sector and
can aid in lowering GHG emissions related to ammonia manufacturing. Numerous variables are behind the
switch to producing green ammonia. The growing emphasis on sustainability and lowering GHG emissions
is one of the main causes. The production of green ammonia is thought to be a low-carbon substitute

for conventional ammonia production and has the potential to dramatically lower GHG emissions in the
sector. The decreasing cost of renewable energy sources like wind and solar electricity is another factor that
influences the switch to green ammonia manufacturing. It is becoming more and more practical to employ
these technologies to generate hydrogen for the manufacturing of ammonia as their costs come down.
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In general, there are four drivers for global ammonia market:

1 Increase demand in the agriculture and industrial sectors.
2. Ammonia as a hydrogen carrier.
3. Low-carbon maritime fuel and availability of feedstocks.

4. Large-scale production of green ammonia.

Ammonia is primarily used in agriculture as a nitrogen-based fertilizer to boost crop yields and fulfill

the expanding global need for food. Ammonia has shown many benefits as a medium for storing and
transporting hydrogen. The high hydrogen content of ammonia makes it a prime candidate for use as a
hydrogen transporter. Ammonia is a dense source of hydrogen since it has a weighted average hydrogen
content of about 176 percent. This indicates that ammonia stores and transports hydrogen more effectively
than alternative hydrogen transporters, such as liquid hydrogen or compressed hydrogen gas, which have
lower hydrogen densities. Also, the use of ammonia has the benefit of being less costly.

Ammonia as a fuel has become more popular recently, especially in the maritime industry where it is
regarded as a zero-carbon fuel that is more affordable per volume than liquefied hydrogen. Additionally, it
has been recognized as a potential long-term solution for maritime fuels, especially for marine applications.
Ammonia is now being investigated as a viable marine fuel for the future, either directly or through
ammonia-based fuel cells. The cost of production and ammonia’s market price are both influenced by the
availability of the raw materials used for its manufacture, such as natural gas or coal.

The pace and competitive pricing of the large-scale production of green ammonia will prove to be

one of the driving forces to the adoption of ammonia as a fuel. Part of that transition will include the
decentralization of production to regions where green energy sources (e.g, solar, wind and others) are more
readily available. For international shipping, adoption would also require the development of new ammonia
terminals, an expansion of existing facilities and the adaptation of existing bunkering infrastructure to
accommodate ammonia as fuel.

4.4.1. Supply and Demand Analysis

From the production and supply perspective, the Asia Pacific region is expected to dominate the ammonia
market during the period of 2022-2032, followed by Europe. With a combined compound annual growth rate
(CAGR) of 53 percent, the Middle East and Africa will surpass North America, which will see a CAGR of

36 percent in 2029. In 2032, the Asia Pacific is expected to produce about 192 Mt of ammonia, or
approximately 63 percent of worldwide supply.
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Figure 4.6: Global ammonia market projection (supply capacity) by region.
Note:

North America: the US. and the rest of North America

Europe: UK, Germany, Russia and rest of Europe

Asia Pacific: China, India, Indonesia and rest of the Asia Pacific
Latin America: Brazil and the rest of Latin America

MERA: Middle East and Africa

There are several emerging markets where the demand for ammonia is expected to grow, thus providing
opportunities for ammonia producers to expand their operations. For instance, countries with growing
populations, such as India and China, are expected to increase their agricultural production to meet the
rising food demand which is anticipated to drive the demand for ammonia-based fertilizers. Similarly,
countries transitioning to renewable energy sources are likely to present opportunities for ammonia to be
used as an energy carrier.

Furthermore, ammonia is produced using renewable energy sources and can be used as a green alternative
to traditional ammonia production methods that rely on fossil fuels. This presents opportunities for
ammonia producers to invest in green technologies and cater to environmentally conscious customers.
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Figure 4.7: Global ammonia market forecast 2023-2032.

As shown in Figure 47 the fertilizer sector is projected to dominate the ammonia market in 2032, with
approximately 80 percent of the ammonia produced each year being utilized to produce these goods. In
addition to being essential for enhancing nutrition, agricultural production also serves as many people’s
primary source of income. In many nations around the world, the variety of diets has also increased.
Historically, most agricultural products were comprised of cereals, roots and other staple crops. This now
includes foods like nuts, seeds, fruits, vegetables and legumes. International trade has also significantly
increased agricultural productivity and therefore has greatly increased the variety of meals around the
world. As a result, fertilizers are now used more frequently to boost crop yield.

According to the Food and Agriculture Organization of the United Nations' (UN.) data, the production of
primary crops worldwide increased by 52 percent over the previous 10 years, reaching 95 billion tonnes in
2020. Also in 2020, four distinct crops (e.g, sugarcane, maize, rice and wheat) produced half of the world's
principal crops. Additionally, over the same time span, worldwide vegetable production rose by 65 percent,
and fruit production increased by 55 percent. The most crucial crop nutrient, nitrogen, is made accessible for
the synthesis of nitrogen fertilizers when ammonia binds nitrogen in the air. Ammonia practically aids in
food production as a crucial component of fertilizers.

In the refrigerant’s sector of application, ammonia is considered a natural choice since only a small amount
is required to achieve a significant temperature drop. Food manufacturers and cold storage facilities lower
their energy use as well as their energy expenses by employing ammonia-based refrigeration systems.
Ammonia has better thermodynamic properties than rival refrigerants, according to the International
Institute of Ammonia Refrigeration (IIAR). As a result, an ammonia-based refrigeration system can use less
energy to produce the same cooling effect.

Pharmaceuticals are produced by using ammonia as a processing agent. Along with many other purposes
in pharmaceutical manufacturing and as a neutralizing agent, ammonia is used in the production of
medications that prevent specific types of bacteria from growing and multiplying. Additionally, it is helpful
in the production of vitamins, cosmetics and medications including sulfa pharmaceuticals. Ammonium
nitrate is also a crucial ingredient in the creation of nitrous oxide for medical applications. As an analgesic
and anesthetic in surgery and dentistry, and as a propellant for medications packaged in aerosols, nitrous
oxide has applications in the global health industry.
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Textiles made from synthetic fibers offer an extensive variety of characteristics and abilities because of
constant advancements in technology for polymers and additives by major manufacturers. Liquid ammonia
is used in the manufacture of dyes that are used in textile coloring and the tanning industry. The creation
of synthetic fabrics requires liquid ammonia. Ammonia is additionally used in the textile sector to create
synthetic fibers like nylon and rayon.

Finally, several compounds such as amines, amino acids, hydrogen cyanide, nitriles, hydroxylamine,
hydrazine, phenol, ammonium carbonate, urea, etc. are made using ammonia. Ammonia is also used as a
component in the production of a wide range of goods, such as plastics, textiles, insecticides and dyes. As a
stabilizer, neutralizer and source of nitrogen, ammonia is also employed in the pulp and paper, rubber, food
and beverage, waste and wastewater treatment industries.

442 Analysis of Ammonia Trading Routes

In general, it is challenging to predict how much green ammonia will eventually be made available to

the global maritime shipping industry because it is dependent on market developments. Some examples
include investment plans for the industry, shifts in demand for electricity and renewable energy sources and
technological advancements in electrolyzers and ammonia synthesis.

When considering ammonia as a hydrogen carrier, there are two important elements to consider. Ammonia
has a higher volumetric energy density than liquid hydrogen and it has a relatively high boiling point of
-33° C in one atmosphere (atm), which means it can be transported and stored as a liquid at low pressures or
in cryogenic tanks. Ammonia can therefore potentially be transported at low cost via pipelines, ships, trucks
and other bulk modes. Its primary drawback is the significant energy requirements to synthesize ammonia
and then release the hydrogen. It is also highly toxic, which poses significant safety risks that must be
effectively managed.

The distance between the locations of the point of production and point of consumption generates the
need to transport hydrogen over potentially long distances. For distances below 1,500 kilometers (km),
transporting hydrogen as a gas by pipeline is believed to be the cheapest option. For distances above

1,500 km, it is assumed that transportation by sea will be most cost effective. However, given the extremely
high cost of transporting hydrogen in compressed or liquefied form at present, the foreseeable future for
the hydrogen is likely to be converted into ammonia or moved via so-called liquid organic hydrogen
carriers (LOHCs).

Ammonia is already widely traded, and the cost of transportation is not greatly different to that for moving
LPG, assuming ammonia-capable tonnage is available. For indicative values over the last decade, a freight
rate of around $50 per tonne (t) is assumed for transportation from the Middle East to Japan in a very large
gas carrier (VLGC), with a 50 percent premium for the use of a medium sized gas carrier of 35-40k cubic
meters (m?3).

The primary issue with the use of ammonia as a hydrogen carrier is the cost of conversion. For example,
recent studies have put the cost of conversion from hydrogen to ammonia in the region of $1,000/t.
Moreover, if the end user market requires hydrogen rather than ammonia as the fuel, then there is also a
further cost for reconversion to hydrogen. These are also estimated to be significant at approximately $750/t.
A final issue with the use of ammonia is its extreme toxicity, which is likely to raise public safety concerns.

Despite these costs and safety issues, we have assumed that ammonia will be the favored hydrogen carrier,
especially for high volume uses. For example, plans for direct co-burning of ammonia in coal-powered
electricity plants in Japan provide a clear opportunity for end use without reconversion. The use of ship to
bunker fuel also minimizes overall cost to end user.

The EU has a stated aim to import 10 million tonnes per annum (Mtpa) of hydrogen by 2030 to use as an
alternative to natural gas and as a transportation fuel. These nascent plans have been accelerated by the aim
to reduce dependence on Russian gas, and as yet, details of the import mechanism are unclear; however, it
seems that this will potentially be in the form of ammonia.

At present, the cost of transporting liquid hydrogen by sea is considered prohibitive for all but small
volumes on short haul routes. It is assumed that for the foreseeable future, ammonia will be used as a
hydrogen carrier, either for direct use via as a fuel or for reconversion to hydrogen at point of consumption.
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For the ammonia trade, there is potential for the development of green/blue supply to transform the seaborne
trade landscape. Most export-oriented projects are in Oceania, Latin America, Africa and North America.

This potentially means that countries which are not currently engaged in the seaborne trade of ammonia

— Australia, Chile, Egypt, Canada, etc. — will come to dominate the sector. Moreover, potential volumes could
dwarf existing trade in ammonia. Seaborne trade in gray ammonia is currently estimated to be in the region
of 17 Mt, while blue/green trade could exceed 40 Mt. While it may be unlikely this milestone will be achieved
by 2030, it has the potential to be reached early in the next decade. Given likely patterns of trade, this would
necessitate a fleet of more than 50 VLGCs to carry these volumes.

It is forecasted that the production of clean (blue and green) ammonia will be 875 Mt in 2030 compared to
143 Mt of clean methanol. This is based on the assumption that ammonia will be the hydrogen carrier of
choice for the global economy in general, if not specifically for the shipping industry. As it stands, ammonia is
seen as having the advantage by being carbon-free. Further, the hydrogen content in ammonia (1765 percent)
is higher than that of methanol (125 percent), whilst its volumetric energy density (1292-14.4 megajoule/

liters [M]/L]) is comparable to that of methanol (11.88 MJ/L). Both ammonia and methanol are already widely
produced and traded commodity chemicals with well-established worldwide distribution systems.

For the purpose of low-carbon ammonia trading routes forecast, ABS assumes that a proportion of each
region’s total clean ammonia is to be exported. The study is based on ABS’ database of hydrogen projects,
and only those at the Feasibility Stage or more advanced have been included. Seaborne trade is projected to
commence in 2026. Figure 4.8 illustrates the global low carbon ammonia trading routes projection for 2030.
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Figure 4.8: Global low-carbon ammonia trading routes projection 2030 (©MSI).

By analyzing the demand and supply data of clean ammonia, the following routes will be investigated in
detail to make projections for ammonia trading routes in 2030 and 2050:
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i. North America — Europe: Due to the difficulties of scaling up domestic electrolyzer and renewable energy
capacity in the short term, coupled with the need to decarbonize existing industries, the EU is likely to

have a hydrogen supply gap in the short term. ABS takes the view that North America will be well placed

to provide the EU with hydrogen from 2026 to 2030. US. green hydrogen producers will take advantage of
regulations in both the EU and the US. by scaling up their early operations to secure contracts with EU end
users before 2028. ABS forecasts a trade of green ammonia at 435 kilotonnes (kt) a year from 2026-2027, rising
to 900 kt from 2028 onwards. In the case of green methanol, exports remain constant at 50 kt a year from
2027 onwards.

ii. North America — China: North America is set to be the largest exporter of blue hydrogen to international
markets at a price point lower than green hydrogen in the short term. Oil and gas are some of the US’
largest export to China, so as both economies transition to greener energy consumption, it is likely that the
nature of exports will change as well. In this case, it is moving towards blue hydrogen. Furthermore, the
US. already exports brown/gray hydrogen to China, so as domestic production transitions to blue, facilities
that were once brown will transition into producing blue exports. One example is the OCI blue ammonia
facility It is in an optimal location in Texas, with easy access to both the US. and export markets (including
Europe and Asia) to serve the expected demand for clean hydrogen. ABS forecasts that the exports of green
ammonia will remain around the 400 kt mark from 2028 onwards, while for blue ammonia it’s forecasted a
growth from 15 Mt in 2026 to 2.5 Mt in 2030. As for methanol, green exports remain light, rising only from
50 kt in 2028 to 130 kt in 2030, while blue methanol exports hover around the 700 kt mark.

iii. Latin America — Northeast Asia: Recent years have seen multiple private firms sign memorandum of
understandings (MOUs) regarding the production and export of green hydrogen and ammonia from Latin
America to Northeast Asia. For example, in June 2023, Sumitomo Corporation and Chile’s Colbun signed an
MOU to develop green hydrogen and ammonia export businesses in northern and southern Chile, while
in June 2022, Japan Bank for International Cooperation (JBIC) and Colombia’s Ecopetrol signed an MOU to
strengthen the green hydrogen and ammonia supply chains between the two. ABS’ short-term view is that
Latin American hydrogen production will be focused on the growth of domestic hydrogen sectors, with
exports picking up in the medium term. As such, it's expected that ammonia exports to Northeast Asia will
reach 3 Mt in 2030. Green methanol exports will take a back seat in comparison to ammonia, with under
300 kt being exported to Northeast Asia by 2030.

iv. Latin America — Europe: Sources have stated that Chile has signed multiple MOUs with port authorities
in Europe, including H ,Mission with Rotterdam port and supply of green hydrogen in Europe via Hamburg
port. This potential export to Europe could be extended further than 2026 if the Africa-Europe hydrogen
pipeline supply is delayed. Exports of green ammonia will start at approximately 500 kt in 2026 and rise to
2.3 Mt in between 2029 and 2030.

v. Latin America — North America: In April 2023, a Canadian trade mission to Chile held an event to explore
sustainable business opportunities in Chile’s clean technology sector. Chile and Canada enjoy a strong
bilateral and commercial relationship, with Canadian companies having preferential access to the Chilean
market through the Canada-Chile Free Trade Agreement (CCFTA). Due to strong existing trade relations, it

is likely a large amount of Latin America’s green hydrogen will fill the deficit of North America’'s domestic
production. ABS forecasts that an initial amount of 1.3 Mt of green ammonia will be exported to North
America in 2026, rising and plateauing in the late 2020s at 3 Mt while methanol reaches a modest peak of
130 kt of green methanol traded.

vi. Latin America — China: Chile has extensive plans to be a major supplier of green energy by 2030, mainly
to Europe and China. ABS takes the view that Chile’s prospective position as the cheapest green hydrogen
supplier will make it an attractive exporter to China, with trade in the region of 17 Mt of green ammonia
from 2028 onwards.

vii. Middle East — Europe: In May 2023, both the Netherlands and Germany signed MOUs with Saudi Arabia
for the supply of green hydrogen. However, Middle East export to Europe will be limited due to a preference
for green hydrogen produced in neighboring regions to assist the development of economies in Africa and
Eastern Europe. Exports of green ammonia will steadily rise from 2027 onwards, reaching 500 kt in 2030. As
for green methanol, lower levels are expected: 75 kt in 2028 and 146 kt in 2029, owing to Europe largely being
self-sustaining in terms of methanol supply and demand.
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viii. Middle East — North America: The New Future (NEOM) project, which is being developed through

a partnership with Saudi Arabia's ACWA Power Co, would be the world's largest green hydrogen-based
ammonia facility once it comes online in 2027 with most of its output being shipped to Europe or California.
It is expected that the fuel cell electric vehicle industry in California will require imports from the Middle
East to fill the domestic supply gap. Exports of green ammonia will rise from 15 Mt in 2026 to 2.5 Mt in 2030
as more projects come online. As for green methanol, exports stay around the 330 kt a year mark throughout
the latter part of the decade.

ix. Middle East — China: Saudi Arabia’s abundance of promising solar/wind capacity and available land sets
it up as a strong competitor in the green hydrogen market. With China’s new national long-term hydrogen
development plan aiming to set green hydrogen as a high priority; it is likely that exports will flow to China
from the Middle East. ABS forecasts that green ammonia exports to China will go from 700 kt in 2028 and
rise to 1 Mt in 2030 by largely relying on the NEOM plant. For green methanol, it's forecasted that exports
will rise from 130 kt in 2028 to 414 kt in 2030.

x. Oceania — Europe: One of Australia’s existing clean energy partnerships is the Australia-Germany
Hydrogen Accord, with the aim being to explore opportunities to facilitate trade of Australian hydrogen

and its derivatives produced through renewables. Due to the large distance between the two nations, ABS
forecasts a relatively modest supply of 457 kt of green ammonia exported to Europe in 2026 which will rise to
864 kt by 2030.

xi. Oceania — Northeast Asia: According to the Opportunities for Australia from Hydrogen Exports report
commissioned by the Australian Renewable Energy Agency (ARENA) and developed by ACIL Allen
Consulting, Japan was highlighted as the biggest future importer of Australia's hydrogen. This is expected to
result in the shipment of green hydrogen in the form of ammonia. Given relative geographical advantage,
ABS expects this to be Oceania’s largest export destination, jumping from 1 Mt of exports in 2026 to 9 Mt of
green ammonia exports in 2030. Methanol imports to Northeast Asia will be much lower, peaking at 30 kt in
the period to 2030.

xii. Oceania — Southeast Asia: The ACIL Allen report projects Australian hydrogen demand by Singapore to
be a modest 300 t in 2025 to 4 kt in 2030. However, the Green Energy Agreement has set out its ambition for
elevating the importance of green economy cooperation in bilateral links between Australia and Singapore.
ABS forecasts 230 kt of green ammonia exports in 2026 with a steady rise to 14 Mt exports in 2030. As for
green methanol, it's expected that exports will rise from 27 kt in 2026 to 135 kt in 2030, being largely driven by
the green transition Singapore is expecting.
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Figure 4.9: Global low-carbon ammonia trading routes projection 2050 (©MSI).

Figure 49 provides an outline of potential trade in 2050 for low-carbon ammonia. The forecasted trade
assumes that hydrogen consumption in 2050 will be in the region of 220 Mt. Trade in hydrogen and its
derivates is equivalent to 50 percent of total consumption, partly due to the mismatch in locations of
renewable energy production and hydrogen consumption. For hydrogen transportation, 55 percent of trade
is assumed to be taken by pipeline and 5 percent is shipped as hydrogen by sea. The remaining

40 percent will be transported as either ammonia or methanol. ABS assumes that the key ammonia
exporters and importers will remain broadly similar in 2050 as in 2030, with the exception of India and
Southeast Asia which are projected to expand as ammonia importers due to the projected increase of
ammonia trade in these regions.

4.5. AMMONIA CARRIERS TECHNOLOGY

Typically, LPG is transported aboard gas carriers built to the specifications of the IMO IGC Code. Ammonia
and propane have common characteristics, such as saturation vapor pressure. Ammonia carriers that are
semi-refrigerated often have a bigger capacity than those that are pressurized. Since material compatibility
criteria are well established and it is simple to choose appropriate materials to prevent damage to onboard
equipment, pipelines, valves and other fittings, equipping vessels to run on ammonia as a fuel only
necessitates minor alterations. Additionally, they have a lower cost premium and are more adaptable, such
as when it comes to loading ships with semi-refrigerated fuel tanks.

There are no ammonia-powered ships sailing today, however, the first engine can be expected to be
commercially available soon. Only recently has shipping begun to test ammonia-powered engines and
fuel-cell systems for vessels. So far, the related testing and research on these engines have been conducted
by their manufacturers. Several manufacturers have successfully tested both the Otto and the Diesel cycle
engines running on ammonia, using pilot fuels to ignite the ammonia. Figures 410 and 4.11 show renderings
of typical designs.
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Figure 4.10: Rendering of an LNH, carrier.

Figure 4.11: Rendering of an LNH, carrier.

451. Cargo Containment System

Ammonia offers a variety of design solutions, and by employing the stress corrosion design and operating
precautions mentioned above, it enables the use of less expensive materials than those required for other
liquefied gases like LNG. Ammonia can simply be liquefied at -33° C (about 17-18 bar).

The potential for fully refrigerated, semi-refrigerated and fully pressurized storage is shown in Figure 4.12

along with the saturated-vapor pressure curves for the major liquefied gases transported in accordance with
the IGC Code.
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Figure 4.12: Typical operating range for liquefied gas carriers.

As per the latest Clarkson data [11], 29 percent of existing LPG carriers are capable of carrying ammonia. In
addition, 33 percent of the new orders are ammonia carriers, mainly in the range of 5000 to 30,000 m? Table
4.4 shows the numbers of the existing and ordered LPG carrier fleet, as well as the size of the ammonia
carrying capable vessels.

Existing Fleet

Ammonia
< 5,000 m3 597 69 12%
5,000-29,999 m3 474 227 48%
30,000-64,999 m3 133 124 93%
> 65,000 m3 353 31 9%
Total 1,557 45] 29%

Orderbook
Ammonia
< 5,000 m? 7 == ==

5,000-29,999 m3 31 24 77%
30,000-64,999 m3 36 14 39%
> 65,000 m3 79 12 15%
Total 153 50 33%

Table 4.4: LPG carrier fleet (existing and orderbook).
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The major technical concern of ammonia carriers is the cargo containment system, which can be fully
pressurized, semi-pressurized or fully refrigerated. Key considerations for specific ammonia containment
systems may involve operational flexibility, space efficiency, weight and safety.

A comparison of the main characteristics and attributes for IMO fuel containment is shown in Table 45.
Types A, B and membrane tanks are low pressure tanks which are nominally known as “atmospheric” tanks,
while Type Cs are designed using pressure vessel codes. The predominant technology used for LNG carries
fuel containment in the past 20 years has been the membrane and Type B Moss systems.

Types A, B and membrane tanks require a secondary barrier to protect in the case of leakage from the
primary barrier. Type A and membrane systems require a full secondary barrier. Type B tanks require a
partial secondary barrier since they are designed using advanced fatigue analysis tools and a "leak-before-
failure" concept, for which small leaks can be managed with partial cryogenic barrier protection and inert
gas management of the inter-barrier space.

Type C tanks are designed using code criteria for pressure vessels and conservative stress limits; therefore,
they do not require a secondary barrier. They are also relatively cheap to fabricate but are not the most
space-efficient designs.

Historically, ammonia has been carried in IMO Type A or C tanks on gas carriers that may have been
designed predominantly for carrying LPG. However, the Type C tanks enable carriage at fully pressurized (at
the standard IMO upper ambient reference conditions of 45° C air and 32° C sea water), semi-refrigerated or
semi-pressurized conditions.

Since ammonia can be liquefied relatively easily at -33° C (or 17-18 bar) it offers a range of design solutions,
and using the stress corrosion design and operational measures indicated above, it enables the use of
cheaper materials than those required for other liquefied gases such as LNG.




Volume efficiency

Maximum design
pressure

Secondary barrier

Inerting
requirements

Volume/weight
ratio

Theoretical BOR

Sloshing effects

Inspection

Type A

Medium, inspection

Type B Prismatic

Medium, inspection

Type C

Lowest (better with

Membrane

space space bi-lobe) bR
0.7 bar 0.7 bar 10 bar (High BOG 0.7 bar
acc. Cap.)
Full Partial No Full

Inert interbarrier
(press and makeup)

Hold filled with dry
air (standby inert

Hold filled with dry
air (condensation)

Inert interbarrier
(press and makeup)

capability)
Medium Medium Low High
Medium Medium High Low
Reinforcements
N/A N/A N/A required (may

affect BOR)

Easy access

Easy access on
both sides for
inspection

Easy access
(remote access on
smaller tanks)

Special testing
and inspection
procedures

Table 4.5. Main characteristics and attributes of IMO fuel containment systems.

As for fully refrigerated containment systems, the temperature could be as low as -33° C at regular air
pressure. Another typical practice is to apply 8 bar at a normal temperature of 20° C. The technical
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comparison among all four-cargo containments suggests that Type C performs better in design pressure and
inerting requirements, but not for volume efficiency. While the membrane has a great potential to increase
volume efficiency, a couple of bottlenecks prevent it from being viable at this point.

Because of ammonia’s highly reactive nature, copper alloys, aluminum alloys, galvanized surfaces, phenolic
resins, polyvinyl chloride, polyesters and Viton™ rubbers are unsuitable for ammonia service. Ammonia

is toxic and can react with mercury, chlorine, iodine, bromine, calcium, silver oxide, silver hypochlorite,
polytetrafluoroethylene (PTFE) and vinyl (PVC).

In case of pipeline blockage, ammonia may react with CO, to form carbamate. Loading cargoes after
ammonia is often subject to specific terminal requirements and might require fresh water washing/
sweeping to avoid contamination.

4.52. Fuel Supply System
Ammonia fuel supply system (FSS) has a similar arrangement to LPG FSS. As shown in Figure 4.13, ammonia
FSS may involve fuel tanks, ammonia supply and recirculation, fuel valve unit and double wall safety system.
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Figure 4.13: Ammonia fuel supply system (high pressure vs. low pressure).

Specifically, the high-pressure ammonia supply pumps can provide fuel supply pressure up to 80 bar, while
low-pressure pumps work in the range of 5 to 15 bar. Ammonia is required to return from the engine to a
separate tank to prevent contamination from sealing oil. Ammonia catch system is to prevent the release
of ammonia vapor. An emergency venting system for ammonia is required to dilute the concentration to
less than 10 ppm, and the vent mast is set to extend to a safe height. Finally, the materials for ammonia FSS
should be corrosion resistant.

453. Internal Combustion Engine Development

The upcoming ammonia internal combustion engines (ICE) are being developed based on the conventional
two-stroke main engine; however, it is upgraded with one additional injection system. The concept is similar
to LPG engines using the typical Diesel cycle combustion process and using fuel oil as the pilot oil. In
general, ammonia is resistant to burning; however, it needs an ongoing open flame to ignite. As such, there
may be difficulty in lowering the pilot fuel to anything lower than 5 percent. For the first engine operating
on ammonia, a higher amount of pilot fuel is expected to be used, approximately 10 percent; however, over
time, it is expected to be gradually reduced.
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Figure 4.14: a) Otto cycle — low pressure gas injection; b) Diesel cycle — high pressure gas injection.

The sustainability concern may include nitrogen oxides, nitrous oxide and ammonia slip. The early test
results for combusting ammonia in the Diesel cycle process have been very encouraging as they show very
limited emissions of nitrogen oxides and nitrous oxide. Since ammonia does not produce sulfur oxides,
CO, and carbon monoxide from the combustion, and because it has limited particular matter, the emission
pattern from using ammonia looks very promising. The only contribution of CO, comes from the use of
pilot fuel, and even that amount seems to be very low. It also is expected that those engines will be able to
use carbon-neutral biofuels.

Tests using ammonia in Otto cycle engines have been shown to generate more nitrogen oxides and nitrous
oxide emissions; there also seems to be a penalty in fuel consumption, but this might be improved when the
final designs of these engines arrive. The advantage of the Otto cycle engines is that they utilize a low fuel-
supply pressure, which costs less than having to deliver ammonia to the engine at high pressure. For the
Otto cycle engines, it is expected that the emissions can be handled by after-treatment technologies.
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Parameter

Gas mode cycle
type
Gas injection
and combustion
principles —
methane and
ammonia

Fuel

Fuel supply
pressure

Injection pressure

Liquid pilot % @
MCR

BMEP [bar]

Min load for DF
mode [%]

IMO NO,
Compliance

Fuel Quality
Sensitive

Fuel Slip

Knock/Misfire
Sensitive

Load response

Low-Pressure (LP)

LP gas admission valves located on the

cylinder for pre-mixed gas/air and in-

cylinder compression (diesel pilot fuel
required for start of combustion)

High-Pressure (HP)

HP gas injection valves located on the

cylinder cover for direct gas injection
into the cylinder for diffusion combustion
(diesel pilot fuel required for start of
combustion)

Methane gas S TE e Methane AGEE
(Guidance values) (Guidance values)
~5 bar (4-stroke)
<13-16 bar 5-16 bar 300 bar ~80 bar
(2-stroke)
Same as supply Same as supply Same as supply 500-700 bar
pressure pressure pressure
0.5-1.0 15-30 0.5-15 5-10
17.3 ~17 21 21
~5 ~30 -5 ~15

Tier Il (oil mode)

Tier Ill (gas mode)

Tier Il (oil mode)
Tier Il (ammonia

Tier Il (oil mode)
Tier Il (gas mode)

Tier Il (oil mode)
Tier Il (@ammonia

mode) mode)
Yes — Requirement
for Methane Yes No No
Number
Yes Yes Insignificant Insignificant
Yes Yes No No
Reduced Reduced Unchanged Unchanged

Table 4.6: Technical comparison between two types of ammonia ICE engines
(low- and high- pressure dual fuel engines).

To find the optimal solutions, the engine-maker’s challenge is to compare the cost of high-pressure fuel
supply versus the cost of after-treatment, in addition to the consumption penalty. The expectation is that
the smaller-sized engines used for the genset will use the Otto cycle and the bigger engines will use the
Diesel cycle. In the test results of both engine systems, ammonia slip was found to still occur, but it is
expected that the engines’ final commercial versions will offer very low ammonia slip levels. The selective
catalytic reduction (SCR) catalyst is a viable solution to limit nitrogen oxide emissions and ammonia slip. As
ship designs and associated technologies (engines, fuel gas supply systems, etc.) are further developed, more
knowledge will be acquired on the use of ammonia as a marine fuel
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5.1 INTRODUCTION

A global transition toward a more sustainable and greener future is crucial for combatting climate
change, and the maritime industry is at the forefront of this transition. As the lifeblood of global
trade, the shipping sector faces significant decarbonization challenges due to the diversity of its
fleet — ranging from small ferries to ultra large tankers — and the lack of clean fuels like green
hydrogen at scale. In this context, hydrogen has emerged as a promising option, offering a path to
a zero-emission future. This section examines the multifaceted and ever-changing hydrogen value
chain and its far-reaching implications for the marine industry.

Hydrogen is not new on the energy scene; it has been utilized for decades in numerous industrial processes.
In recent years, its potential as an alternative fuel has attracted significant attention. Hydrogen's only
byproduct when used as a fuel is water, making it an attractive option for reducing greenhouse gas (GHG)
emissions. The cost of producing green hydrogen has decreased thanks to technological advancements and
economies of scale.

The hydrogen value chain is a complex and multifaceted system that includes hydrogen producers, various
modes of transportation and the final consumers of green fuel. A zero-carbon or carbon-neutral value chain
would need to store, transport, and possibly convert hydrogen energy into other forms and distribute them
to the consumer.

Hydrogen can be produced from almost any energy source, such as through steam methane reforming
(SMR). Today, hydrogen used in oil refining and chemical production primarily comes from fossil fuels,
producing significant carbon dioxide (CO,) emissions. Most hydrogen production is currently derived from
natural gas. However, the industry is pursuing a shift toward green hydrogen production using renewable
energy sources. Electrolysis, powered by renewable energy, is an increasingly popular method for green
hydrogen production. This method splits water into hydrogen and oxygen using electricity.

As with any commodity, supply and demand dynamics are fundamental to the hydrogen economy.
Hydrogen transport presents unique challenges, requiring specialized carriers and infrastructure.
Emerging hydrogen shipping trading routes are shaped by regions with excess renewable energy (and
thus hydrogen production capacity) and regions with high and clean energy demand. Transitioning to
hydrogen requires rethinking certain aspects of ship design and technology innovations. These designs
must consider the unique characteristics of hydrogen associated with its storage and handling. Adopting
hydrogen as cargo must overcome several technical challenges in addition to the traditional challenges of
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infrastructure development, regulatory frameworks, safety protocols and economic viability. However, these
obstacles are balanced by substantial opportunities. In addition to contributing to global efforts to combat
climate change, developing a hydrogen value chain can spur technical innovation, create employment
opportunities, and establish new markets.

The hydrogen value chain includes all the energy elements used in its conversion. Due to its varied forms,
origins and uses, hydrogen should be seen as more than a molecule from the periodic table or a single
marine fuel. It is a medium that could be converted into different forms as an energy carrier. Renewable
energy from electrolysis, for example, can be converted into hydrogen, an energy carrier that could be stored
and transported by sea. It also can serve as a medium that can be a building block for the green and e-fuels
that are in part earmarked to replace fossil fuels.

5.2. THE FUNDAMENTALS OF HYDROGEN

Hydrogen is a colorless, odorless, tasteless and nonpoisonous gas under normal ambient conditions. It
typically exists as a diatomic molecule, meaning each molecule has two hydrogen atoms. This is why pure
hydrogen is commonly expressed as H, Hydrogen is the smallest and lightest element in the periodic table.

Hydrogen can be stored and consumed as liquid hydrogen (LH,) or compressed gaseous hydrogen (CGH,).
Liquid hydrogen must be kept at -253° C at 1 bar. Compressed gaseous hydrogen must be stored at 200-700
bar at ambient temperature. The boiling point of hydrogen at atmospheric pressure is -253° C, which is only
20° C above absolute zero and even colder than the boiling point of nitrogen (-196° C) and liquefied natural
gas (LNG) (-162° C).

Hydrogen has a wide flammability range compared to other commonly handled fuels and cargoes and

a maximum experimental safety gap (MESG) of 029 millimeters (mm), having an assigned IIC gas group
based on the international method of area classification developed by the International Electrotechnical
Commission (IEC).

While hydrogen may dissipate quickly in open, well-ventilated areas, confined spaces with little or no
ventilation represent a significant fire hazard. Combustion may occur in some scenarios depending
on the flammable air mixture, gas pressure and location of the leak. These characteristics will require
corresponding electrical equipment certification for application in hazardous areas.

The heating value of hydrogen . .
is the highest of all potential Volumetric Energy Density (MJ/L)

fuels at approximately 120.2

megajoules per kilogram (MJ/kg), LH, CGH, MGO LNG Methanol LNH,
and it has a high energy content 85 4.7 366 20.8 15.6 12.8
per weight. However, the energy

density per volume is relatively
low at standard temperature
and pressure. The volumetric
energy density can be increased by storing hydrogen under increased pressure (gas) or at extremely low
temperatures (liquid). Still, even in these cases, the energy density is significantly lower than that of
distillates. Table 51 provides a comparison of the volumetric energy densities of different fuels.

Table 51: Comparison of alternative fuels volumetric energy density.

A greater volume of hydrogen would be required to offer energy content similar to other fuels — typically
more than four times the volume for liquid hydrogen and approximately eight times for compressed
gaseous hydrogen. This means that compressed or liquefied storage of pure hydrogen may only be practical
for small ships. The deep-sea fleet will likely need a different fuel as a hydrogen carrier, such as ammonia,
to limit the significant loss of cargo space.

Hydrogen is highly flammable and only takes a small amount of energy to ignite. It also has a wide
flammability range and can burn when it makes up 4 to 75 percent of the air by volume as indicated in
Figure 51 In an oxygen-rich environment, the upper bound of hydrogen’s flammability range can be as high
as 95 percent. This is a much broader range than most substances being shipped today and is comparable

to acetylene and ethylene oxide. Pure hydrogen fires also emit very little visible light, no smoke, and have
very low radiant heat, making the flames very hard to detect without specialized equipment. To detect
hydrogen leaks, hydrogen detectors and infrared cameras should be used. Leak detection strategies should
be implemented along with proper ventilation.
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Figure 51: Typical gas flammability ranges in percentage volume in air.

Hydrogen is typically stored at extremely low temperatures. Therefore, caution must be taken to eliminate
the risk of human contact with cryogenic materials — uninsulated pipes, tanks, etc. — since this can lead to
cold burns and skin damage. Hydrogen is non-toxic and lighter-than-air but can act as an asphyxiant at high
concentrations in confined spaces.

Hydrogen also has unique physical properties that aren’'t always considered with other substances as indicated
in Table 52. Molecular hydrogen is very small and can permeate even the lattice structures of metals, resulting
in embrittlement, increased fatigue, and leaks in flanges and other seams. Molecular hydrogen also has two
spin isomers, depending on the rotation of its protons. Forming liquid hydrogen requires the conversion of
ortho-hydrogen to para-hydrogen, accounting for around a third of the work required for liquefaction.

5.3 VALUE CHAIN ANALYSIS

5.3.1 SOURCES AND PRODUCTION OF HYDROGEN

Hydrogen is typically found naturally as a compound of either water or methane. To acquire pure hydrogen,
the element must be separated from these compounds. At standard conditions, hydrogen is a colorless, odorless,
tasteless, non-toxic, relatively nonreactive and highly combustible gas with a wide flammability range.

Hydrogen is commonly produced

. Item Hydrogen Methane (LNG)
by converting natural gas or
coal into hydrogen gas and CO, Liquefaction Temperature -253°C -162° C
However, renewable energy can be
used to generate hydrogen through Liquid Density 70.8 kg/m? 422.5 kg/m?
electrolysis to help achieve long-
term sustainability goals. Hydrogen Gas Density 0.084 kg/m3 0.668 kg/m3
is typically used for chemical
production or as an industrial Flammability Limit 4-75% vol 5.3-17% vol
feedstock in manufacturing.

Flame Velocity 315 m/s 0.385 m/s

Table 52: Key properties of hydrogen in comparison to LNG.
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The industry has recognized hydrogen’s potential to generate electricity through fuel cells and combustion
technologies in recent years. While hydrogen may be derived locally from fuel reforming of a hydrogen
carrier, such processes may have direct GHG emissions. GHGs are not emitted when a pure hydrogen fuel
supply is consumed in a fuel cell. Emissions from hydrogen production processes represent the majority of
Well-to-Wake (WtW) pollutants.

Hydrogen production is often referenced by color classification. Table 5.3 provides details on some of the
color classifications of hydrogen production.

Hydrogen Production

Black Produced from bituminous/hard coal
Brown Produced from lignite coal
Gray Produced from hydrocarbons such as natural gas, liquefied petroleum gas (LPG) or oils
Produced based on gray, black or brown hydrogen where the CO, produced by hydrogen
reactions is removed and sequestrated
Yellow Produced by electrolysis using grid electricity from, at least in part, non-renewable sources
- Produced by electrolysis using renewable energy (e.g., solar and wind)

Table 53: The color spectrum of hydrogen production.

Brown or black hydrogen, produced using coal as feedstock, accounts for approximately 19 percent of the
world’s hydrogen. Gray hydrogen from natural gas represents approximately 62 percent of the world’s
hydrogen. Green hydrogen contributes less than 2 percent to the global supply, while blue hydrogen
production is not widespread.

The production of gray hydrogen is very carbon intensive, producing between 71 kg CO,/M] hydrogen

for natural gas and 166 kg CO,/M] hydrogen for coal. But these emissions can be reduced or eliminated

by the technology used for carbon capture, utilization and storage (CCUS). The CCUS process collects,
transports, reuses and stores captured CO, emissions that are separated from other combustion or processing
substances originating from fossil-based fuels. In general, hydrogen production uses comparatively high
amounts of energy.

Figure 52 illustrates the primary sources, production methodologies, transportation methods and end-uses
of hydrogen.
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Figure 52: Production and utilization routes of hydrogen.

The energy used worldwide to produce hydrogen is about 275 million tonnes of oil equivalent (Mtoe), or
approximately 2 percent of the world’s energy demand. Most of the demand for hydrogen is driven by fossil-
fuel refineries and ammonia production for fertilizer.

The extraction of hydrogen from natural gas involves reformation processes that use three methods:
1. Steam reforming, which uses water as an oxidant and a source of hydrogen.
2. Partial oxidation, which uses oxygen in the air in the presence of a catalyst.

3. Autothermal reforming, which is a combination of the first two reformation methods.

In all cases, synthesis gas (syngas), which contains carbon monoxide and hydrogen, is formed and then
converted to hydrogen and CO, through the water-gas shift reaction. To reduce the carbon intensity of
fossil fuel-based hydrogen production, renewable and sustainably sourced biomass can produce syngas
through gasification. Nuclear energy can generate hydrogen via SMR or high-temperature thermochemical
production, eliminating hydrogen generation methods that rely on burning fossil fuels.

Green hydrogen is a negligible part of overall production at present. Hydrogen production today is almost
exclusively from fossil fuels: black, brown or gray hydrogen. Over one-sixth of the global hydrogen supply
comes from byproduct hydrogen, mainly from facilities and processes in the petrochemical industry.

In 2021, low-carbon hydrogen production grew by 9 percent, reflecting the growth in commissioning projects.
More than 200 megawatts (MW) of electrolyzers started operating in 2021, including 160 MW in China and
more than 30 MW in Europe.
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Carbon taxes are rising, particularly in Europe, and all industries are under mounting pressure to decarbonize
their activities, particularly the oil and gas industry. As a result, attention is increasingly focused on
producing low-carbon hydrogen. Electrolyzers are a critical technology for producing low-carbon hydrogen
from renewable or nuclear electricity. Based on the current pipeline of projects under development, global
electrolysis capacity could reach around 55 gigawatts (GW) by the end of 2023. This would represent a tenfold
increase in total capacity compared with 2021. The on-time completion of projects concentrated in Europe,
China and Australia is central to realizing these goals. If all the projects in the pipeline progress as planned,
global electrolysis capacity could reach 134-240 GW by 2030. Europe and Australia will be at the forefront of
production, with about 30 percent of global capacity each, followed by Latin America with more than

10 percent of the announced projects.

5.3.11 Electrolyzers and the Electrolysis Reaction

The electrolyzer is the core of the green hydrogen production process. The design of the electrolyzer dictates
the equipment’'s manufacturing cost, physical footprint, supporting equipment requirements, maintenance
requirements and the overall efficiency of hydrogen production. For these reasons, the selection of the
electrolyzer design will dictate the design of the entire hydrogen production facility.

All electrolyzers are designed to facilitate the same base electrolysis reaction as portrayed in Figure 53. As a
result, there are several common features between all designs. There is an electrolyte to facilitate ion transfer
between the two electrodes (i.e, the anode and cathode) where the chemical reactions occur. The electrodes
and the electrolyte form the components of a circuit, where a power source supplies a direct current.

Hydroxide is oxidized at the anode, producing water and oxygen gas. At the cathode, water is reduced to
produce hydroxide and hydrogen gas. The half-reactions are commonly balanced with a base, but in an acid-
balanced reaction, the hydrogen is still produced at the cathode and the oxygen is still produced at the anode.

Electrolyzers also have a membrane between the electrodes that permits different molecules to pass through
depending on the system design. Other system variables that change between designs include operating
temperatures and pressures, electrolyte selection, membrane material, and electrode arrangement. This does
not include any further gas compression, liquefaction or storage. The total size of an electrolyzer system
depends on the target hydrogen output and the design power input values. Some electrolyzer systems are

as small as a refrigerator, while 10 MW or larger facilities can occupy spaces over 7500 square meters (m?)
depending on the exact arrangement of machinery and piping.
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Figure 53: Water electrolysis produces hydrogen and oxygen.

5.3.2 TRANSPORTATION OF HYDROGEN

5.3.2.1 The Fundamental Elements of Transportation

In addition to its low energy density, hydrogen has many other unique properties, most prominently the
potential for tank embrittlement, boil-off gas (BOG) management and safety concerns. These present special
cost and safety obstacles at every step along the value chain, from production to end-use. These obstacles
could hinder the development of infrastructure and the development of the storage facilities necessary to
support increased supply and demand.
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The preferred or lowest-cost option for transportation will depend on the state of the hydrogen, the distance
over which it is transported, the volume being transported and its ultimate end use:

a. Compressed Hydrogen: Transporting compressed hydrogen via pipeline is the most cost-effective way of
transporting large volumes over long distances. Compressed hydrogen can be transported in its pure form
via dedicated pipelines or potentially blended with natural gas in gas pipelines. It is more economical to
transport smaller volumes of compressed hydrogen by truck.

b. Liquid Hydrogen: Liquid hydrogen has a higher volumetric energy density than compressed hydrogen.
However, given its very low boiling point, it does require considerable energy to both liquefy it and then
release it at the point of use. Liquid hydrogen also has different safety characteristics than compressed
hydrogen. Larger volumes of liquid hydrogen are most easily moved via ship, and smaller volumes via truck.

c. Ammonia: Ammonia has a higher volumetric energy density than liquid hydrogen. Moreover, it has

a relatively high boiling point of -33° C at atmospheric pressure. That means it can be transported and
stored more economically as a liquid at low pressures or in cryogenic tanks. Ammonia can potentially be
transported at a relatively low cost via pipelines, ships, trucks and other bulk modes. Its primary drawback is
the significant energy requirements to synthesize ammonia and then release the hydrogen. It is also highly
toxic, which poses significant safety risks that must be effectively managed.

d. Liquid organic hydrogen carriers (LOHC): Like ammonia, LOHCs have the potential to be transported
across the whole spectrum of options available. They also require less energy to synthesize than ammonia.
Existing oil and gas infrastructure can potentially be used for pipeline transport systems. The commingling
of hydrogen with natural gas has been proposed to take advantage of existing natural gas infrastructure.
Still, it is untested on large scales, and uncertainties remain regarding material requirements for such
pipelines.

When considering hydrogen export, it is also important to consider how far the hydrogen will need to be
transported. When transporting liquid hydrogen on ships, a substantial amount of energy will be required
to keep the hydrogen at cryogenic conditions. Hydrogen will heat up and boil off in transit, resulting in a
loss of cargo over longer distances. These losses reduce the overall efficiency of pure hydrogen transport
via ship. The final use will influence the choice of the shipping option, as energy losses vary between the
different hydrogen carriers. Figure 5.4 illustrates the energy losses along the conversion and transportation
of hydrogen through various carriers.
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Figure 54: Energy available along the conversion chain in hydrogen equivalent terms, 2023 [1].
Notes:
Numbers show the remaining energy content of hydrogen along the supply chain relative to a starting value
of 100, assuming that all energy needs of the steps would be covered by the hydrogen or hydrogen-derived
fuel. The Haber-Bosch synthesis process includes energy consumption in the air separation unit. Boil-off
losses from shipping are based on a distance of 8000 km. For LH, dashed areas represent energy being
recovered by using the BOG as shipping fuel, corresponding to the upper range numbers. For NH, and LOHC,
the dashed area represents the energy requirements for one-way shipping, which are included in the lower
range numbers.

When hydrogen is stored using material storage techniques, there is potential for it to be exported in that
form as well. For example, ammonia has a higher energy density by volume than hydrogen and can be
transported at much higher temperatures. These characteristics make it more suitable for transport by ship.
Because of the challenges associated with long-distance liquid hydrogen transport, it may be more efficient
to produce hydrogen closer to where it will be used.

5.3.2.2 Hydrogen Pipelines vs. Trucks/Rail vs. Shipping

Hydrogen pipelines can effectively transport green hydrogen across long distances. They can transport

10 times the energy at one-eighth the cost associated with electricity transmission lines. Furthermore,
pipelines have a longer lifespan than electricity transmission lines and offer dual functionality, serving as
both a transmission and storage medium for green energy.

Beyond pipelines, three carbon-neutral hydrogen carriers are competitive for long-distance hydrogen
transportation.

As gaseous hydrogen is not economically feasible for long-distance shipping, suppliers can liquefy
hydrogen, convert it to ammonia or bind it to an LOHC. All three carriers can be considered low carbon if
every step of the value chain uses green energy (fuel and electricity) and the hydrogen is produced from
low-carbon sources.

The optimal carrier depends on the intended end-use, purity requirements and the need for long-
term storage.
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The long-term optimal choice of carrier depends on a range of factors. Liquid hydrogen is most efficient if
the destination requires liquid or high-purity hydrogen and has benefits if hydrogen needs to be distributed
with trucks after landing at port. This is typically the case for hydrogen refueling stations for cars or trucks,
for example. In contrast to ammonia and LOHC, liquid hydrogen does not require dehydrogenation or
cracking to convert into gaseous hydrogen, saving costs and avoiding purity degradation.

5.3.2.3 Hydrogen Storage Tanks

Because hydrogen is a gas at ambient temperature and pressure, it can be volumetrically inefficient to store
or transport at ambient conditions. Hydrogen can be compressed or liquefied to maximize the hydrogen
contained within a given volume. High pressures between 350 and 700 bar, cryogenic environments below
-253° C, or a combination of high pressure and low temperature may be required to reach higher hydrogen
densities. It should be noted that hydrogen is typically handled as a gas when in a pipeline at pressures
between 30 and 150 bar.

Hydrogen is commonly stored as a liquid to increase stored density and reduce tank volume requirements.
In a liquid state, hydrogen can be stored in tanks in a process similar to LNG. The liquefaction process

for hydrogen requires more energy to achieve lower cryogenic temperatures compared to LNG, which
liquefies around -162° C. This process is relatively standardized, with the gaseous hydrogen undergoing
compression before being cooled via heat exchangers and liquid refrigerant gas mixtures (e.g, nitrogen,
helium) in a series of refrigeration cycle stages. Liquid hydrogen storage requires a high initial investment
in constructing the liquefaction plant. It also has a high operating cost in terms of energy expenditure to
total hydrogen stored. A significant risk with storing hydrogen as a liquid is the potential to lose storage
capabilities if cryogenic temperatures are not maintained. Additional power reserves will most likely need
to be dedicated to the refrigeration system to mitigate this risk. Hydrogen stored under cryogenic conditions
will require tanks designed with materials fit for these extreme conditions. Due to the low temperature, the
tanks also require a thick layer of insulation, reducing the volume efficiency These challenges add to the
cost of storage and make the system design more complex.

Currently, the scaling of vacuum-insulated tanks beyond 5000 cubic meters (m?®) is a challenge. In principle,
the potential boil-off rate (BOR) decreases as the volume within the tank increases, as heat transfer is
proportional to the tank surface. This phenomenon aids BOR statistics, as the BOR is expressed in terms of

a percentage of the tank volumetric capacity. The shape of the tank also influences BOR. Spheres have the
best surface-to-volume ratio. The surface-to-volume ratio of cylindrical tanks increases proportionally as the
length-to-diameter ratio increases.

To increase the density of gaseous hydrogen, insulated pressure vessels can be used between ambient and
cryogenic temperatures (-253° C) and between atmospheric and high pressures, depending on the technology
or material used for tank insulation and strength. Hydrogen stored in insulated pressure vessels can be
known as cryo-compressed hydrogen. Liquid hydrogen tanks at low pressures can be susceptible to pressure
build-up if temperatures rise and the liquid hydrogen begins to vaporize and boil off. For this reason,
protection from pressure build-up is to be in place for gaseous and liquid hydrogen tanks, such as pressure
relief valve arrangements. Due to their very low temperatures, cryogenic tanks may require significantly
thicker insulation layers, for example, two or three times the thickness of the thermal insulation of an LNG
tank. Due to the very small molecular size of hydrogen, the gas is capable of dispersion through materials,
including penetrating into the walls of containment systems and permeating into certain fluids or other
solid materials over time to achieve a concentration equilibrium. Hydrogen should be stored in appropriate
materials that minimize permeation and reduce the loss of contained hydrogen.

These characteristics impose design constraints on the storage system in terms of general architecture and
material choices. High-strength steels are the alloys most vulnerable to hydrogen embrittlement, thus the
use of lower strength steels and reduction of residual and applied stress are paramount to avoid fracture
due to hydrogen embrittlement. This can lead to general weakening of the structure along with crack
formation and other forms of brittle failure in tank material. Hydrogen'’s small molecular size also makes
it more prone to leakages, especially in pipe/containment system fittings and valves. This phenomenon

is further enhanced onboard ship due vibrations induced from different sources necessary to the ship’s
operation (e.g, main propulsion engines, diesel generators, propellers, compressors).

PAGE 149 | BEYOND THE HORIZON | ABS



W
'

PR g R ‘ ’ ZoRC CARBON LingS

5.3.3 HYDROGEN CONSUMERS

An alternative to the physical storage of hydrogen is material storage. This refers to hydrogen storage as a
component of other materials and chemicals rather than pure hydrogen, typically to reduce the burden on
storage systems or make transportation easier for storages such as adsorbents, hydrides, LOGH and ammonia.

Alternative fuels such as ammonia, methanol and synthetic fuel such as e-LNG are derived from green

(or blue) hydrogen. In regions already heavily invested in developing renewable energy, hydrogen offers

a reliable fuel source when renewable energy alone cannot meet grid demand. The production of green
hydrogen is also a useful outlet for the energy generated when renewable power production exceeds the
grid demand. Green hydrogen can also be used to produce green ammonia, green methane and green
methanol. These chemicals can offer additional storage density and have use cases as alternative fuels or
chemical feedstock. Hydrogen can also be used in industrial applications and could drive the development
of regional industry that demands carbon neutral energy.

5.3.3.1 The Traditional Uses of Hydrogen

Global hydrogen demand remains concentrated in traditional applications. These are detailed in Figure 55.
Global hydrogen demand reached the historically high level of 957 million tonnes (Mt) in 2022 as illustrated
in Figure 56. This rise in demand was driven by the recovery of activity in the chemical sector and refining
sectors (i.e, traditional applications) as the global economy emerged from the COVID pandemic.

In recent years, hydrogen has been increasingly considered a vital component of the carbon neutral energy
transition. However, there has been very limited use of hydrogen in this way, as hydrogen production must
be decarbonized — a costly target — before it can play a prominent role in the drive to decarbonize the
energy system.
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Oil refineries are the largest consumers of hydrogen.
They use it to reduce the sulfur content of diesel oil
Petroleum 2021: 39.8 Mt and upgrade heavy residual oils into higher-value
Refining (42%) oil products.

Demand in this sector is set to continue increases
in the short- to medium-term.

Hydrogen is an important component of ammonia
production, 70% of which is used as a precursor in
producing fertilizers. As such, ammonia demand is
Ammonia 2021: 33.8 Mt correlated with global agricultural production.

(36%)
Ammonia is traded globally, with seaborne trade
totalling around 13.7 Mt in 2022, equivalent to
around 8% of total production.

Hydrogen is a component of methaol production.
2021: 14.6 Mt
Methanol (15%) Methanol is used in industrial processes to produce

the chemical formaldehyde and in plastics and coatings.

A small amount of hydrogen is used annually by steel
mills for direct reduction of iron (DRI).

2021: 5.2 Mt Fossil fuels are currently used throughout the
(6%) steelmaking process, in the form of coke, as a reducing
agent and for various heat-intensive stages of the iron
and steelmaking process. These could effectively be
replaced by low-carbon hydrogen.

Steel

Figure 55: The traditional uses of hydrogen.
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Figure 56: Historical hydrogen demand, 2019-2022.
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5.4 POTENTIAL TRADING ROUTES

Hydrogen continues being termed as the fuel of the future, either in its pure form or with hydrogen
derivatives and hydrogen-based synthetic fuels. There is huge demand-side potential for hydrogen, both
from traditional end-users and potential end-users to meet future demand. Either way; it has the potential
to help meet global energy demand, including hard to abate sectors such as shipping, steel making and
cement production, whilst contributing to climate goals.

The majority of all hydrogen produced today is derived from fossil fuels (coal or natural gas). However, the
move towards the production of hydrogen from renewable energy sources is rapidly gathering traction
across public and private sectors.

Areas that are best positioned to develop into major centers of green hydrogen production need high
solar intensity, constant wind in certain areas, large, flat unpopulated areas, energy infrastructure and
governments that are used to support large energy-based projects. At present, these regions include
Australia, Latin America, North Africa and the Middle East.

Despite this potential, the industry is still very much in a nascent stage of development.

For hydrogen production to scale, there are a number of substantial challenges that need to be overcome
such as:

1. Shortage of electrolyzer manufacturing capacity: electrolyzers are central to the production of green
hydrogen. However, there is a lack of global electrolyzer manufacturing capacity Current world
production capacity is estimated to be around 8 gigawatts (GW) per annum. Projects in the Middle East
and Africa alone are going to require at least 75 GW of electrolyzers to develop the projects currently
under consideration. Manufacturing capacity is growing quickly. However, this is likely to be a bottleneck
in the short- to medium-term.

2. Costs: A significant stumbling block is the costs associated with hydrogen, particularly green hydrogen. It
is still considerably more expensive than other fuels, particularly given the lack of infrastructure and the
cost of transportation.

3. Future hydrogen demand: hydrogen is widely regarded as a key fuel in the path to decarbonization, with
26 national governments currently committed to adopting hydrogen as a clean energy vector in their
energy systems. However, considerable uncertainty remains around how extensively it will ultimately be
deployed, and many countries remain uncommitted to hydrogen’s position in their future energy mix.

5.4.1 SUPPLY AND DEMAND ANALYSIS

The key to production of green hydrogen lies in the development of renewable energy production.
Renewable energy production globally increased by 54 percent in the decade to 2020, and the pace of
increase is set to do so. Significant investment in renewables has been seen across the globe, most notably
in China, Europe, North America and Latin America. Furthermore, massive investment in renewables will
be needed to meet the demand for green hydrogen production. Figures 57 and 58 provide details on the
electricity production by fuel and by region.
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Figure 58 Renewable electricity production by region.
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There are more than 600 projects that have been identified for green hydrogen production that are either
operational, under construction, have taken Final Investment Decision (FID) or are at the feasibility study stage.
These include projects where the end use product is either hydrogen, ammonia, methanol or synthetic fuels.

The large number of operational projects tells a story wherein 114 facilities produce just 330 kilotonnes (kt) of
hydrogen. They are small scale and proof of concept, with an average capacity of around 2 kt per annum. For
those projects under construction, the average capacity rises to 22 kt per annum. The need to scale up is clear as
the projects that have taken FID or are at the Front-End Engineering and Design (FEED) stage averages to 114 kt
per annum.

The overwhelming majority of projects under consideration at present are in Europe and North America, and
most of the output will be consumed locally. In the major potential export centers of Latin America, the Middle
East and Oceania, there are 104 projects with capacity of 135 Mt of hydrogen. Figures 59 and 510 illustrate the
number of hydrogen projects by region, as well as their stage of development.
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Figure 59: Global clean hydrogen projects by region.
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Figure 510: Clean hydrogen projects by stage of development.

The assessment of the current pipeline of projects suggests that production of clean (blue/green) hydrogen
could reach 43 Mt by 2030. However, it is worth mentioning a caveat that has been noted repeatedly by the
World Hydrogen Council — a body that seeks to promote the hydrogen economy. They suggest that while
growth in the number of projects is exponential, for projects taking FID, the graph is linear with very low slope.

The gap between proposed and actual needs to be bridged soon if there is to be sufficient green hydrogen and
derivative products available by 2030 and beyond.

Most hydrogen will be consumed in the country/region of production with a rapid expansion or conversion of
pipeline capacity assumed in the main consuming regions of Europe, China and North America. Nevertheless,
given the location of much investment in hydrogen, there is substantial potential for trade to develop. It is
assumed by most observers of the sector that trade will be essential to link lower cost areas of production to
areas of high demand. Figures 511 and 5.12 illustrate the hydrogen production and consumption by region.
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Figure 512: Clean hydrogen consumption by region.

To put our forecast for marine fuels demand into context, demand for ammonia/hydrogen and methanol

in 2050 translates into a requirement for around 90 Mt of hydrogen. This assumes that ammonia/hydrogen
and methanol account for the majority of shipping bunker fuel by 2050 and that all the dual fuel vessels
burn clean fuel For comparison, if all current methanol and ammonia production were replaced with green
production, that would require around 56 Mt of green hydrogen.

From our initial modelling to 2030, we find that approximately one-fifth of green hydrogen production will
be exported. However, we have assumed that by 2050, half of all hydrogen produced is traded. If a “consensus”
view is taken of around 220 Mt of hydrogen production in 2050, this will mean 110 Mt of hydrogen equivalent
is traded. If we assume 55 percent of this is transported by pipeline, 5 percent as seaborne hydrogen, that leaves
40 percent as either ammonia or methanol. These translate into approximately 207 Mt of ammonia trade,

59 Mt of methanol and 55 Mt of hydrogen.

5.4.2 ANALYSIS OF HYDROGEN TRADING ROUTES

Our forecast for the hydrogen trading routes in 2050 is based on certain assumptions made as indicated below:
1. In 2050, hydrogen consumption is in the region of 220 Mt.

2. Trade in hydrogen and its derivates is equivalent to 50 percent of total consumption. This is partly due to
the mismatch in locations of renewable energy production and hydrogen consumption.

3. Most of the hydrogen trade is via pipeline. In line with a study from the Hydrogen Council we assumed that
55 percent of hydrogen trade is via pipeline and 5 percent shipped as hydrogen by sea. The remaining
40 percent is transported as either ammonia or methanol. Methanol is ascribed the higher proportion of
trade due to our view that it will remain highly significant from a shipping industry perspective. Further
support of this lies in the belief that green methanol will be used for other areas of the economy, such as
chemical production, will also be significant.
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The key exporters for clean hydrogen will be Oceania, Latin America and the Middle East. However, it is
expected that there will be some intra-regional trade (e.g, within Europe and Asia) to satisfy demand in
parts of the region that are hard to reach with pipelines. Overall, the volume and number of trade routes
remain smaller than for pipelines, reaching 55 Mt in 2050 though pipeline trade is assumed to reach 55 Mt
of hydrogen by 2050. Figure 5.13 provides an illustration of potential trade in 2050 for clean hydrogen.

North Europe
America

Northeast
Asia

South
America ’ Oceania

@ Exporter Region
O Importer Region

Figure 513: Clean hydrogen trade routes projection in 2050 (©MSI).

United States: By 2030, the US. National Clean Hydrogen Strategy and Roadmap (2023) outlines strategic
opportunities for the domestic production of at least 10 Mt per year of clean hydrogen. Clean hydrogen

is defined as hydrogen produced with a carbon intensity equal to or less than 2 kg of CO, equivalent that
is produced at the site of production. Per kg of hydrogen produced, both blue and green hydrogen can be
considered “clean.” ABS takes the view that North America will consume 4.5 Mt of green hydrogen and a
further 31 Mt of blue hydrogen in 2030. Forecasted domestic production of blue/green hydrogen will not
satisfy this demand, and the region will require approximately 2.5 Mt of hydrogen equivalent imports. This
will translate into 6.7 Mt of green ammonia with the rest coming from clean methanol.

Latin America: Latin America’s abundance of potential renewable energy projects positions the region to
have the lowest levelized cost of green hydrogen production by 2030. In addition, Chile’s National Green
Hydrogen Strategy highlights a clear opportunity for the production and export of green ammonia in the
medium term. Reflecting this, ABS is projecting that Latin American ammonia exports will be in the region
of 5 Mt of green ammonia in 2027 and increase to 85 Mt by 2030.

Middle East: In a report from the IEA 2023, Global Hydrogen Review 2022 [1], Middle East exports of region's
green hydrogen have been forecast to be 1.1 Mt by 2030. Oman is seen as leading the region in this export
push. ABS forecasts that exports of clean hydrogen will be 792,000 tonnes (t) by 2030, with the bulk of
projects coming online in 2028 Ammonia will dominate (with a total export of 4.6 Mt). Given that the
Middle East is currently one of the leading exporters of methanol, ABS takes the view that this position will
extend to the green methanol market, as well as with shipments of 14 Mt in 2030.
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Oceania: Australia’s hydrogen strategy is split into two phases: phase one looks at “Foundations and
Demonstrations” until 2025, and phase two looks at the scaling up of operations in 2026 and beyond. New
Zealand’s hydrogen Taranaki Roadmap proposes exports of 300 kt of green hydrogen in 2030. Australia’s
stable political system and strong regulatory environment can potentially see it becoming the second
largest green hydrogen exporter in 2025 due to its background as a strong and trusted exporter. ABS takes a
more positive stance, with Oceania expected to export up to 17 Mt of green hydrogen in 2030 and a further
266 kt of blue hydrogen. There will be a clear focus on ammonia, with limited investment in methanol.

Europe: The EU’s ambition is, by 2030, to produce and import 10 Mt of green hydrogen. The aim is to
diversify away from Russian energy imports towards more green energy resources, including the use of
renewable hydrogen. In May 2023, the German Economy minister stated that Germany can only meet

30 percent of its own needs for green hydrogen, putting Berlin on a quest for trade partners to deliver the
remaining 70 percent. ABS forecasts a demand of 16 Mt of clean hydrogen in Europe as the full 20 Mt is not
compatible with our forecast for world production in 2030. Some intra-regional trade is anticipated and
some exports to Northeast Asia are possible.

Northeast Asia: Japan is a key player in the hydrogen economy and has set a target to increase hydrogen
supply. As per the Strategic Energy Plan, hydrogen and ammonia will make up 1 percent of both the
primary energy and the electricity supply mix. Japan is looking to expand its hydrogen market to 3 Mt in
2030, which will largely take the form of imports due to the limited potential of renewables in the area.
Similarly, South Korea's Ministry of Trade, Industry and Energy forecasts that South Korea's hydrogen
demand could grow to 39 Mt in the year 2030. For this reason, ABS forecasts future demand in the region
to be 4 Mt of green hydrogen and 23 Mt of blue hydrogen which is lower than the target demand due to
insufficient world supply.

Southeast Asia: Singapore is the driver in this region. There has been strong international interest from the
public and private sectors to accelerate the development of hydrogen across the value chain. The evidence
of this interest comes from the backing of a growing pipeline of production projects worldwide. Singapore
sees its hydrogen strategy as a way to diversify the power mix with the potential to achieve 50 percent
green by 2050.

China: In a net-zero scenario report developed by Deloitte [2], China is expected to be the world's largest
importer of clean hydrogen, requiring 13 Mt of imported hydrogen by 2030 due to the vast amount of clean
energy required to decarbonize its economy. While ABS takes a less optimistic approach, we still forecast
China to be a net importer of green hydrogen while its domestic industry ramps up production of
non-brown hydrogen.

In summary, sufficient hydrogen supply will be a key limiting factor to achieving the goal of maritime
decarbonization by 2050 by using fuels derived from clean hydrogen. Understanding the potential to
translate aspirations into reality is hampered by a wide range of opinions in forecasts for the production of
hydrogen. The shipping trade routes will be expanded if the technique issues of hydrogen onboard storage
and transportation are resolved.

5.5 HYDROGEN CARRIERS TECHNOLOGY

The International Code for the Construction and Equipment of Ships Carrying Liquefied Gases in Bulk
(IGC Code) provides an international standard for the safe transport by sea in bulk of liquefied gases and
certain other substances. However, hydrogen is not currently a covered product.

Fortunately, the IGC Code has language covering this scenario. There is a proposition to carry products that
could potentially be considered to fall within the scope of the Code that are not, at present, designated

in chapter 19 For this reason, the Administration and the port Administrations involved in such carriage
shall establish a Tripartite Agreement based on a provisional assessment and lay down preliminary,
suitable conditions of carriage based on the principles of the Code. This scenario led to the creation

and subsequent adoption of the International Maritime Organization (IMO) Resolution MSC.420(97)
“Interim Recommendations for Carriage of Liquefied Hydrogen in Bulk” which is currently the only IMO
instrument available.
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Although hydrogen has yet to be widely adopted as a fuel by the maritime industry, it already has land-
based uses. There are no international marine requirements mandated by the IMO, however, some of the
information, rules and regulations from land-based resources are referenced in MSC.420(97). These include
safety measures, methods of transportation and standard procedures for hydrogen production. Multiple
codes and regulations set the standards for hydrogen components and equipment designs, fire codes and
hydrogen-specific safety codes. There are also general safety codes and standards that include hydrogen.

5.5.1 HYDROGEN CARRIER DESIGN

Hydrogen cargo ships are in the early prototype stages with the only existing hydrogen carrier being the
Suiso Frontier, a 1,250 m?® capacity ship.

In this subsection, we explore two different LH, transport carrier designs based on 25000 m?®and 80,000 m?*
sizes. Both carrier designs use double wall spherical tanks carrying liquid hydrogen at ambient pressures
and -253° C. The smaller size ship represents a slightly larger version of the current spherical tanks being
built by NASA for land-based hydrogen storage. The larger ship represents a reasonable extension of current
technology to apply the same concepts to the approximate capacity of the current largest size range of LPG
carriers. Boil off is a significant issue for liquid hydrogen considering the very low temperatures required,
and special tank design, as well as special refrigeration, are required to control this boil off. The concept
designs are based primarily on the latest integrated refrigeration and storage (IRAS) under development by
NASA. It is important to note that the previous generation of NASA tank stowage on barges was based on
insulated tanks without refrigeration, thus permitting boil off and venting.

5.5.2 DESIGN BASIS — HYDROGEN STORAGE

Hydrogen is a highly volatile gas at most temperatures and pressures. Its flammability range in air is
approximately 4-75 percent compared to methane’s 5-15 percent, and its ignition energy is a small fraction
of that of other common fuels. These characteristics make any onboard leaks or venting of hydrogen
dangerous. Furthermore, hydrogen, especially green hydrogen from electrolysis of water, requires a very
significant amount of energy to produce. For this reason, venting is unfavorable from an economic point
of view. Therefore, any hydrogen storage system should aim to guarantee that there will be no venting in
normal operational scenarios.

Furthermore, Figure 514 shows that hydrogen remains in its critical phase for a vast range of pressure values
at temperatures above -240° C. In other words, the best density for hydrogen as a compressed gas at ambient
temperatures that can be achieved by pressure vessels is a density of around 50 kg/m? at 700 bar and
ambient temperatures. This is currently possible only in very small, high-tensile steel or carbon reinforced
plastic bottles. Tanks for these pressure levels typically hold only a few hundred kg of hydrogen and are

not suitable for large shipboard cargo containments. Instead, the density of liquid hydrogen at -253° C and
ambient pressure is approximately 73 kg/m? This makes liquid hydrogen at cryogenic temperatures the only
practical way to store and transport large quantities of this gas, even ignoring the complications and risk
inherent in high-pressure storage.
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Figure 514: Hydrogen phase diagram.

Nevertheless, hydrogen is not easy to maintain in the liquid phase. The enthalpy of vaporization of
hydrogen (044610 kilojoules per gram [k]/g]) is similar to that of methane (050928 kJ/g), but the temperature
difference (-253° C for hydrogen, versus -162° C for methane) implies a much higher standard of insulation to
achieve similar BOR. In practical terms, this means that liquid hydrogen can only be stored in double-walled
steel tanks with vacuum insulation if BOR is to be minimized prior to introducing refrigeration. Moreover,
to avoid having to deal with high vacuum values which are not easily achievable in commercial settings and
for larger volume tanks, the vacuum space between inner and outer vessel needs to be filled with insulating
material such as multiple-layer insulation (MLI), perlite or glass bubbles.

The largest liquid hydrogen tank is currently being built at NASA Kennedy Space Center in Florida. This
tank is spherical, has a capacity of 4,700 m? and approximately a 20 meter (m) inner diameter. Additionally; it
is designed to store liquid hydrogen at ambient pressure and includes both glass bubble bulk fill insulation
and a NASA developed IRAS heat exchanger designed to work with a helium refrigerator.

Scaling of vacuum-insulated tanks beyond 5000 m? is currently just speculative. In principle, the potential
BOR reduces as the tank volume goes up since heat transfer is proportional to the tank surface, and BOR is
expressed in terms of a percentage of the tank’s volumetric capacity. However, larger tanks would exacerbate
issues with insulation quality control and appropriate refrigeration throughout the liquid volume. At
present, it is speculated that the largest land-based tanks serving hydrogen terminals might be as big as
50,000 m? however, nothing remotely close to these capacities has actually been designed yet.

Tank shape also has an effect on BOR, with spheres having the best surface to volume ratio. Cylindrical
tanks can also be used; however, the surface to volume ratio (and thus the BOR) progressively gets worse as
the length to diameter ratio grows bigger and bigger. It should be noted that a significant amount of heat
transfer is connected to the supports needed to connect the inner and outer vessels. These are also generally
easier to minimize for spherical tanks compared to other shapes (cylindrical, bi-lobe, etc.).

Another significant operational issue with liquid hydrogen transportation is cargo transfer. This requires
a similar level of insulation performance of the piping and pumps that’s used for the storage tanks.

PAGE 161 | BEYOND THE HORIZON | ABS



To minimize BOR during transfer, it is also essential that pipe run lengths are kept to a bare minimum. The
certification for pump/piping components (e.g, gaskets, flexible hoses, cables, gland seals, etc.) would also
need to be certified for the -253° C design temperature. Additionally, the electrical components/equipment
would need to be certified to gas group IIC in lieu of IIA for methane and most other liquefied gases

listed by the IGC Code. This implies that terminal storage tanks should be placed very close to the loading/
discharge pier with risks during ship operations that should be carefully evaluated. Inerting hydrogen lines
is also an issue. For methane, inerting if typically done via nitrogen (N,) which can be generated on board
via a nitrogen generator. However, inerting an LH, piping cannot be done by N, since it will freeze/solidify.
Therefore, helium may need to be supplied for LH, piping systems.

In terms of ship design, it is important that radiation heat transfer is kept to a minimum. Several techniques
have been employed to achieve this, one technique is to use highly reflective paint for the external tank
shell. If the tanks are completely internal to the ship, similar techniques might also be beneficial for the
deck above.

It is reasonable to expect that the large 4,700 m?® spherical tank built at NASA could be scaled up to a

5,000 m?3 capacity as a basis for the proposed 25000 m? ship design. The internal diameter of this tank is
approximately 206 m, and the insulation thickness adds approximately 4 m to that with an outer diameter
of approximately 25 m. This would fix the minimum beam of a vessel using these tanks to around 32 m,
having added a double skin of similar proportions to that of the smaller prototype carriers. Larger tanks
than 5000 m? will require further development but have been included on the larger 80,000 m? design in
this study.

5.5.3 THE LH, CARRIER CONCEPT DESIGNS

The two concepts investigated for the transportation of liquid hydrogen are based on 25000 m?® and

80,000 m? carrying capacity with both using double wall spherical tanks carrying liquid hydrogen at
ambient pressures and -253° C. The smaller size ship represents the current approximate sized spherical
tanks currently being built by NASA. On the other hand, the larger ship represents a "reasonable" extension
of current technology to apply the same concepts to the capacity of the current largest size range of LPG
carriers. Figures 515 and 516 offer renderings of the LH, carrier concept design.

A

Figure 515: LH, carrier concept design rendering.

5.5.3.1 The 25,000 m® LH, Carrier Concept Design

Figure 517 indicates the LH, carrier design that incorporates
advanced technologies similar to those employed by NASA with
their hydrogen storage extension program at the Kennedy Space
Center in Cape Canaveral, Florida. To reflect the feasibility of
current technology in such designs, the ship's main and auxiliary
engines are powered by LNG stored in membrane tanks at the bow.

Figure 516: LH, carrier
concept design rendering.
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Figure 517: 25000 m?® LH, carrier concept design.

The main engine is sized to meet the maximum propulsion power capacity of 67 MW in addition to

32 MW for auxiliaries. The LH, storage system features NASA's IRAS to achieve zero boil off. This is based on
the knowledge that, even at current LNG prices, venting of hydrogen cargo would not only be dangerous but
also significantly more expensive than the methane needed by the cargo refrigeration system and associated
capex. Cargo refrigeration is provided by a helium plant needing approximately 1 MW of electrical power. The
propulsion power is provided to twin high performance propellers matched to rudder bulbs, having assumed
that the remaining auxiliaries’ power would be in the range of 0.85 MW while sailing. The main engine and
fuel tank capacity are sized to provide enough power to the vessel to sail at 162 knots with a 20 percent sea
margin for 155 days, covering 6,000 nautical miles with the full auxiliary load of 185 MW.

The liquid hydrogen stored in spherical, double-skin steel tanks is insulated with low vacuum Glass Bubble.
These are 121 m in external radius, 106 m in internal radius and 25 mm thick internal and external shells

that weigh approximately 1,500 Mt each. The tanks are protected from direct sun irradiation by high-
reflective white paint on the top and main deck, ensuring a maximum surface temperature of the tanks
outer shell of 54° C when the ambient temperature reaches 45° C. Cargo temperature is maintained at -253° C.
BOR calculation shows that a value of 011 percent is achievable in the absence of IRAS at ambient pressure.
However, high maximum allowable working pressure (MAWP) of 62 bar gauge (90 psi) is the driving factor for
the wall thickness.

Damage stability is considered by separating each spherical tank hold from the neighboring ones.
Furthermore, the hydrogen inner tanks are designed so that they would be fully contained within the ship’s
B/5 IMO damage boundaries, ensuring that any collision would, at worst, cause an increase of the BOR which
the vessel would have to contain with a combination of over-pressure, refrigeration and controlled cargo
venting.

Loading conditions for all LH, carriers are challenging due to the extreme ratio of cargo weight/volume. This
implies that even at full load departure, the vessel would have to use part of the large sea water ballast (SWB)
capacity to ensure control of trim, propeller immersion and structural strength. It is also for this reason that
the chosen hull features twin propellers with a gondola stern, which is similar to the hull of modern LNG
carriers, so that a shallow draft would help minimize the need for an SWB. Further design optimization might
be achieved, converting some of the SWB tanks to permanent fresh water ballast (FWB).

5.5.3.2 The 80,000 m?® LH, Carrier Concept Design

Figure 518 indicates the basic design for the 80000 m® LH, carrier. This much larger cargo capacity might
become required only after the hydrogen market is more established. For this reason, there would also be
some related technologies such as Proton-Exchange Membrane Fuel Cells (PEM-FC).
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Figure 518: 80000 m® LH, carrier concept design.

This design also incorporates a twin-screw gondola stern to maintain propulsion efficiency and alleviate the
need for permanent ballast, but it is fully electric with all power provided by hydrogen fueled PEM-FC and
load balancing batteries. The total power capacity has been estimated to be 149 MW. The propulsion power is
provided to a pair of contra-rotating propellers, which are driven by conventional shafts directly connected
to electric motors with a max power equal to 425 MW each. The second pair of propellers on steerable pods
are also driven by electric motors of a max power equal to 27 MW each. Additionally, there is a minimum
installed battery capacity of about 169 MWh which is used for power conditioning, dynamic energy stability
and hybrid operations for maintaining speed in a seaway.

This PEM-FC/battery set is sufficient to provide enough power to the motors to take the 20 percent sea margin
for 155 days at 162 knots, even with the full auxiliary load, thus providing the same 6,000 nautical miles range.
The liquid hydrogen is stored in spherical, double-skin E690 steel tanks insulated with low vacuum glass
bubble. These are 16,6 m in external radius, 156 m in internal radius, 40 mm thick in both internal and external
shells and weigh approximately 2500 Mt each. Intact stability, damage stability and cargo protection are
similar to those of the 25000 m® LH, carrier.

5.5.4 CARGO CONTAINMENT SYSTEM

There are several tank types discussed in the IGC Code and they can be generally divided into independent
tanks, which are self-supported, and integral tanks, which are integrated into the hull structure.

1. Type A tanks are based on classical ship structure design rules, typically taking the form of a prismatic tank.

2. Type B tanks are based on first-principles analysis and modeling, and designs can be either prismatic or
spherical, as indicated in Figure 5.19.

3. Type C tanks are based on pressure vessel criteria and tend to be smaller than other tanks due to the
structural requirements that come with higher pressures, and they take the form of cylinders or bi-lobes.

4. Membrane and semi-membrane tanks employ a very thin primary membrane, supported through
insulation with the inner hull form providing load bearing support.

Currently, membrane tanks are the dominant choice for large LNG carriers, followed by Type B independent
tanks. Type A and Type C tanks, while viable from an engineering perspective, have other drawbacks that
make them less cost effective for owners and operators. Figure 519 offers an overview of the different cargo
containment systems.
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Independent Tanks Integral Tanks
Type A Type B Type C Membrane

(p < 700 mbar) (p < 700 mbar) (p < 2,000 mbar) (p < 700 mbar)
Full Secondary Barrier Partial Secondary Barrier No Secondary Barrier Full Secondary Barrier
Example tanks: Example tanks: Example tanks:
Spherical (Moss) Cylindrical GTT 96
Prismatic (IHI SPB) Bi-lobe GTT Mark Il
GTT CS1

Figure 519: IMO tank types.

When considering the carriage of liquid hydrogen based on current industry initiatives, Type C tanks have
jumped out to an early lead. Because of the characteristics of hydrogen, Type C tanks are currently the most
attractive option. However, designs for vessels with Type B and membrane tanks are still being developed,
and prototypes for these tanks and vessels will likely be constructed soon.

The arrangement and nature of the cargo tanks aren't the only important considerations for hydrogen
carriers. Some other important things to factor into the design of an LH, carrier are the temperature and
pressure control of the cargo tank. Preventing over or under pressurization of the cargo tanks is critical to
the safe operation of the vessel. In the event of a pressure incident, proper sizing and function of the relief
and ventilation system is also important. It will also be necessary to construct methods to prevent blockages
from the hydrogen’s low temperature, which can cause ice to build up from the condensation. Material
selection is also critical for the tanks, process piping and other equipment that will be interfacing directly
and indirectly with hydrogen.

Furthermore, it will be important to note the definition of the hazardous zones and suitability of
monitoring and alarm equipment in those spaces. Preventing a hydrogen fire is much easier than fighting
one, so measures should be taken in the design stage of the vessel to ensure that equipment is always
suitable for use in its intended space. Another important aspect is the isolation and accessibility of the cargo
containment system. Being able to isolate and shut off the source of a hydrogen fire is the preferred method
for fighting the fire. If the leak is not found, there is always a chance of reignition and potential detonation.

5.5.5 CHALLENGES AND TECHNOLOGIES

Table 54 provides a summary of the design and operational considerations for handling hydrogen on a
marine vessel.
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Challenge Consideration/Technology

Internal combustion (IC) engines are being demonstrated or developed but
are limited to smaller, short sea shipping.

Energy Converters

IC engine development is primarily focused on ammonia at present.

Hydrogen can be blended with other compatible fuels such as methane or
combusted with fuel oil.

Potential Need for
Aftertreatment
Technology

Commercially available nitrogen-oxide reduction systems (exhaust gas
recirculation, selective catalytic reduction [SCR] or water injection) might
be required to meet Tier Il

Energy Density and
Volume Considerations

Major concerns over space.

Requires four times liquid/eight times compressed gas volume compared
to marine gas oil (MGO) and more than three times compared to ammonia
for the same energy content.

Double-structure vacuum insulation requires additional space.

Hydrogen Storage and
Fuel Gas Supply Systems

Cylindrical or spherical fully refrigerated tanks with double walls and
vacuum insulation.

Storage Conditions: High pressures (350-700 bar), cryogenic environments
below -253° C or a combination of high pressure and low temperature may
be required to reach higher hydrogen densities.

The current prototype size is 1,250 m?* with larger capacity designs under
development.

The BOR is 1to 5 percent per day for standard, land-based liquid hydrogen
storage tanks.

Tank cost is currently the main bottleneck to viability.
BOG management technology/improved insulation.

Safety and Environmental
Concerns

Flammable properties, wide flammability range (increased when mixed
with pure oxygen) and hydrogen is a small molecule that is difficult to
contain.

Leaks in open or contained spaces can be a serious fire hazard due to quick
formation of flammable gas mixtures (low activation and ignition energy).

Flow or agitation of hydrogen gas or liquid can create electrostatic
charges, resulting in sparks and ignition.

Flames are invisible and burn extremely quickly (deflagration or
detonation); detonations can result in extreme pressure increases.

While non-toxic, at high concentrations, it can act as an asphyxiant.
Dissipates quickly — does not pose direct threat to the environment.

Regulations

No prescriptive rules, only the IMO Maritime Safety Committee’s interim
recommendations and reference to the IGC Code.

Requires the IGF Code’s alternative-design process (ABS has established
Rules).

Current regulations and guidance are mainly associated with fuel-cell
technology.

IMO Sub-Committee on Carriage of Cargoes and Containers could produce
amendments to the IGF Code and Development of Guidelines for Low-
Flashpoint Fuels (about hydrogen fuel).

Operations

Hydrogen availability.

Hydrogen loading/unloading operations.
Ship-to-ship transfers.

Safety and operational-management plans.
Equipment failure and emergency procedures.
Personnel safety training.

Table 54: Design and operational considerations.
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As is clear from this latest Outlook, the maritime industry is heading toward a technological
revolution driven by decarbonization. Powered by improved collaboration and propelled by
developments in clean energy, digitalization and applied research, this future will offer greater
sustainability and much higher efficiency.

Rather than simply adapting to the green energy transition, the maritime industry is playing an active
role in shaping it. The shipping, ports and logistics sectors are enabling the global shift toward sustainable
energy solutions by transporting these critical elements: carbon, ammonia and hydrogen.

THE ENERGY TRANSITION

With energy consumption rising to meet consumer demand and a pressing need to simultaneously reduce
carbon footprint, there is a prominent shift toward renewable and low-carbon energy sources.

The transportation of carbon, ammonia and hydrogen as cargo highlights the maritime industry's pivotal
role in bridging the global energy landscape's gaps between production, storage and consumption.

As the maritime industry looks ahead and dives deeper into the complexities of these three value chains, it
becomes clear that shipping is more than a spectator in the global green energy revolution. Instead, it serves
as a critical facilitator and enabler.

THE REGULATORY BACKDROP

The International Maritime Organization (IMO) greenhouse gas (GHG) reduction strategy, as revised at the
80th session of the Marine Environment Protection Committee (MEPC 80), will lead to significant changes
for vessel design and operations.

The global fleet must switch from traditional fuels to greener alternatives, which will prompt new
designs, engine upgrades and retrofits, and the development of new fueling infrastructure. In addition,
strategies to enhance energy efficiency, such as optimized hull designs and route planning, will become
increasingly important.
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Additionally, vessels may need to be equipped with real-time emissions monitoring and reporting systems,
which will require crew training for effective implementation and compliance.

For older vessels, retrofitting may pose challenges, potentially rendering them economically unviable before
reaching the end of their expected service life. Conversely, new, compliant ships might see a relative increase
in market value.

EMISSIONS REDUCTION

While intriguing, the research into alternative fuels presents its own set of obstacles in terms of supply, cost,
infrastructure and safety.

Concurrently, while energy efficiency technologies (EETs) provide a practical and realistic pathway to
improve ship operational efficiency and thus reduce carbon emissions, they're expected to play a broadly
supportive role in the majority of decarbonization projects. Onboard carbon capture, while still in its early
stages of development, has the potential to transform the way industry manages carbon emissions.

THE ENABLING VALUE CHAINS
CARBON

The carbon value chain — which includes core elements like the capture, utilization, storage and
transportation of carbon — is an integrated step for carbon emissions management, from source to potential
utilization or sequestration.

The maritime industry can support carbon capture activities worldwide by providing safe and efficient
transportation, thereby assisting in efforts to reach a carbon-neutral future.

Ships specifically designed to transport liquid carbon as cargo are emerging as an important link in the
carbon value chain. These vessels ensure that liquid carbon is transported safely and efficiently from
capture sites to utilization or storage facilities.

Understanding and improving the carbon value chain will become increasingly important as the entire
global economy steps up its efforts to combat climate change. The maritime industry, which accounts for a
substantial portion of global trade, will be at the center of making this value chain a reality.

AMMONIA

With strong potential as a green fuel, ammonia represents a twofold opportunity for the shipping industry.
While it can be used as an alternative bunker fuel, it must also be transported as cargo. As countries and
industries investigate ammonia-based energy solutions, the marine sector will be key to enabling regional

supply.

Ammonia will play a major role in the wider energy matrix because of its carbon-free emissions and its
ability to store and transmit energy effectively. As the world deals with energy storage and transportation
challenges, ammonia’s position as an energy carrier could become increasingly important, providing a
sustainable answer to some of our biggest energy challenges.

The importance of the ammonia value chain in the global green transition cannot be overstated. As the
world works to reduce its carbon impact, ammonia stands out as a potential viable fuel option and critical
cargo.

HYDROGEN

Commonly referred to as a long-term fuel option, hydrogen will continue to grow as a key component in
global efforts to build a sustainable energy landscape. Its importance in the transportation industry — as
cargo and potential fuel — will increase concurrently with mounting energy transition pressures and
tightening emissions limits.

The maritime industry's acceptance of hydrogen represents a bold step toward a more sustainable future.
More than tackling its own carbon impact, shipping’s embrace of the hydrogen value chain positions it as a
vital player in the global green energy revolution.
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Transportation of hydrogen, particularly green hydrogen derived from renewable sources, is critical to the
creation of a worldwide hydrogen economy. With its huge network and experience, the shipping industry is
primed to be a cornerstone in this initiative.

ADOPTION OF ALTERNATIVE FUELS

Investments in liquefied natural gas (LNG), liquefied petroleum gas (LPG) and methanol dual-fueled
vessels continue to grow quickly, prompting industry discussion and debate around which alternative fuels
producers can provide at affordable prices.

For this updated Outlook, ABS reexamined the supply and demand data for alternative fuels and updated
the future fuel mix to reflect the latest market information. In addition, the study looked at how the recent
adoption of the revised IMO decarbonization strategy and the 2050 net-zero targets affected the projected
future fuel mix

By combining the derived ship demand with a forecast for a changing fuel mix in deep sea shipping, the
scenarios for global energy consumption are translated into global fuel consumption by ships. Overall, with
the updated findings, ABS finds that by 2050, demand for fossil fuels has the potential to be marginally
lower than what was estimated in the previous edition of the Low Carbon Outlook, once again underlining
the need for carbon capture technologies.

THE FUTURE

As the maritime industry — and shipping in particular — navigates the challenges of the energy
transformation, it will be critical to invest in cutting-edge technology that can significantly lower the
industry’s carbon footprint. This involves both the adoption of alternative fuels, EETs and novel solutions
such as onboard carbon capture systems.

This transition to greener technologies will require substantial investment and will incur initial expenses
that change the dynamic of shipping’'s commercial relationships. But in the long-term, shipping operations
could benefit from lower emissions, reduced fuel use and simplified regulatory compliance.

Considering the characteristics of the alternative fuels being evaluated by the maritime industry, safety
procedures and protocols and seafarer training must evolve.

Despite the challenges, the shipping industry remains dedicated to decarbonization. This is demonstrated by
the investments already being made in vessels using new fuels, EETs and voyage optimization.
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KEY TAKEAWAYS

To achieve the targeted reduction of carbon dioxide (CO,) emissions from shipping
to net zero by 2050, under scenarios created by ABS, the following steps must happen
progressively:
- Improvements in energy efficiency must lower aggregate fuel consumption by 15 percent
from 2023 levels. This could be achieved through the widespread adoption of energy saving
devices on both existing and new ships.

— Carbon capture must be widely adopted on vessels using fuel oil for propulsion with a target
of achieving a 70 percent reduction of global onboard emissions.

- Sustainable green fuels must be adopted at a 5 percent annual adoption rate.

In addition, supporting measures will be required across specific sectors, including
increased emphasis on the production of alternative fuels.

- Carbon neutral green fuels will be needed at scale for the residual emissions.

- Global production of green methanol, ammonia and bio-LNG must scale up to sufficient
levels to meet the needs of the shipping industry.

GHG emissions will fall progressively as larger quantities of renewable fuels are
produced. Single-fuel ships will still be ordered, driving demand for EET retrofits and
onboard carbon capture systems.

— Based on Well-to-Wake (WtW) default emission factors, there will still be some GHG
emissions from the production of fuels, plus nitrous oxide emissions from burning ammonia.

- In Section 2, Figures 2.53, 254, 255 and 2.56 illustrate GHG emissions under four scenarios. In
each case it is assumed that the supply of methanol and ammonia is green throughout the
forecast. It's also assumed that LNG becomes progressively green as we approach 2050 at an
incremental rate of 5 percent starting at 2030.

- Vessels with single-, oil-fueled engines will still be constructed until well into the next
decade. As a result, widespread adoption of retrofitting of energy saving and carbon capture
technologies will be required for the shipping industry to achieve net-zero emissions by 2050.

The economics of green fuels and carbon pricing are critical to the pace and breadth of
their adoption. Shipowners will need to act to secure their supply chains.

- Achieving net-zero emissions requires the economics of using green fuels or carbon capture
technologies — through a combination of progressive production cost reductions and a high
carbon price — to be favorable before 2050. All LNG, ammonia and methanol consumption
must be green by 2050.

- Based on the current investment profile, methanol remains a relatively minor component of
the wider hydrogen economy but is critical to shipping. Therefore, it is essential that shipping
companies demonstrate to the renewable methanol producers that sufficient demand exists
to justify investment in production.

— There are early examples of methanol demand, but pooling of demand may be needed to
drive investment at the necessary scale. Smaller shipowners and operators may need to
band together to provide the sufficient collective volume needed to justify an investment in
green methanol.
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In the period leading up to 2030, shipping will be in competition with other sectors for
green and even gray fuels.

In the short term, using gray methanol will achieve an up to 10 percent reduction in Tank-
to-Wake (TtW) emissions, which can assist in meeting near-term emissions reduction targets.
Sufficient volumes of green methanol must be available to meet demand as regulations
switch focus to WtW emissions or an emissions life-cycle approach.

If adoption of methanol as a fuel continues at the pace it is today, then even the use of gray
methanol may be constrained by demand from elsewhere in the chemical industry. This
suggests that many ships that are methanol capable will still burn oil for some time.

Other major competing sources of demand for alternative fuels are likely to be power
generation, road transport, domestic and commercial heating, green steel, cement production
and synthetic kerosene for aviation, among others. There are thus both near-term challenges
in stimulating enough green methanol production to fuel the burgeoning orderbook of
methanol-engine vessels and, in the long term, substantial competition for green methanol
and green hydrogen from other sectors of the economy.

Decarbonization of the global economy will have dramatic repercussions for some
sectors of seaborne trade, with some trades faring better than others. The impact will also
affect the relative aggregate shares of the global fleet.

The current largest single commodity trade, crude oil, will decline by 40 percent between
2025 and 2050. Coal trade will fall by even more, 43 percent, over the same period. LNG will
fare better, tracking growth in gas demand. LNG seaborne trade is forecasted to reach a
ceiling of about 750 million tonnes (Mt) around 2040 before declining.

Looking at non-energy shipping, there are three key trends. First, container volumes will
continue to grow as these are relatively insulated from the energy transition. Second, iron
ore volumes will decline as steel consumption growth slows and more steel is recycled. Third,
other dry bulk cargoes — mainly minor bulks and higher value bulk commodities — will
continue to see transport volumes grow.

The shifting pattern of trade will reshape the global fleet. The aggregate share of the oil
and chemical tanker and dry bulk carrier sectors will decline from 64 percent of the fleet in
gross tonnage (gt) terms in 2022 to 45 percent in 2050. Both sectors will see a much greater
emphasis on smaller vessels (e.g, medium range [MR] tankers and bulkers of Panamax size
and below).

Conversely, containerships will grow their share of the fleet measured in gt from 20 to

36 percent. Most other sectors will maintain their current profile. These trends offer mixed
prospects for decarbonization. To date, small tankers and bulkers are sectors that have been
slowest to adopt alternative fuels. Conversely, the larger box ship sector is leading the process.
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