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Foreword

In the last decade we have seen enormous changes in energy markets around the world. Falling costs of
renewable energy technologies like wind and solar have opened up vast new markets. Shipping, which
accounts for 2.6 percent of global emissions and is projected to increase by 50 to 250 percent by
midcentury without action, is one such potential market.

New marine fuels, derived from abundant renewable resources in countries around the world,
could provide a crucial future opportunity to tackle shipping’s contribution to global climate change.
Such a transition would also bring potential development gains. Ports and shipping already underpin
many countries’ economic growth; if shipping becomes a reliable source of demand for clean solutions,
it can also provide the impetus for large new investments in energy projects.

The paper explores one of those potential new fuels: “green ammonia,” which can be synthesised
from solar power, water and air, provided that this is additional renewable capacity and does not

increase fossil fuel use. A detailed case study brings the concept to life.

Fred Krupp Of course, there is no silver bullet; a range of solutions will be needed to effectively address the
President, Environmental climate challenge. No group of experts can identify today, with certainty, the precise technology
Defense Fund pathway that can achieve our climate goals. The policy challenge - and the opportunity - is to create the

economic incentives that will encourage deployment of the most cost-effective solutions available
today and unleash innovation in the technologies of tomorrow.

The most important contribution of this report, therefore, is to show that solutions are on the
horizon. As the following pages clearly demonstrate, the technological barriers to eliminating the
climate impact of shipping can be overcome and also have potential to drive investment in developing
countries. What is required to make this a reality are policies that create economic incentives to unlock
investment. Strong policies are also needed to ensure that the development of new energy resources is
sustainable and that all emissions impacts are robustly accounted for throughout the full lifecycle in
order to maintain environmental integrity.

The International Maritime Organization (IMO) has agreed to cut greenhouse gas emissions by at
least 50% by 2050, and is now exploring polices that can achieve that goal. Environmental Defense Fund
has commissioned this report to inform those discussions and to highlight one of the many available
options to ensure a smooth transition to low carbon shipping which benefits developing countries.

We are excited about the potential to both eliminate shipping’s impact on climate change and
unlock green economic development around the world. Well-designed policies introduced under the
IMO can deliver reductions in greenhouse gases while ensuring environmental integrity. We are
committed to help bring these into being as soon as possible.

Environmental Defense Fund / edf.org m



Executive summary

Introduction

‘Green ammonia, produced using renewable electricity, is a fuel that does not emit greenhouse gases at
any point in its product lifecycle and could play an important role in achieving the International
Maritime Organization’s decarbonisation goals. Until recently, there has been little motivation to
explore green ammonia as a maritime fuel. However, the International Maritime Organization’s goal of
reducing greenhouse gas emissions from international shipping by at least 50% by 2050 compared to
2008 levels means that greenhouse gas-free fuels need to be adopted starting in the 2020s. Green
ammonia is one candidate fuel that needs to be considered.

For an industry now familiar with fossil fuels, the idea of ammonia as a fuel may at first appear
strange, daunting or even dangerous. This paper uses existing scientific data, basic chemistry,
engineering knowledge and practical experience to show that green ammonia can - indeed should - be
adopted as a greenhouse gas-free fuel more easily, quickly and safely than people may assume.

This paper explores the idea of establishing a green ammonia supply chain at the scale required for
international shipping and shows how the technical and economic barriers can be overcome using
existing proven technology.

Decarbonising shipping through green ammonia offers an
investment opportunity for developing nations

The thesis of this paper is that widespread adoption of green ammonia will require investment in
sustainable industrial infrastructure, including renewable electricity plants, to support a supply chain
that is distributed around the globe. Countries around the world could benefit from this investment
opportunity, especially developing countries with abundant renewable energy resources.

One of the key barriers to the development of large-scale renewable electricity plants in developing
nations is uncertainty about the income from the sale of electricity due to lack of demand for electricity
or the low creditworthiness of potential purchasers of bulk electricity. However, demand for green
ammonia as a maritime fuel could provide a dependable long-term revenue stream - supported by
long-term supply agreements - to unlock investment in renewable plants in developing nations.
Morocco is presented as a hypothetical case study of how this might be achieved.

The potential benefits of green ammonia have been analysed
on a lifecycle basis

The use of green ammonia in shipping can be truly emissions free on a lifecycle basis if the energy
inputs used to make it are 100% emissions free with no additions from a grid supplied by fossil fuel
generators. In addition, the renewable electricity should be supplied from sources that are not currently
utilised due to: the absence of reliable sources of demand that can justify investment in exploiting the
renewable resource at scale; or curtailment because of a generation profile that exceeds demand at
different times. If neither of these criteria is met, the higher energy demand involved in converting the
electricity to a storable fuel will reduce the environmental benefit that would otherwise arise from using
the renewable electricity to replace existing electricity demand met with fossil fuels. Given the relatively
high costs of early renewable power-to-fuel projects, its use will only be commercially feasible through
dedicated policy support that expressly seeks to achieve both development and climate goals.

SAILING ON SOLAR



Ammonia is a commodity that is already produced and
shipped on a global scale

Demand from the international fertiliser industry has created a global market for ammonia so that it is
already produced and shipped on a global scale. Therefore, there are established standards for the safe
handling, storage and transport of ammonia in bulk on ships. However, most of the ammonia on the
global market is produced from fossil fuels, creating harmful greenhouse gas emissions. From a product
lifecycle perspective, ammonia from fossil fuels would offer little or no environmental benefits if used
as a shipping fuel.

Rather, green ammonia is produced using surplus or untapped renewable electricity sources,
water and air; resulting in near-zero lifecycle greenhouse gas emissions. Commercially available
technologies are used in its production, with reference plants in operation today and some dating
back to the first half of the 20 century.

Green ammonia offers many advantages over other maritime
fuels

Green ammonia was selected as the focus of this study over other maritime fuels (e.g. hydrogen and
battery storage; acknowledging that all should be explored) because it provides the following advantages:

« It has existing global logistics infrastructure (unlike hydrogen).
« It does not require cryogenic storage (unlike hydrogen).

« Itis relatively energy-dense as a liquid, providing sufficient energy storage for ship voyages lasting
several weeks (unlike batteries).

o It provides flexibility as it can be used without complicated onboard processing in internal
combustion engines and in future fuel cells.

o Ithas arisk profile that can be managed with existing standards and procedures.

Ammonia can be liquefied at a reasonable temperature (-33°C (-28°F)) or moderate pressure (1MPa
(10 bar)), whereas hydrogen requires cryogenic storage at -253°C (-423.4°F). This means that ammonia
requires less energy than hydrogen to liquefy, store and evaporate. In addition, liquid ammonia requires
46% less onboard storage space than hydrogen and poses a lower fire risk (it has a narrower flammability
range and higher ignition temperature).

Adoption of green ammonia ideally will need to begin during the 2020s if the decarbonisation
timetable is to be achieved. Given that the shipping industry is built on the use of large diesel engines, the
use of green ammonia in engines is the mostlikely initial entry point for the fuel, with engine development
for ammonia-firing ongoing. A major manufacturer has also stated that it is possible to upgrade some
existing dual-fuel engines to operate on ammonia. This makes green ammonia a flexible fuel option,
with further development ongoing to optimise engines to match engine performance on fossil fuels.
Operation on 100% ammonia is possible, but in the short term, an additional fuel might be required to
support combustion (whether hydrogen, diesel, liquefied natural gas or liquefied petroleum gas).

From a greenhouse gas emission perspective, use of hydrogen as a support fuel would be most
desirable because neither fuel contains carbon. It is possible to separate hydrogen from the ammonia
stream prior to mixing in the engine, so a separate hydrogen tank would not be required.

Another option is to use ammonia as a ‘hydrogen carrier, where hydrogen is extracted from the
ammonia at the point of use (e.g. in a fuel cell), to capitalise on the relative ease of storing ammonia.

When it is used in internal combustion engines, ammonia produces nitrogen oxides. Selective
catalytic reduction equipment can be used to reduce these emissions, similarly to new fossil fuelled
vessels in complying with Tier III requirements of Emission Control Areas. In fact, selective catalytic
reduction equipment requires either ammonia or urea onboard to function, so new vessels operating in

these areas would already need systems and standards to handle and store ammonia or urea anyway.

Environmental Defense Fund / edf.org m



Ammonia has an achievable adoption roadmap, initially with
traditional engines and later in fuel cells

There is a clear pathway to adopting green ammonia as a fuel in the next few years using engines, which
are familiar to the industry. The aim in the longer term is to use fuel cells for propulsion so that even
emissions of nitrogen oxides and particulate matter are eliminated. The necessary solid oxide fuel cell
technology is not yet commercially available for marine applications, but with further development it is
expected to be viable in the 2030s.

Transportation and storage of ammonia on ships is established primarily through existing industrial
applications. Bulk ammonia transport vessels (usually liquefied petroleum gas-carriers) are designed
according to the requirements of the 2014 International Code for the Construction and Equipment of
Ships Carrying Liquefied Gases in Bulk (IGC Code). Some minor adjustments would be required to
equip vessels to operate with ammonia as a fuel. Ammonia is corrosive to some substances such as
copper, brass and zinc-containing alloys as well as natural rubber and some plastics. Material
compatibility requirements are well understood and it is straightforward to select suitable materials to
avoid damage to onboard equipment, piping, valves and other fittings.

The safety risks associated with ammonia are well understood
and manageable

All fuels are hazardous in some way or another, and ammonia presents a different set of hazards to the
alternatives. It is less flammable than other fuels, so poses a lower fire risk and risks from cryogenic
burns are lower than for liquid hydrogen or liquefied natural gas.

As ammonia gas is toxic and corrosive, the existing safety principles and systems used throughout
the global ammonia industry would also need to be deployed on ships such as gas detection systems
and appropriate chemically resistant protective clothing. Ammonia has a strong odour and should be
detectable if there is a leak.

In marine environments, a release of liquefied ammonia would float on the water surface, rapidly
dissolving into the water body as ammonium hydroxide, and at the same time releasing gaseous
ammonia. In dry air, gaseous ammonia would evaporate upwards and be dispersed by the prevailing
wind conditions. The impacts on local populations (human, plant, animal) and aquatic life would
depend on the quantities released.

Adopting green ammonia could stimulate investment of up to
6 trillion U.S. dollars by 2050

A high-level financial analysis estimates that a total investment value of up to 6 trillion United States
dollars would be required in green ammonia plants and renewable energy plants around the world to
decarbonise the international container vessel and non-coal dry bulk carrier fleets (which together
represent approximately 40% of international shipping) between now and 2050. This scale of investment
- underpinned by demand from a global industry - presents an opportunity for developing countries
around the world to attract investment in sustainable industrial growth. This would have positive effects
on economic growth through the creation of jobs and the establishment of supporting supply chains
and services. It would also catalyse investment in port and bunkering infrastructure distributed around
the world.

The cost of producing green ammonia is sensitive to the price of electricity. So, it can be expected to
fall with continued reductions in the price of renewable electricity, as generation technologies improve
in efficiency and benefit from increased economies of scale.

Considering green ammonia’s potential to assist in decarbonising the maritime transport sector, shipping
nations need to discuss the path of adoption and the approach to distributing the associated costs as a matter
of urgency. Early adopters of zero-climate-impact fuels will be paying more per nautical mile than
competitors that use fossil fuels, at least initially. Therefore, a mechanism will be required to incentivise the
development and deployment of zero carbon fuels and avoid inadvertently penalising early adopters. The
renewable electricity sector is an example where this has been done successfully. Clean technologies have
become cost competitive with fossil fuel alternatives in a matter of years thanks to various policies.

SAILING ON SOLAR



Conclusions

Green ammonia is a technically feasible solution for decarbonising international shipping. It is a fuel

that can be combusted in engines and used for fuel cells in the future. The pathway to its deployment
can begin using technologies familiar to the maritime sector: diesel or dual fuel engines in new and
existing vessels. To make a success of this pathway, certainty for the marine industry in building and
retrofitting such vessels - and certainty for a green ammonia supply industry to manufacture at scale -
needs to be provided by strategic and policy measures adopted by the International Maritime
Organization. This would allow green ammonia and vessels that can accommodate it to be introduced
within the timescales required to achieve the International Maritime Organization’s decarbonisation
targets, together with other zero and low carbon alternatives.

What is more, demand from shipping could unlock investment in the green ammonia supply chain,
including low-carbon industry and renewable electricity. This represents a unique opportunity for
sustainable economic development and distribution of bunkering infrastructure around the world,
especially for developing economies rich in renewable energy potential.

Environmental DefensejFund / edf.org
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UNLOCKING SUSTAINABLE SHIPPING IN MOROCCO

CASE STUDY

FIGURE 1:

CASE STUDY

Sailing on Solar: Unlocking
sustainable shipping in Morocco'

Morocco is well suited to foster a green ammonia industry

Morocco has abundant renewable energy
resources and large commercial ports close to
multiple key shipping routes. It is already
investing in large-scale solar energy generation
and has additional untapped potential. In this
case study, we explore how the production and
supply of green ammonia for shipping could
unlock further large-scale investment in clean

Shipping lanes past Morocco and its commercial ports

energy production in the country; fostering local
sustainable growth while contributing to the
international shipping sector’s goal of at least
halving its greenhouse gas emissions by 2050.

Morocco is strategically located at the Straits
of Gibraltar, which is the key passage through the
Mediterranean to and from the Suez Canal
(see Figure 1).
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1 This paper follows the UN designation of Western Sahara as a non-self-governing territory as shown on all the maps in this report by a dashed
line and expresses no position on the past, current or future governance of the area. This paper refers to the entire area as “Morocco” for ease

of reference.
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CASE STUDY

UNLOCKING SUSTAINABLE SHIPPING IN MOROCCO

It is also on the routes between Europe and South
America as well as West and Southern Africa.
Therefore, it is at a convenient location to provide
bunkering to a large number of vessels on long
voyages.

Morocco was ranked 33" in the world for total
container throughput in 2017 [1]. It has 10 active
commercial ports [2] with the three main
international container terminals located at
Tanger Med (3.31 million TEU), Casablanca (0.99
million TEU) and Agadir (0.20 million TEU) [3, 4].

Tanger Med was ranked 46 in the world in
terms of container traffic in 2017, the busiest in
Africa [5] ahead of East Port Said in Egypt. Bulk
solids and containers represent most of the cargo
handled, as shown in Figure 2.

FIGURE 2:

Renewable resources and
ambitions in Morocco

Morocco is rich in renewable energy resources
with a long history of generating electricity from
hydro power at plants concentrated primarily in
the north of the country [6, 7, 8, 9]. Although
Morocco started building solar and onshore wind
plants at utility scale only relatively recently, there
is abundant solar potential throughout Morocco
and significant wind potential, especially along
the coast (where green ammonia plants would be
located, see Figures 3 and 4). The maps indicate
the significant potential for development of solar
and wind plants in the areas around existing
ports, especially Jorf Lasfar, Safi, Agadir, Tan Tan,
Laayoune and Dakhle.

Statistics of cargo handled at Moroccan ports in 2017

Vehicles
6%

Other
11%
Bulk solids
36%
Bulk liquids
14%

Containers
33%

Proportion of goods categories
handled by Moroccan ports in 2017
(million tonnes)

Sources: [3, 4]

The total potential for offshore wind along
Morocco'’s coastline is reportedly 250GW [11],
which is about 25 times the current total power
plant capacity in the country and would provide
enough electricity (770 terawatt-hours (TWh))

Agadir 1.8
\ ]Mohammedia 0.1

Nador 1.8
Laayoune 2.0
N\

Jorf Lasfar 20.8

Casablanca 18.5

Volume of bulk solids
handled by Moroccan ports in 2017
(million tonnes)

annually assuming a 35% capacity factor) to
produce green ammonia for about a third of the
international shipping fleet?.

The map in Figure 4 indicates the abundant
potential for solar power in Morocco.

2 Based on the 2012 fleet as reported in [24], the latest available data.
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UNLOCKING SUSTAINABLE SHIPPING IN MOROCCO

CASE STUDY

FIGURE 3:

Wind power
density map and
locations of
existing and
future wind farms

Sources: [6,7, 8,9, 10]
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FIGURE 4:

Solar global
horizontal
irradiation map
and locations of
existing and
future solar plants
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The map in Figure 4 shows that there is great
potential to scale up the number of solar plants to
take advantage of large areas of land that have
excellent solar resources close to the shore. This is
especially the case in the Western Sahara region.

To capitalise on the potential for wind and
solar power and reduce carbon emissions from the
electricity sector, the Moroccan Government has
committed to an ambitious plan to significantly

Solar Proposed/planned/
under construction

Nador

Mohammedia
Casablanca
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- 1600
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-1100
- 1000
-900
-800
-700
-600
kWh/m2

Existing solar plant

increase the share of renewables in its power plant
mix to at least 52% by 2030 [6, 13]. Although these
plans already represent a significant change to the
status quo, there is scope to significantly increase
the amount of electricity generated from
renewable sources beyond these figures, provided
there is enough demand to justify the investment.
The production of green ammonia for international
shipping could provide that demand.
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CASE STUDY

UNLOCKING SUSTAINABLE SHIPPING IN MOROCCO

FIGURE 5:

Map of Jorf
Lasfar port and
existing adjacent
chemical
complex with
indicative sizes of
a green ammonia
plant and
associated solar
photovoltaic (PV)
plant

Possible ammonia production
at Jorf Lasfar port

Morocco has an active and mature inorganic
chemistry sector where phosphate plays a central
role. Home to about 75% of the world’s estimated
phosphate reserves, Morocco is a leading
producer and exporter of phosphorous and
phosphate products [14]. The state-owned OCP
Group dominates the phosphate industry in
Morocco with large processing plants built near
the ports of Jorf Lasfar and Safi [15]. Casablanca
handles 82% of the volume of phosphates through
Morocco’s ports with Laayoune and Safi

responsible for the balance [3].

Port of Jorf Lasfar

Ammonia is imported through Morocco'’s
ports for use in the production of ammonium
phosphate fertiliser [16]. In 2017, Morocco’s
ports handled a total of 1.49 million tonnes of
ammonia [3], which is the second-highest for a
commodity shipped as a bulk liquid in the
country (behind hydrocarbons).

The Jorf Lasfar port (see Figure 5) imports
ammonia for use in a nearby OCP production
plant. The imported ammonia is stored near the
port in refrigerated tanks with a total capacity of
100,000 tonnes [17]. To give an idea of the scale in
shipping terms, this is equivalent to the daily
ammonia fuel consumption of about 570 post-
Panamax vessels.

Existing ammonia
storage

Existing fertiliser
production complex

Green ammonia
plant (700 tpd)

Solar PV plant
(300 MW)

Map data © OpenStreetMap contributors. Available under the Creative Commons Attribution-ShareAlike 2.0 licence
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UNLOCKING SUSTAINABLE SHIPPING IN MOROCCO

CASE STUDY

Figure 5 also gives an indication of the size of
the ammonia plant required to produce 700
tonnes of ammonia per day (tpd), which is
equivalent to the daily fuel consumption of about

FIGURE 6:

4 post-Panamax size vessels (see Figure 6). Based
on the financial analysis presented in Section 6.2,
a plant of this size could generate annual revenue
of about U.S. dollars (USD) 194 million3.

A post-Panamax container vessel

There is significant land area available around

the existing industrial complex for a green
ammonia production facility and a solar plant.
Since Jorf Lasfar is only about 100km from
Casablanca, it could be an ideal location to
establish a green ammonia production facility.
Ships could dock at the port for refuelling or
ammonia bunkering vessels could be used to
transfer ammonia to Casablanca and other ports.
Alternatively, ammonia bunkering vessels could
refuel ships anchored offshore.

A green ammonia plant with a capacity of 700
tonnes per day consumes about 7,345 megawatt-
hours (MWh) per day at an average rate of 306
megawatts (MW). As described in Section 3.2,
there are many different approaches to supplying
the remaining clean electricity required by the

plant, so a detailed feasibility study would be
necessary to determine the optimal solution. Jorf
Lasfar has ample land and good solar irradiance,
so a solar PV plant coupled with a concentrating
solar plant with integral storage could work well.
Figure 5 shows how big a 300MW solar PV plant
would need to be as an example. The output from a
300MW solar PV plant will vary through the course
of the day depending on the time of year because it
can only generate electricity while the sun is
shining, as shown in Figure 7. It would therefore
be able to provide about 41% of the plant’s
requirements in summer and 26% in winter. This is
why a concentrating solar plant with storage might
be required in addition. Alternative options include
importing electricity from other renewable plants
through the grid or battery storage.

3 Based on an ammonia price of USD830/tonne, and electricity price of USD43.20/MWh, assuming that the

plant operates for 8,000 hours a year.
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CASE STUDY UNLOCKING SUSTAINABLE SHIPPING IN MOROCCO

How much green ammonia Morocco’s ports®. The graph shows how much
might be required? electricity might be required to power different
The graph in Figure 8 gives an impression of the  proportions of the container vessels and dry bulk
electricity required annually to produce green carrier traffic serving Morocco.

ammonia to fuel the vessels passing through

FIGURE 7: —-— S
Theoretical daily '
production from £ 55,
a 300MW plantat g
Jorf Lasfar in the S 250
summer and g
winter months g 200
E 150
@
£
> 100
?
9]
5 2y
0
0 4 8 12 16 20 24
Time of day
—— Instantaneous production (winter) - - - Instantaneous production (summer)
--------- Cumulative production (winter) — - Cumulative production (summer)
FIGURE 8: 30 300

Annual amount
of electricity to

Theoretical

N
o

potential of 250

wind + solar:
producz_e green o ~47.900 200
ammonia for GWh/day

container and
dry bulk vessels

passing through 100
Morocco’s ports _ 50
, mE 0

10% 25% 50% 100%
Proportion of vessels visiting Moroccan ports in 2017

150

—_
o

(thousand tonnes/day)
o

[¢)]

Est. green ammonia consumption

Renewable electricity required to
produce green ammonia (GWh/day)

msm Green ammonia consumption ——Renewable electricity required

4 Vessel traffic is based on gross tonnage reported for Moroccan ports in 2017 [3, 4] with a representative
distribution of vessel sizes similar to those reported in IMO’s Third Greenhouse Gas Study [24].

m SAILING ON SOLAR




UNLOCKING SUSTAINABLE SHIPPING IN MOROCCO

CASE STUDY

FIGURE 9:
Estimated
investment
potential for
green ammonia
plants and
renewable
electricity plants
in Morocco

For example, about 280 gigawatt-hours (GWh)
per day of electricity on average would have been
required to produce green ammonia fuel for all the
container and dry bulk vessels passing through
Morocco’s ports in 2017, assuming that each took
on fuel for 45 days’ sailing. This is 0.6% of the
theoretical potential for wind and solar sources in
Morocco (about47,900 GWh/day) [11, 18], showing
Morocco's renewable energy capacity is more than
large enough to cover both domestic and shipping
demand sources. In 2016, Morocco’s production of
renewable electricity was approximately 4,740

Potential level of investment in
Moroccan sustainable industry
The estimated investment potential for green
ammonia plants and associated renewable

GWh [19] (thelatestyear forwhich datais available).
If any renewable energy from domestic sources is
diverted to shipping, these indirect impacts should
be taken into account in any lifecycle accounting
and robustly accounted for internationally.

The Government’s ambitions for renewable
generation in 2030 have been drawn up without
considering the potential additional market that
shipping demand could provide. Adding shipping
demand to the country’s ambitions could see
even more ambitious plans being unlocked in the
country.

electricity plants to provide fuel for the ships
(based on 2017
throughput) is given in Figure 9°.

visiting Morocco’s ports

140

120

(]

B 100

5

z

= 60

(0]

£ 4w

(0]

>

£ o0
0

High capital cost

B Renewable electricity plants

The potential investment value (aggregate
capital costs) of green ammonia plants and
associated renewable electricity facilities in
Morocco is in the region of USD 100 billion. This
gives an indication of the potential level of
investment that could be attracted if green
ammonia is adopted at scale. The renewable
plants make up between 70% and 80% of the

Low capital cost

B Green ammonia plants

investment value, depending on the technology
mix and future costs®. The ultimate value will
depend on future cost trajectories of green
ammonia and renewable electricity technologies,
as well as the adoption rate of the fuel.

This brings to life the great potential for
investment that the shipping sector could unlock
by adopting green ammonia as a fuel.

5 No allowances are made for increases in vessel traffic due to changing trade patterns or increased traffic of

vessels bunkering for green ammonia.

8 For the purposes of Figure 9 it was assumed that the renewable electricity would comprise of 40% solar PV,
30% onshore wind and 15% each for concentrating solar and offshore wind. Other costs and assumptions

are listed in Chapter 6 and Appendix E.
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1. Why we wrote this paper

1.1 Reclaiming the renewable power of water and air

For centuries commercial ships were powered by water and air: Water to float on and wind in their sails.
The sails were later replaced by steam engines and ultimately by internal combustion engines - both fed
by fuels that emit greenhouse gases when combusted. This paper shows how the marine sector can ‘sail
on solar’ by returning to the renewable power of water and air plus energy from the sun in the form of
‘green ammonia’

Produced from water and air using renewable electricity, green ammonia could play a vital role in
decarbonising the marine sector. It is one of the fuel options that do not emit greenhouse gases and
could be used to decarbonise the maritime transport sector - the others being hydrogen and batteries
(both dependent on renewable electricity). It is anticipated that decarbonisation of the sector will
require all these fuels, with selections based on the needs of each vessel type/application. The main
advantages of green ammonia over other fuels that do not emit greenhouse gases’ such as hydrogen
and battery storage are that:

o Ithas existing global logistics infrastructure (unlike hydrogen).
o It does not require cryogenic storage (unlike hydrogen).

« It is relatively energy-dense as a liquid, providing sufficient energy storage for ship voyages lasting
several weeks (unlike batteries).

o It provides flexibility as it can be used without complicated onboard processing in internal
combustion engines and future fuel cells.

o Ithas arisk profile that can be managed with existing standards and procedures.

Ammonia can be liquefied at a reasonable temperature (-33°C (28°F)) or moderate pressure (1MPa
(10 bar)), whereas hydrogen requires cryogenic storage. This means that ammonia requires less energy
than hydrogen to liquefy, store and evaporate. In addition, liquid ammonia requires almost half the
onboard storage space as hydrogen and poses a lower fire risk (it has a narrower flammability range and
higher ignition temperature).

For an industry now familiar with fossil fuels, the idea of ammonia as a fuel may at first appear
strange, daunting or even dangerous. This paper uses existing scientific data, basic chemistry,
engineering knowledge and practical experience to show that green ammonia can - indeed should - be
adopted as a zero-GHG-emitting fuel more easily, quickly and safely than people may assume.

This paper explores the idea of establishing a green ammonia supply chain at the scale required for
international shipping and shows how the technical and economic barriers can be overcome using
existing proven technology.

7 For simplicity this is abbreviated to “zero-GHG-emitting” in this paper. This phrase is preferred to “zero-emission”
because ammonia does produce some emissions when combusted. See section 4.6 for more details.
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FIGURE 10:

1.2 Shipping’s contribution to limiting global climate change

The Paris Agreement on climate change was signed in 2015 by Parties to the United Nations Framework
Convention on Climate Change (UNFCCC). Its central aim is to reduce the risk of global climate change
by ensuring additional manmade emissions of greenhouse gases are reduced to zero before the end of
the century. This is necessary to stand a reasonable chance of keeping a global average temperature rise
well below 2°C above pre-industrial levels this century and to pursue efforts to limit the temperature
increase even further to 1.5°C.

The Intergovernmental Panel on Climate Change (IPCC) stated in 2018 [20] that human activities are
estimated to have already caused approximately 1.0°C of global warming above pre-industrial levels and
this increase is already changing our global climate, contributing to increased intensity and frequency of
natural disasters, sea level rise and acidification of the oceans. The rate of accumulation of greenhouse
gases in the atmosphere and the associated rate of global warming is still increasing. Every year of delay
in bringing greenhouse gas emissions under control and onto a declining pathway increases the
likelihood of missing our global goal to prevent dangerous levels of global climate change.

If the maritime transport sector was a country, in 2015 it would have ranked 5% in the world in terms
of gross carbon emissions behind Japan and just ahead of Germany [21], as shown in Figure 10.
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International shipping and aviation sit outside the UNFCCC framework of national emissions
inventories and have dedicated UN bodies overseeing their operations. In April 2018 the International
Maritime Organization (IMO), as the regulatory body for international shipping, adopted an initial
strategy on the reduction of greenhouse gas emissions from shipping. This strategy included a vision
which sets forth the IMO’s commitment to reducing greenhouse gas emissions from international
shipping and, as a matter of urgency, to phase them out of international shipping as soon as possible
this century [23].
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In its 3rd Greenhouse Gas Study [24], the IMO projected the sector’s emissions to grow in a ‘business-
as-usual’ scenario by 50% to 250% between 2012 and 2050 as shown in Figure 11. Therefore, the target
to reduce absolute emissions by at least 50% by 2050 compared to 2008 levels is going to require a step
change reduction in the carbon intensity of the maritime transport sector by switching away from high-
carbon fossil fuels. With typical vessel lifespans of between 20 and 30 years, the international shipping
industry needs to introduce vessels with low and zero greenhouse gas emissions within the next few
years [25] with the intention to scale up deployment significantly.

FIGURE 11:
Reduction required to meet the IMO’s absolute emissions
reduction target

And reduce
carbon intensity

70% by 2050

Range of IMO
business-as-usual
projections to 2050 Reduction
el to achieve
2008 emissions minimum

GHG emissions from international shipping
(Mt CO,e/year)

2050 target
~470 Mt CO,e

2008 2022 2036 2050

Data sources: [22, 24]

The shipping sector has access to established and proven technologies to achieve these targets. With
innovative thinking and multilateral commitment, the most promising zero-GHG-emitting fuel
solutions could be implemented at the scale required to make a difference to the climate. If the sector
can expedite regulatory approvals and mobilise finance to support infrastructure investment, then it
has the potential to decarbonise rapidly in the coming years.
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1.3 Decarbonising shipping can unlock investment in
low-carbon industrial development

Production of green ammonia for maritime transport would create demand for the development of
renewable electricity plants and large-scale sustainable industry. All countries could benefit from this
opportunity, especially developing countries with abundant renewable energy resources. One of the
key barriers to the development of large-scale renewable electricity facilities in developing nations is
uncertainty about income from the sale of electricity. There is often a lack of demand for electricity or
the purchasers of bulk electricity do not have the creditworthiness to make projects viable. However,
demand for green ammonia as a marine fuel could provide a dependable long-term revenue stream -
supported by long-term supply agreements - to justify investment in large-scale renewable plants in
developing nations.

1.4 What you will find in this paper

This paper aims to show that it is realistic and achievable to adopt green ammonia as a maritime fuel. It
does this by looking at the aspects of supply (production plants) and demand (the vessels themselves).
The concept has been brought to life throughout the paper using hypothetical case studies for various
countries, with a focus on Morocco at the beginning. These case studies seek to demonstrate how
countries with untapped renewable energy could benefit by establishing a green ammonia supply
chain for the marine sector.

2. Why green ammonia
is proposed as a fuel

Describes the characteristics of ammonia as a fuel and compares it with other low- and zero-GHG-
emitting fuel options. It also shows how ammonia is already an established commodity that is traded
and shipped on a global scale.

. Green ammonia
production process

Gives an overview of the green ammonia production process, which is powered by clean electricity.

. Vessel propulsion,
onboard storage
and emissions

Discusses the propulsion options for ammonia-powered vessels. It describes the challenges
associated with using ammonia in combustion engines and the requirements to store and handle
ammonia onboard safely. It also gives an overview of the greenhouse gas emissions and implications
for air quality.

. Ammonia’s risk
profile and transport
options

Presents the risk profile of ammonia and mitigations that would be required in the fuel supply chain.
It also gives an overview of the transport options.

. Estimated level Gives an impression of the level of investment required to establish a sustainable green ammonia
of investment supply chain to serve the shipping sector.
. Conclusions Summarises the main points presented in this paper.
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To meet the IMO'’s
targets and
ultimately
decarbonise the
sector, vessels using
zero-GHG-emitting
fuels need to start
entering the
international
shipping fleet in the
2020s.

FIGURE 12:

The range of
low- and zero-
GHG emitting
fuel options for
maritime
transport

2. Why green ammonia is
proposed as a fuel

2.1 Vessels that emit zero greenhouse gases are required to
meet IMO targets

Achieving the IMO’s greenhouse gas emissions targets will require a decisive intervention to alter
current fuel trends in the sector. At present, marine fuels contain carbon which is released into the
atmosphere as carbon dioxide (CO2) when the fuels are burned, remaining there for up to 1,000 years.
Additionally, the production of fossil fuels emits greenhouse gases throughout the lifecycle: in the
exploration, production, processing, and transport stages. The maritime transport sector will need to be
decarbonised across the full lifecycles of its various fuels.

Part of the challenge is related to the typical lifetimes of the vessels in the fleet. Ships quite typically
remain in the fleet for between 20 and 30 years before being scrapped. With one of the key targets set at
2050 and considering the multi-year lead time for designing and building a vessel, imminent action is
required to make a transition towards implementing lower- and zero-GHG-emitting fuels in the
maritime fleet. The shorter-term transition might include fuels with lower carbon content, but it should
quickly make way for zero-GHG-emitting fuels.

The range of fuels available for the industry - those that are potentially lower-carbon and those that
are zero-GHG-emitting over their lifecycle, including indirect impacts - are listed in Figure 12 (without
judgement on their relative merits):

Zero-GHG-emitting

Hydrogen Batteries
(from (from
renewable renewable
sources) sources)

Ammonia
(from
renewable
sources)

Liquefied natural gas (LNG) is considered by many in the industry as a means to reduce sulphur oxides
(SOx) and particulate matter emissions from ships, as well as carbon emissions. It is being explored by
several ship operators and bunker fuel providers. However, even assuming all new ships use it, due to the
growth forecast for the global fleet, there would still be an increase in overall CO2 emissions. With LNG there
is also the need to reduce leaks of methane throughout the production, liquefaction and transport phases of
the lifecycle to achieve a saving in emissions (even a small degree of so-called ‘methane slip’ can fully erode
the carbon savings offered by LNG over higher-carbon options like heavy fuel oil (HFO)). Compared with
HFO, LNG can only achieve reductions in greenhouse gas emissions of up to 10% [26, 27].

To meet the IMO’s targets and ultimately decarbonise the sector, vessels using zero-GHG-emitting
fuels need to start entering the international shipping fleet in the 2020s. Indeed, the industry recognises
this itself: in 2018, the International Chamber of Shipping [28] wrote ‘a 50% total cut by 2050 can
realistically only be achieved with the development and widespread use, by a large proportion of the
fleet, of zero COz fuels!

SAILING ON SOLAR



Green ammonia is one of the potential fuel options that has been identified to meet this need
although it will not be suitable for all end uses. Therefore, green ammonia could be part of a multi-
pronged strategy where low- and zero-GHG-emitting fuels are selected based on the needs of each
vessel type/application®. Initial modelling for the United Kingdom’s Department for Transport’s Clean
Maritime Plan (anticipated in 2019) predicts that consumption of green ammonia for UK international
shipping should exceed all other fuels by 2041 for the sector to achieve a 50% reduction in greenhouse
gas emissions by 2050 [29].

The renewable production of ammonia holds promise beyond the shipping sector as well. The most
obvious and immediate benefit is decarbonisation of fertiliser production [30]. Applications that are being
considered in other sectors include long-term energy storage [31] and use in power generation [32, 33].

8 For example, batteries charged with renewable electricity are unsuited to long range vessel movements
such as large container, cruise, bulk carriers, because they have relatively limited energy capacity and
weight-to-energy trade-offs. However, batteries are already proving appropriate for some domestic shipping
or short ferry applications. Nuclear-powered vessels are limited to military use; the future use in civilian
vessels offers lower emissions traded off against the risks of human exposure to radioactivity during vessel
construction and disposal, as well as risks to the environment in case of accidents.

Chile MINI CASE STUDY

Total container volume through ports in 2017: 4.2 million TEU
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2.2 Green ammonia offers many advantages over other fuels

Ammonia offers several potential advantages over the conventional fuels used in the marine industry
- HFO and marine distillates - as well as LNG, which are summarised in Figure 13. Green ammonia also
offers advantages compared to other zero-GHG-emitting fuel options, as listed in Figure 14.

FIGURE 13:
Advantages and aspects to consider for green ammonia compared to
carbon-based maritime fuels

Aspects
Advantages pect
to consider
 Zero carbon emissions when combusted  Storage volume: ammonia requires 4.1 times
* Lower toxic emissions (SO,, metals, particulate as much space as fossil fuels
matter, polycyclic aromatic hydrocarbons) » Corrosiveness: some materials should be avoided
* Lower fire risk  Safety and environmental risk due to toxicity
» Can be used in engines and fuel cells * Similar NOx performance (also needs to be
e Zero NOxin low temperature fuel cells controlled)
FIGURE 14:

Advantages and aspects to consider for green ammonia compared to other
zero-GHG-emitting fuels

Aspects

Advantages to consider

* Abundant commodity with existing infrastructure
for production, storage and transport
* Higher volumetric density than hydrogen: allows

longer international journeys without refuelling * Might require a pilot fuel when used in combustion
» Can be stored as a liquid at reasonable engines

temperatures and pressures  Corrosiveness: some materials should be avoided
* Lower fire risk than hydrogen (narrower flammable » Safety and environmental risk due to toxicity

range; higher ignition temperature) * Higher NOy emissions that need to be controlled
* Can be used in engines and fuel cells (e.g. with selective catalytic reduction)

This paper seeks to demonstrate that the perceived challenges of using ammonia as a fuel - listed
in the blue boxes in these figures - are surmountable. An important advantage that could help with a
transition from current fuels to ammonia is that ammonia can be used in existing adapted dual-fuel
engines in the shorter term as well as in fuel cells in the longer term (for more on this, see Chapter 4).
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TABLE 1:

Ammonia can also be a ‘hydrogen carrier’ where it is used to store hydrogen, which can be used in
hydrogen fuel cells to generate electricity for propulsion by electric motor. Ammonia is attractive as a
hydrogen carrier because it can be transported as a liquid relatively easily with significantly higher
energy density than as a gas. In contrast, hydrogen must be cooled to -253°C or pressurised to between
35MPa to 70MPa (350 bar to 700 bar) to be stored as a liquid [34]. The process of liquefying, storing and
evaporating hydrogen for use on a vessel also involves energy losses.

Table 1 provides comparisons for the various candidate low- or zero-GHG-emitting marine fuel
options, against marine gas oil (MGO; grade DMA/DMZ).

Comparison of fuel characteristics

Temperature for
liquid storage

Tank volume for 1,000
nautical mile range
of Handymax carrier

Suitable application

Marine gas oil

Fossil fuel,
high carbon

Ambient

Short and

Liquefied
natural gas

Fossil fuel,
high carbon

164m?3
(2.3 x MGO)

Short and

Methanol

Low-carbon

Ambient

169m3
(2.3 x MGO)

Short and

Green
ammonia

Zero GHG
emitting

-34°C (or
pressurised)

299m?3
(4.1 x MGO)

Short and

Green
hydrogen

Zero GHG
emitting

Short voyages

long voyages long voyages long voyages long voyages

B Best performing [ Acceptable B Problematic

Sources: [35, 36]

Ammonia contains about one third of the energy per cubic metre of HFO or MGO, so vessels would
need larger fuel storage tanks or to refuel more often. Given the need for the sector to decarbonise
through switching to zero-GHG-emitting fuels, green ammonia should be compared to other zero-
GHG-emitting fuels rather than retrospectively to the fossil-fuelled status quo. From this perspective,
liquid ammonia requires 46% less storage volume than cryogenically stored hydrogen when the volume
of the tank insulation is included®. This highlights ammonia’s potential as a fuel and as a convenient
hydrogen carrier for hydrogen-based propulsion technologies.

9 A “system-level” density of liquid hydrogen of 40 kg/m? is assumed in this paper to account for the extra
space required for insulated fuel tanks as per Minnehan and Pratt [114] and Comer [115]. The authors of this
paper calculate that accounting for the insulation of the fuel tanks results in a corresponding system-level
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China

2.3 Developing nations stand to benefit from green ammonia
production

The development of renewable electricity capacity has the potential to provide countries that are
dependent on imported fuels with a higher degree of energy independence. As costs for technologies
such as wind and solar fall, their ability to make rapid contributions to decarbonising the global energy
sector increases.

It is a happy coincidence that some of the most abundant renewable electricity resources are found in
developing countries, where they could be used to facilitate sustainable development. However, a large
capital outlay is usually required to construct renewable electricity plants before they begin to earn an
income. Funding this upfront cost can be risky for investors and lenders, so they usually require some
assurance that the plant will be able to provide a reasonable return on their investment over its operational
lifetime.

It is often difficult to find credit-worthy purchasers of electricity in developing countries to give
investors and lenders comfort that the renewable plant will be able to earn a reasonable and predictable
income. This is especially true for countries that have low electricity demand due to low levels of
industrial and commercial activity, and/or low electricity connection rates.

MINI CASE STUDY

Total container volume through ports in 2017: 214 million TEU
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There is an existing
supply chain and
regulatory framework
for ammonia that
could support its
adoption as a
maritime fuel while
green ammonia
plants are developed

around the world.

FIGURE 15:

Power purchase agreements with reputable buyers are therefore extremely valuable for investors
and lenders, especially if they guarantee that a significant proportion of the electricity will be purchased
for several years. The adoption by the international shipping industry of green ammonia as a fuel would
create a dependable long-term demand for it. Therefore, green ammonia plants could facilitate the
expansion of renewable electricity supply in developing and developed countries alike.

2.4 Ammonia is a commodity that is already traded on a global scale

The global production and trade of ammonia is principally driven by the fertiliser industry because
ammonia is an important nitrogen-rich ingredient. According to the International Fertilizer Association
[37], an average of about 175 million tonnes of ammonia per year was produced globally from 2015 to
2017. Of this, about 18.8 million tonnes was exported. Most of this ammonia was produced using the
traditional method from fossil fuels, which is greenhouse-gas intensive [38]. To put this into the context
of this paper, thislevel ofannual productionis already more than isneeded to fuel the entire international
fleet of container vessels for a year'. Three and a half times the current global ammonia production -
but from clean electricity - would power the entire international shipping fleet.

Ammonia is not only a globally produced commodity, but is also exported around the world, as shown
in Figure 15. Therefore, ammonia is a well-understood, globally traded commodity, which has been
transported by international vessels for many years. This not only alleviates concerns about safety onboard
vessels, but also indicates that there is an existing supply chain and regulatory framework for ammonia that
could support its adoption as a maritime fuel while green ammonia plants are developed around the world.
This helps to de-risk the transition process since existing infrastructure already exists on a global scale.

Regional ammonia production (graph) and exports (map and graph) in 2017
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Data source: [37]

10 By comparing the energy content of ammonia and HFO, and based on the 2012 container fleet fuel
consumption data presented in [24] resulting in a daily fleet consumption of about 329,000 tonnes of ammonia.
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FIGURE 16:

2.5 Amount of green ammonia required for international shipping
Considering the potential that green ammonia holds for decarbonisation of shipping as well as
encouraging investment in production plants and renewable electricity, it is natural to ask how much of
it might be required. This section uses the growth projections for the international fleet of container and
non-coal dry bulk vessels to 2050 within the Third IMO Greenhouse Gas Study [24] to estimate the
amount of green ammonia required to achieve a meaningful reduction of the sector’s greenhouse gas
emissions by then. IMO considered five different ‘shared socioeconomic pathways’ (SSPs) towards
economic growth in 2050 [39]. Two of these scenarios - SSP1 ‘Sustainability’ and SSP3 ‘Fragmentation’
- were used for the projections in this section, which represent a range of outcomes but exclude the
fossil-fuel reliant SSP5 ‘Conventional development’ scenario. For simplicity in this paper, SSP1 and
SSP2 are referred to as the “high case” and the “low case’.

The estimated green ammonia consumption values for the two scenarios in 2050 are shown in
Figure 16 assuming 10%, 25%, 50% or 100% of the international fleet will use the fuel. This shows that the
fuel consumption of all the non-coal dry bulk and container vessels in the global fleet in 2050 under the
2050 High Case (approx. 1.35 million tonnes/day; 493 million tonnes/year) would be about 2.8 times
the global ammonia production in 2017, which was 173 million tonnes.

Figure 17 shows the associated consumption of electricity required to supply the theoretical demand
for green ammonia in aggregate for the international fleet in 2050. Further detail is given in Appendix D
about the expected consumption of various vessel types.

Green ammonia consumption in 2050 for the two scenarios
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To provide some context, the electricity required to produce the daily fuel consumption of the post-
Panamax vessel in Figure 6 (1.9 GWh) is equivalent to the average daily consumption of about 117,000
people in the European Union [40]. Figure 18 gives an indication of the land required for solar PV to
generate the electricity required to produce green ammonia for the international fleet of container
vessels and non-coal dry bulk carriers in 2050.

FIGURE 18:
Map showing land area required for solar electricity to produce green ammonia for
the international shipping fleet in 2050
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Satellite image from [12]

The larger blue square (with sides of 296km) represents the area required under the 2050 High case,
while the smaller white square (with sides of 218km) is for the 2050 Low case!!. The square with the
dashed lines represents the entire international fleet in 2050, assuming that carriers and dry bulk vessels
make up 40%, as they did in 2012 [24]. The calculated average annual capacity factor at the indicated
location is about 22% according to the Global Solar Atlas [12], whereas the global average value is about
17% [19].

These areas are relatively small when one considers that it would be provided by arange of renewable
sources (not only solar PV) and the plants would be dispersed around the world to provide green
ammonia capability on a global scale.

" Size is based on calculated consumption values of 4,680 TWh/year (installed capacity of 2.4 TW) for SSP1
and 2,555 TWh/year installed capacity of 1.3 TW) for SSP2 in 2050. An area of 0.032 square kilometres per
MW installed capacity was used [116].
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FIGURE 19:

3. Green ammonia production
process

3.1 Overview of the production process

The most common method of producing ammonia involves producing hydrogen from fossil fuels. It is
possible to incorporate carbon capture and storage equipment to remove most of carbon emissions
from the traditional method, but the technology is still in its infancy at the industrial scale and yet to be
demonstrated to be commercially viable. There are also challenges associated with finding a place to
securely store the CO3 after it is captured.

Green ammonia is manufactured with commercially proven equipment, but it does not involve any
greenhouse gas emissions, using water, air and renewable electricity as the primary inputs, as shown in
Figure 19. The financial aspects of the plant are described in Chapter 6.

Diagram of the green ammonia production process

Oxygen, O,
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Low-carbon
electricity

Green ammonia is
manufactured with
commercially proven
equipment, but it
does not involve any
greenhouse gas
emissions, using
water, air and

renewable electricity

as the primary inputs.

The main difference between the traditional process and the green ammonia process is the method
for producing hydrogen. In the traditional method, hydrogen is ‘reformed’ from carbon-based
feedstocks like natural gas, oil or coal. However, the green ammonia process uses equipment called
electrolysers to separate hydrogen atoms from oxygen atoms within water. Electrolysers are already in
extensive commercial use. The electrolyser plants for green ammonia production are made up of
multiple modular units that can operate low loads and can be stopped or started easily. These
characteristics give them high operational flexibility, which is well suited to renewable electricity with
fluctuating output.

Figure 19 shows that a desalination plant can be incorporated, which is useful for the marine fuel
application because the ammonia plants are likely to be located close to seawater ports. The interested
reader is referred to Appendix B for more technical details.

Nitrogen is usually harvested from air using an air separation unit, which is also an established
technology that is used in the traditional and green ammonia production techniques. Technical details
are also provided in Appendix B.
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The Haber-Bosch process is the most common method for producing ammonia from hydrogen and
nitrogen on an industrial scale and is well understood. It is used in the traditional (fossil-fuelled) and
the green ammonia production processes. The Haber-Bosch process involves an exothermic reaction
(i.e. it creates heat) that works best when it continues uninterrupted, so it is not amenable to frequent
stopping and starting. In a fossil-based ammonia plant, the Haber-Bosch process is designed to
maximise throughput, but it is consequently relatively inflexible to operate at part loads. However, it is
possible to design the Haber-Bosch plant with the ability to operate more flexibly and reduce the load
at times of lower electricity output from intermittent renewable sources.

The Haber-Bosch process only represents about 6% of the electricity demand of a typical green
ammonia plant, while the electrolysers consume about 92%. There is also scope to include energy and
gas storage facilities within the design to provide buffers within the plant to allow the Haber-Bosch
process to operate continuously even if the supply of electricity is intermittent. Therefore, with the
flexibility of the electrolysers and the storage buffers, the electricity supply could drop by more than
92% and the Haber-Bosch process could continue operation near full load.

There are many storage options depending on the types of the low-carbon generation used. For
example, excess energy might be stored (e.g. in batteries or other device) to supplement electricity
supply when output is low. In addition, hydrogen and nitrogen buffer tanks can be used to store the
gases if there are fluctuations or minor interruptions to the gas production processes. The multiplicity
of storage options provides the flexibility to design plants to be financially optimal for the local
conditions.

A conceptual diagram is shown in Figure 20 of the various components in a hypothetical green
ammonia plant.

FIGURE 20:
Conceptual layout of a hypothetical green ammonia plant
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3.2 Low-carbon electricity options

There are many options available for low-carbon electricity generation with the optimal choice of
technology depending on the design of the green ammonia plant and the local conditions (including
weather, topology, proximity to suitable rivers, availability of geothermal resources, etc.). The options
are discussed in Appendix C.

The costs of renewable electricity systems have been falling in recent years, leading to increases in
installed capacity and further reductions in manufacturing cost. This trend is most pronounced for
solar PV, which has been increasing as a share of the electricity mix in countries around the world.

Energy storage technologies can be used in combination with the generation technologies to make
output more consistent and/or predictable by absorbing energy in times of excess and releasing energy
at times of deficit. A good example of an integrated energy storage solution is a concentrated solar plant
where the molten salt, which is heated and used to generate power, can be stored for hours. This allows
the salt to be heated during the day and stored so that it can be used to generate electricity at night.

It is also possible to connect renewable plants to electricity storage equipment like batteries.
Historically, the cost of electricity storage has been relatively high, so adoption at grid scale has been
limited. However, the falling cost of battery systems coupled with the need to balance increased
production from intermittent renewable sources, have led to an increase in adoption in recent years.
This trend is likely to continue.

It is also possible to combine multiple intermittent sources (different technologies and/or
locations) - possibly with storage - so that the combined output is less intermittent. Ultimately, the
optimum solution for each green ammonia plant would depend on the energy resources available
locally.

Power lines can transfer electricity relatively easily and efficiently for up to hundreds of kilometres
from a location that is optimal for generation (e.g. in the desert for solar plants) to the point of use (e.g.
a green ammonia plant located near a seaport).

The availability of zero-climate-impact electricity - taking into account direct and indirect impacts
- is crucial to the development of green ammonia. Ammonia production requires significant amounts
of energy - roughly two units’ worth of energy (electric power) to produce one unit of ammonia.
Therefore, when calculating the lifecycle climate benefits of using green ammonia as a fuel, the
opportunity costs vis a vis the overall low-carbon energy transition, and the resulting potential indirect
emissions, must be considered. These means that, unless itis produced with a stable supply of renewable
electricity that is actually surplus (taking into account the intermittency of wind and solar, the overall
demand for renewable infrastructure, and the overall demand for electricity), using ammonia to power
ships could potentially increase emissions. But if in the future there is sufficient zero-climate-impact
electricity, producing ammonia could generate benefits as a mechanism to store excess electricity
production in a significant way. Moreover, each of these considerations can affect costs.
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4. Vessel propulsion, onboard
storage and emissions

4.1 There are multiple options for ammonia to be used to
propel ships

There are potentially four propulsion options that could use green ammonia as a fuel:
1. Direct combustion in an internal combustion engine.
2. Direct combustion in a gas turbine.
3. Indirectly as a ‘hydrogen carrier’ for a hydrogen fuel cell system.

4. Chemical reaction of ammonia in a solid oxide fuel cell system.

Options 1 and 2 involve direct combustion of ammonia. Combustion of ammonia in internal
combustion engines dates to at least the Second World War, when ammonia was used to fuel buses in
Belgium [41]. However, further development is required before ammonia could be used in modern
engines or turbines, especially at the scale of ship propulsion. As described in Section 4.2, conventional
internal combustion engines need to be modified to operate on ammonia and initially a second support
fuel might be required.

Combustion Engines

The available research on the direct use of ammonia is somewhat limited but the potential is shown by
the commitment of leading engine and turbine manufactures to invest in developing ammonia-fuelled
options [42, 43]. For example, MAN Energy Solutions is working with Kyushu University in Japan to
conduct ammonia combustion tests for the MAN ME-LGIP engine [44]; and Siemens has established
an ammonia production, storage and combustion demonstration facility in Oxfordshire [31]. The
Siemens facility includes a small off-the-shelf engine, which has been demonstrated to operate on
ammonia without any modifications. Siemens staff have reported anecdotally that the engine has
operated successfully on a mix of ammonia and hydrogen, but that the fuel supply system would require
re-design to allow the engine to reach the rated output [45]. These early results are encouraging, but
further research and testing is required to modify larger marine engines to achieve optimal efficiency
on ammonia.

Gas Turbines

Although gas turbines (option 2 in the list above) are well established as prime movers in naval vessels,
the relatively higher costs of the high-quality fuels have traditionally hindered their adoption in civilian
vessels [46]. Gas turbines also generally operate at lower efficiencies than similar reciprocating engines,
meaning that more fuel is required to travel the same distance. Demonstration projects have shown
that it is possible to burn ammonia in a gas turbine together with a support fuel [47] and NASA has
demonstrated a supersonic jet fuelled by ammonia [48]. However, further research and development is
required for a commercially ready ammonia-fuelled turbine for ships. Although it is conceivable that
ammonia-fuelled gas turbines could be suitable for some vessel applications in the future, they are not
considered further in this paper.
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FIGURE 21:

Technology roadmap
This paper focusses on ammonia in combustion engines (Section 4.2) and fuel cells (Section 4.3).

A possible roadmap for development and adoption of these technologies is shown in Figure 21.

Technology roadmap for ammonia propulsion technologies
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Given that the shipping industry is built on the use of large diesel engines, the use of green ammonia-
fuelled modified diesel engines is the most likely initial entry point for green ammonia as a marine fuel
and will need to begin during the 2020s if the decarbonisation timetable is to be achieved. Spark-
ignition engines are also included in the possible roadmap in order to combust ammonia with hydrogen.
During the 2020s, further development is required in the use of green ammonia in fuel cells to allow for
their roll out in the 2030s. With the current state of development, the initial fuel cells will likely be the
proton exchange membrane type, and this may over time give way to solid oxide fuel cells. Having a
staggered multi-technology roadmap also allows to pave the way for supporting green ammonia
infrastructure to be expanded at a suitable rate.

4.2 Ammonia can be used in internal combustion engines that
are common in the maritime sector

The flame characteristics of the combustion of ammonia have implications for the use of ammonia in
engines. As well as a relatively narrow flammability range (15-25%), the flame produced has a relatively
low propagation speed [49]. This means that the combustion conditions are unstable at very low and
high very high engine speeds. To mitigate this instability, and for ignition, it is typically foreseen that
ammonia will be supplemented with a support fuel in a dual-fuel engine.

For conventional large marine 2-stroke compression-ignition engines, this support fuel may be
diesel, biodiesel or a synthetic diesel. Research is also underway investigating using ammonia in spark
ignition engines. The use of a support fuel is also helpful to sustain stable combustion conditions.
Suitable support fuels include carbon-based fuels such as petrol (gasoline), biogas, methanol or
liquefied petroleum gas (LPG) [50] and carbon-free fuels such as hydrogen [51]. Further testing is
required to explore some of the technical challenges and limitations, including on minimising the
proportion of support fuel. However, early-stage testing by Iowa State University [52] has suggested that
100% ammonia combustion could be feasible.
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FIGURE 22:

A schematic diagram of an ammonia combustion engine with a support fuel is shown in Figure 22.
This diagram includes ‘selective catalytic reduction’ as an after treatment system to reduce NOx
emissions from ammonia combustion, similarly to new fossil fuelled vessels in complying with Tier III
requirements of Emission Control Areas. In fact, selective catalytic reduction equipment requires either
ammonia or urea onboard to function, so new vessels operating in these areas would already need
systems and standards to handle and store ammonia or urea anyway (see Section 4.6).

Process diagram of an ammonia combustion engine
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Hydrogen itself can also be used to provide combustion stability as a mixture with ammonia in a
spark ignition engine!'? [47, 53, 45]. Mixtures of approximately 30% hydrogen and 70% ammonia
(by volume) have been reported [45, 54]. However, a separate fuel tank for hydrogen may not be a
necessity because an on-board reformer sited between the ammonia fuel tank and the engine could be
set up to crack a proportion of the ammonia into hydrogen (and nitrogen) to support combustion [49],
as shown in Figure 23. Approximately 5% of the ammonia (in mass terms) would need to be sent to the
cracker [52]. The cracking process itself is relatively simple, but further research and development is
required to calibrate the rate of hydrogen cracking to support stable combustion conditions at variable
engine loads and speeds.

Process diagram of an ammonia combustion engine with hydrogen cracking system
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2 The majority of research undertaken on the use of ammonia has been on spark ignition engines. However,
some limited reporting on the use of compression-ignition engines running on ammonia have also been
described.
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Dual fuel engines are increasingly used in the marine industry. The additional fuel to complement
the conventional liquid HFO/distillate fuel in ships delivered to date has been LNG, methanol, ethane or
LPG. An increasing proportion of new engines installed in the maritime sector are dual fuel-capable,
and the latest engines do not compromise on efficiency when running on alternative fuels [42]. This
provides fuel flexibility to allow for compliance with a range of regulations and has the benefit of reduced
CO2 emissions from using lower-carbon fuels. Such engines are available for a wide range of marine
applications from 5MW to 85MW, covering the full ship size range up to the largest vessels.

Therefore, it is encouraging that MAN, a leading manufacturer of marine engines, is planning to
develop one of its engine models to run on ammonia with efficiencies in the region of 50% [55].
Furthermore, MAN also indicated that up to 3,000 existing engines could be retrofitted to run on
ammonia [42].

MAN anticipates that a relatively short timeframe of 2.5 years would be required to develop and test
its engine for ammonia-firing, which indicates that it is technically achievable to have new and
retrofitted existing vessels with ammonia-fired engines in the 2020s (regulatory matters would need be
considered quickly to avoid holding deployment up). It appears that the LPG storage is anticipated on
deck for tankers and bulkers, which would allow for the accommodation of larger tank sizes for storing
ammonia.

MINI CASE STUDY
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4.3 Ammonia could also be used within a fuel cell system

A fuel cell system could be used to generate the power on the vessel rather than a conventional engine.
Fuel cells offer advantages over combustion engines of:

« The potential for higher efficiencies.
e Quieter and vibration-free operation.
« Negligible pollutant emissions.

Ammonia can be used directly in some fuel cell types, or hydrogen can be split from ammonia and
used in other types of fuel cell.

The fuel cells most widely developed use highly purified hydrogen as a fuel in proton-exchange
membrane fuel cells or polymer electrolyte membrane fuel cells (PEMFC) [56]. However, as discussed
earlier, hydrogen has drawbacks when needing to be transported on a ship: low volumetric density and
the need for cryogenics.

This is where ammonia can offer advantages as a hydrogen carrier. Ammonia is a promising
hydrogen carrier due to its high hydrogen density and ease ofliquefaction [57]. To store the same energy
as a quantity of liquid hydrogen, ammonia takes up 46% less space because the stronger nitrogen-
hydrogen bonds make it denser.

Ammonia can be used as a hydrogen carrier for hydrogen fuel cells
Hydrogen fuel cells are a mature technology that are already being tested in the shipping industry
(58, 59]. An onboard plant would be necessary to crack the hydrogen from the nitrogen of the ammonia
before use in a hydrogen fuel cell. The fuel cells identified as most promising for the maritime sector are
proton exchange membrane fuel cells and solid oxide fuel cells [60]. For use in a proton exchange
membrane fuel cell, hydrogen treatment equipment would be necessary onboard to reach the high
purity levels required. This would involve additional costs as well as larger mass, volume and energy
demand onboard. However, solid oxide fuel cells are earlier in the development cycle and can also be
fed by ammonia directly, as described below.

Ammonia can be used directly in some fuel cells

Fuel cell systems operating on ammonia directly, instead of separating the hydrogen first, could offer
higher efficiencies. This is because it would avoid the need for hydrogen cracking equipment [61]. The
proton-exchange membrane fuel cells that are suitable for hydrogen as a fuel are not suitable for using
ammonia directly. However, there are alternative fuel cell technologies available; the most promising
option for ammonia is solid oxide fuel cells.

The high temperatures within solid oxide fuel cells (up to 1,000°C) encourage the rapid decomposition
of the ammonia into hydrogen and nitrogen at a rate high enough to provide performance similar to
hydrogen fuel cells [62]. Solid oxide fuel cells hold much promise for the future, but research and
development is needed in the next few years before they can be rolled-out at scale. Areas of attention
include optimisation of operation and determining suitable materials to handle the thermal stresses
and so increase the system lifetime [63].

4.4 Onboard storage and handling of ammonia

Transportation and storage of ammonia is established primarily through existing industrial applications.
Ammonia is generally transported in its liquid state to avoid undetectable leakage and to occupy less
volume. There are two methods to storing ammonia and maintaining its liquid form. The first is to store
it in pressurised containers at a minimum pressure of 1.72MPa (17.2 bar). The second is to cool it to
-33°C at atmospheric pressure [64]. The most suitable solution (refrigerated vs pressurised vs semi-
refrigerated) for onboard ammonia fuel storage tanks is still to be determined.
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Ammonia is compatible with many common materials including carbon and stainless steels (in
liquid and anhydrous!? states). This means that most standard pipes, fittings and valves can be used
with ammonia [65]. However, ammonia corrodes copper, brass and zinc containing alloys [32] as well
as natural rubber and some plastics.

Existing bulk ammonia transport vessels are designed to be explosion proof and have pressure relief
valves [66]. They are designed according to the prescribed requirements of the 2014 International Code
for the Construction and Equipment of Ships Carrying Liquefied Gases in Bulk (IGC Code). While the
storage of ammonia represents a cost increase from storage of conventional liquid fossil fuels such as gas
oil, it is not a burdensome requirement when compared with cryogenic storage of hydrogen.

As ammonia gas is toxic and harmful to human health (see Section 5.1), gas detection systems are
required around the vessel near any ammonia fluid handling equipment that have a significant leak
probability. Sensors need to be positioned at human breathing height or directly above the potential
sources of leakage because ammonia is lighter than air [67]. Ammonia handlers must wear the
appropriate chemically resistant protective clothing. Eye cleaning stations and safety showers should
be provided within the vicinity of the onboard storage units [68].

As a matter of course for compliance with Tier IIT NOx standards in NOx ECAs, many vessels built from
2021 may use selective catalytic reduction (SCR) systems to control NOx. SCR systems rely on ammonia to
reduce the NOx to form nitrogen and water in the presence of a catalyst. Therefore, these vessels and their
crews will already be set up for the safe storage and handling of ammonia or urea onboard.

FIGURE 24:
Ammonia can be
safely used on
board ships
using
established
materials and
safety processes

-

4.5 Green ammonia can deliver at least a 95% reduction in
lifecycle greenhouse gas emissions
Ammonia does not contain carbon, so it produces zero CO2 emissions at the point of use (similarly for
the other zero-GHG-emitting marine propulsion options of renewable energy-derived hydrogen and
batteries). Other greenhouse gases are not a concern - neither methane nor nitrous oxide (N20).14
Analysis from a lifecycle perspective is the most rigorous approach to comparing greenhouse gas
emissions of green ammonia with conventional fossil fuels (i.e. taking into account the emissions associated
with the production and transport of the fuel as well as its consumption). On its own, the use of green
ammonia (or renewably produced hydrogen) is reported to offer nearly a 95% reduction in lifecycle
greenhouse gas emissions compared with HFO, desulphurised HFO or marine distillates [69]. With the
appropriate renewable-powered operations during the production, transport, storage and refuelling stages
prior to use in the ship, the lifecycle greenhouse gas emissions of green ammonia ought to approach zero.

13 As a gas at atmospheric pressure and ambient temperature, it is referred to as ‘anhydrous ammonia’.
14 No monitored evidence has been identified to suggest that NoO emissions would be higher than from
conventional diesel engines. In fact, some theoretical results suggest N2O emissions from ammonia
combustion would be expected to be lower than from combustion of fossil fuels [54].
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As identified in Section 4.1 and Figure 21, the most likely initial step in the use of ammonia fuel will
be in conventional diesel engines together with a supporting fuel, which could contain carbon.
Therefore, the greenhouse gas emission reductions from the use of ammonia in diesel engines in
combination with another fuel will have the greenhouse gas emissions associated with that fuel. The
options for operating slow speed diesel compression-ignition engines with ammonia together with
other fuels include HFO and distillates (MDO/MGO). It has been shown that the power density and
efficiency of engines operating on a mix of ammonia and diesel (where diesel provides less than 5% of
the total fuel energy) are similar to those of pure-diesel operation [70]. MAN Energy Systems confirmed
that it expects after development, ammonia-firing in its dual-fuel LPIG engine will match the
performance on 100% diesel [43].

A likely parallel development pathway sees ammonia combusted in spark-ignition engines together
with hydrogen (e.g. cracked from ammonia) [51, 71], LPG or petrol for example.

The proportion of support fuel in the mix will affect the direct greenhouse gas saving offered by
ammonia. For example, a mixture of 50% HFO and 50% ammonia will offer a saving of 47.5% in
greenhouse gas emissions from running solely on HFO (based on the 95% saving quoted above). And a
mixture of 5% marine distillate pilot fuel and 95% ammonia would offer 90% greenhouse gas emission
savings compared to running solely on marine distillates. Tests conducted at Iowa State University on a
diesel engine rig with ammonia injection achieved stable engine power output with a 5% diesel support
fuel [72].

4.6 Ammonia use leads to significant reductions in air
pollutants

The exhaust pollutants from ships combusting fossil fuels impact on human health and on the
environment apart from greenhouse gas impacts. Pollutants of particular concern from the combustion
of fossil fuels are SO2, NOx, particulate matter, as well as toxic heavy metals, hydrocarbons and polycyclic
aromatic hydrocarbons (PAHs) which (together with unburnt fuel) manifest as particulate matter. The
impacts can have effects locally (e.g. in ports) and regionally as air pollution is blown in-land by the
wind. Chemical reactions in the atmosphere involving pollutants such as NOx and SO- (as well as NH3
from other sources) lead to the formation of components of secondary inorganic particulate matter,
thus increasing the overall contribution to particulate matter at a regional level. At a very local level,
emissions of pollutants can have direct health impacts on the ships’ crew and passengers (if applicable)
through either workplace exposure or on the upper-deck downwind of the funnel on passenger vessels.

Combustion of ammonia in engines eliminates most of these toxic pollutants. Sulphur dioxide,
carbon monoxide, heavy metals, hydrocarbons and PAHs should be eliminated completely and
particulate matter should drop substantially. The use of ammonia in fuel cells eliminates these further
by avoiding combustion products altogether. Unintentional releases of ammonia (as leaks or unburned
ammonia) would need to be avoided because ammonia is an aerosol precursor which contributes to
particulate matter concentrations.

A key air quality pollutant that is not eliminated when combusting ammonia is NOx. Control
methods for reducing NOx emissions are already widely in place in land-based industrial installations
and in the transport sector. One of the most prevalent techniques is SCR technology, which is an end-
of-exhaust pipe technique that uses ammonia as a reductant to reduce the NOx to nitrogen and water
vapour in the presence of a catalyst [73]. Urea is often used as the dosing reagent (forming ammonia
when heating with exhaust gases), but ammonia would already be present on the ship in the case of an
ammonia-fuelled ship. While the IMO’s Tier II requirements on NOx emissions from new marine
engines produced since 2010 do not need SCR to be fitted to meet the limits, the IMO Tier III
requirements that are applicable in designated NOx Emission Control Areas (such as the North Sea and
English Channel and Baltic Sea from 2021) would need SCR or other similar NOx-controlling techniques
or lower-NOx fuels to meet them. Therefore, there are likely to be plans for fitting SCR equipment to new
vessels produced from 2021 that are going to be sailing in NOx Emission Control Areas. N2O emissions
can also be generated by SCR systems, so the calibration of SCR systems to minimise N20 emissions will
be important to avoid greenhouse gas penalties [74].
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Releases of gaseous ammonia (e.g. leaks, or incomplete combustion) directly into the air would
contribute to acid deposition and eutrophication, which in turn, can lead to potential changes occurring
in soil and water quality. It would be expected that any emissions of unburnt NH3 should be possible to
minimise through correct engine calibration and controlled combustion conditions by the
manufacturers, or through the use of ammonia slip catalysts that are already well developed for land-
based and road transport-based SCR solutions. Further research is required into the combustion
products of ammonia from well-calibrated engines designed to burn ammonia.

In addition to not producing greenhouse gases, ammonia does not contain any sulphur. This means,
compared with the conventional fossil fuel options used by the marine industry (HFO and distillates), the
use of ammonia would inherently comply with the IMO’s fuel sulphur content standards.

The particulate matter emissions from the combustion of fossil fuels comprise unburnt fuel, sulphate
and nitrate particles. Combustion of ammonia should decrease emissions of particulate matter
compared to conventional liquid fuels due to the lack of metals, sulphur and other impurities but these
would not be eliminated completely - some particles of unburned fuel would remain. The NOx
emissions may form secondary nitrate aerosols in the atmosphere, and potentially also ammonium
nitrate. Further analysis is required on the particle size fraction distribution from combustion of
ammonia. LNG for example leads to lower total particulate emissions than conventional marine fuels,
but a higher quantity of ultrafine particles [75] and methane is a precursor to ozone in the troposphere,
a harmful local pollutant. Table 2 provides a summary of the air pollutant impacts of ammonia when
combusted in engines.

TABLE 2:
Summary of air pollutants from combustion of ammonia compared to other marine

fuels

Heavy fuel oil (HFO), Liquefied natural gas Ammonia
Pollutant Marine gas oil (MGO) (LNG) (combusted in engines)

SOz and metals Not present Not present
Carbon monoxide and .
hydrocarbons Present or increased Not present

Needs SCR for Emission Meets Emission Control Needs SCR for Emission
Control Area Area without SCR Control Area

Direct particulate

Ammonia (NH3) V";E‘ﬁ glg)Rcatalyst LI Not present NHs3 slip catalyst required

B Best performing [ Acceptable [l Problematic

Sources: [52, 76, 77]
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5. Ammonia’s risk profile and
transport options

5.1 The safety risks associated with ammonia are well
understood and manageable

Anhydrous ammonia is a colourless but pungent inorganic gas at atmospheric pressure and ambient
temperature. Except in particularly humid environments, it is lighter than air and so will rise if released.
It readily dissolves in water to form ammonium hydroxide [78]. Its boiling point is -33°C, and hence it
can be stored as a liquid below this temperature at atmospheric pressure; the liquid is not considered to
be cryogenic but can still cause frostbite if applied to the skin.

From a flammability perspective, ammonia is safer than other fuels - it is not very flammable, having
a slow flame speed and narrow flammability range in air of between 15% and 25%. Under the European
Regulation (EC) No 1272/2008 on classification, labelling and packaging of substances and mixtures
(Classification Labelling and Packaging Regulation), liquid anhydrous ammonia is classified as a
category 2 flammable gas [79] and under the US system for identifying materials’ hazards (NFPA704) as
flammability category 1 (‘non-flammable gas’: must be preheated before ignition can occur) [80]. This
means that ammonia does not require a hazard pictogram for flammability, whereas flammable gases
(e.g. LNG) and liquid fossil fuels (e.g. HFO and MGO) do require one.

However, ammonia is corrosive and toxic via inhalation with a classification under the European
Union’s Classification Labelling and Packaging Regulation of Acute Toxicity 3 (with 1 being the highest
level of risk). This corrosive effect can cause severe skin burns and eye damage as well as acute
respiratory symptoms. Consequently, the ammonia industry has well-specified safety processes to
avoid exposure. In the United Kingdom, for example, workplace exposure limits for ammonia are 25
parts per million (ppm) over 8 hours, and 35ppm over 15 minutes [81]. Areas where workers are
regularly carrying out activities need to be monitored to ensure that these limits are not exceeded. The
immediately dangerous to life and health level for ammonia is 300ppm [82], which is substantially
lower than the lower explosive limit (150,000ppm). However, its odour can be detected by humans at
concentrations below 1.5ppm, significantly lower than concentrations that produce eye, nose or throat
irritation. Although ammonia has a strong odour, it should not be detectable unless there is a leak.

Personal protective equipment is required for personnel who are directly handling ammonia: a gas-
tight suit and self-contained breathing apparatus [83]. Additionally, for handling refrigerated ammonia,
thermal protection may also be necessary. In low hazard areas, as a precaution, ammonia can be
filtered from the air using a mask. An appropriate minimum level of protection can be achieved by
wearing chemical protective splash suits, boots, protective goggles and gloves. As ammonia is water-
soluble, decontamination of equipment and personnel can be carried out using water. In the event of a
release, water curtains can also be used to ‘knock down’ ammonia vapour.

As with all gases stored as liquids, there is also a risk of gas expansion: in the event of a release of
liquid ammonia, a large volume of air could quickly be displaced by expanding ammonia gas,
particularly in confined spaces.

In marine environments, a release of liquefied ammonia would float on the water surface, rapidly
dissolving into the water body as ammonium hydroxide, and at the same time releasing gaseous
ammonia. In dry air, the gaseous ammonia would evaporate upwards and be dispersed by the prevailing
wind conditions, with impacts on local populations (human, plant, animal) due to its toxicity varying
based on the quantities released. The toxic hazard at ground level will be smaller at lower wind speeds.
For aquatic life, the potential impacts will vary according to the water temperature, pH and salinity.
Spills would lead to mortality for aquatic life, and the extent of the range affected would depend on the
quantities released.
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Appendix A provides a summary of hazards associated with ammonia and compares them with
other current and future marine fuels (with summary using the US NFPA system, and specific hazards
classification according to EU Regulation 1272/2008 as amended).

A pathway for developing rules and regulations governing new marine fuels is well established and
has been demonstrated by recent development of rules for methanol and ethanol:

¢ 2013: DNV-GL: Tentative Rules for Low Flashpoint Liquid Fuelled Ship Installations.
« 2016: Lloyd’s Register: Provisional Rules for the Classification of Methanol Fuelled Ships.

* 2018: IGF Code - International Code of Safety for Ships Using Gases or Other Low Flashpoint Fuels
(draft interim guidelines).

A similar pathway would be followed for ammonia and has already been started. In an interview
[43], a representative of MAN Energy Solutions said that MAN is already working with DNV-GL and
Navigator Gas on an early-stage risk assessment to use ammonia as a maritime fuel.

5.2 There are established methods of transporting ammonia
on water and on land

There are many different options for transporting ammonia, considering that it can be transported as a
liquid or a gas, depending on the volume and distance. LPG vessels are generally used for maritime
transport of bulk ammonia [84, 85], as shown in Figure 25.

Vessels with pressurised tanks are typically used for small scale applications up to about 3,000
tonnes of ammonia. Pressurised storage involves higher up-front cost, but lower operating costs than
refrigerated tanks. Refrigerated tanks become more economical at larger storage volumes [87]. Semi-
refrigeration provides an intermediate solution for medium sized vessels around the 3,000 tonne mark,
where a combination of pressure and cooling is used [88]. Thus, for the quantities to be transported as
amarine fuel, refrigeration is the most likely option. Barges can also be used to transport large volumes
of ammonia along inland waterways [86].

FIGURE 25:
LPG carriers can be used to transport ammonia in bulk

m SAILING ON SOLAR



Similarly, as shown in Figure 26, there are multiple options for transporting liquid ammonia on land.

For land transport, individual tanks are smaller than for vessels, so liquid ammonia is generally

transported as a pressurised liquid rather than refrigerated. Similarly, for pipelines, pressurisation is

preferred to avoid the need for excessive insulation. However, if the transport option involves the use of

fuels that emit greenhouse gases, then this would increase the lifecycle emissions of green ammonia.

FIGURE 26:
Options for transporting ammo

nia on land
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6. Estimated level of investment

6.1 Green ammonia is a great investment opportunity in
sustainable infrastructure

The cost of building a green ammonia plant with a capacity of 700 tonnes per day (tpd)'® was estimated
to be between USD620 and USD791 million. This excludes the cost of the renewable energy facilities
required to supply the green ammonia plant with electricity'®. A 700 tpd plant is approximately
equivalent in energy terms to the daily fuel consumption of 4 post-Panamax size vessels.

Figure 27 provides a breakdown of the capital cost contributions for each part of the green ammonia
plant. The electrolyser plant represents 60% of the overall capital costs. The values used in this analysis
are for multiple modular alkaline electrolysers obtained from an industry survey [91]. However, a
feasibility study by Morgan [92] suggests that there is potential to combine and share elements of the
electrolyser common plant, which could reduce capital costs. Morgan estimated that theoretical capital
costsavings of up to 50% for the electrolyser plant could be achieved in this way. There is also opportunity
to design the ammonia synthesis (Haber-Bosch) process to capitalise on economies of scale. Further
investigation is required to examine the potential for further capital cost reductions.

FIGURE 27:
Proportion of capital costs for a green ammonia plant

® Electrolyser plant
® Ammonia synthesis

= Desalination plant

= Air separation plant

= Storage facilities

The references provide differing views about whether the costs of components are likely to fall in the
future. Since the plant is comprised of well-established technologies manufactured primarily from
commonly available materials, itis unlikely that the prices of individual components will fall significantly
in the future. However, as the industry designs, builds and operates more plants at this scale, it is likely
that increases in efficiency will be achieved through innovation and improvements in process design.

15 This chapter provides an initial partial analysis of the investment required to realise some of the vision of
this paper. A fuller assessment would be required for definitive figures. See Appendix E for details about
methodology and input assumptions for the financial analysis.

16 As noted in the Morocco case study, the renewable plants make up between 70% and 80% of the total
investment value (i.e. the capital cost of the green ammonia plant plus the capital cost of the renewable
energy plants), depending on the technology mix and future costs.
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FIGURE 28:

The graphs in Figure 28 show the range of aggregate investment potential under the High case and
Low case development scenarios for the 2050 fleet (see Section 2.5 for an explanation of the scenarios).
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The assumptions for the costs of renewable energy plants (included in the investment values in
Figure 28) are described in Appendix E, which are made up of 40% solar PV, 40% onshore wind, 10%
concentrated solar and 10% offshore wind. With these assumptions, the renewable plants make up
approximately three quarters of the total investment cost in both scenarios.

Figure 28 shows the wide range of potential investment value, depending on the development of
international trade between now and 2050 and the adoption rate of green ammonia. The graphs indicate
that a total investment value of up to 6 trillion United States dollars would be required in green ammonia
plants and associated renewable energy plants around the world to decarbonise the international
container vessel and non-coal dry bulk carrier fleets between now and 2050.

6.2 Adoption of green ammonia will require coordinated policy
and regulatory incentives

The financial analysis used the cash flow for the construction and operation of the hypothetical 700 tpd
plant to generate ‘levelised cost of ammonia’ (LCOA) estimates. The levelised cost methodology, which
is commonly used for infrastructure projects, calculates the net present value to give the discounted
cost per unit of ammonia produced based on the construction costs (capital costs) and the costs of
operation and maintenance. Therefore, the LCOA indicates the price of ammonia required for the plant
to break-even financially over its lifetime. Consequently, it can be used as a proxy for the price of
ammonia and compared against the prices of other fuels in the market.

The results of the LCOA analysis with a discount rate of 7.5% are presented in Figure 29.
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FIGURE 29:
Levelised cost
of ammonia
compared with
other marine
fuels!”

To encourage early
adopters, a
mechanism should
be developed to
incentivise the
development and
deployment of zero
carbon fuels and
avoid inadvertently
penalising early
adopters. This has
been done
successfully in other
sectors that have
embraced
greenhouse-gas free
technologies that
were initially more

expensive than

traditional fossil fuels.

)]
o

40
2 =
& e
E 30
a
%)
=20 .
o B
0
LCOA- LCOA- LCOA- MGO price LNG price MGO price LNG price
Morocco Onshore  Dubai range range range range
solar  wind 2019 solar 2018 2014-18 2014-18 2020 2020

Three cases were considered for the LCOA calculation to investigate the effect of electricity price on the
results (potential costs of using the network and costs associated with mitigating indirect effects were
not considered):

1.Calculated with an electricity price equal to the tariff awarded to the Noor PV 1 project in Morocco
in 2016 (USD43.20/MWh) [93] with a 10% reduction to account for reductions in solar PV prices
since then. The plant started production in 2018.

2.Calculated with an electricity price equal to the levelised cost of electricity for onshore wind in 2018
published by Lazard (USD29/MWHh) [94].

3.Calculated with an electricity price equal to USD24/MWh in 2018, which is the tariff for the
Mohammed bin Rashid Maktoum Solar Park in Dubai (the lowest published tariff for solar PV) [95].

Four other reference prices are given for comparison:
1. The historical price range of marine gas oil between 2014 and 2018 [96].
2.The historical price range of liquefied natural gas between 2014 and 2018 [96]'8.

3.Predicted price of marine gas oil in 2020 based on an average of estimates by EnSys and Navigant
[97] and CE Delft [98] and a + 30% range added.

4.Predicted price of marine gas oil in 2020 based on UMAS estimates in 2018 [27] with a + 30%
range added.

Figure 29 indicates that, initially at least, green ammonia would not be able to compete directly with
fossil fuels if the social costs of greenhouse gas emissions are not internalised. To encourage early adopters,
a mechanism should be developed to incentivise the development and deployment of zero carbon fuels
and avoid inadvertently penalising early adopters. This has been done successfully in other sectors that
have embraced greenhouse-gas free technologies that were initially more expensive than traditional fossil
fuels. Examples include renewable electricity generation, where various policy support mechanisms
encouraged technologies such as solar and wind to enter the market. There are now established global
markets for solar PV and onshore wind technologies, which has reduced costs significantly in recent years
such that they are now competitive with fossil fuel alternatives in some jurisdictions [99].

Furthermore, the LCOA results summarised in Figure 29 indicate that the price of ammonia is
relatively sensitive to electricity prices. The cost of electricity represents 45%, 30% and 25% of the total
levelised cost for the Moroccan solar, onshore wind and Dubai solar cases respectively. Therefore the
cost of producing green ammonia will reduce as the price of renewable electricity continues to decrease
in the coming years in accordance with recent trends and expectations of the electricity industry.

7 The ammonia costs might be higher if batteries are added to balance the intermittency of renewables.
8 An additional USD6 per million British thermal units (mmBTU) was added for liquefaction, storage and onboard gasification.
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7. Conclusions

Of the fuels available to decarbonise the maritime transport sector, green ammonia is one of the most
technically feasible in the short term. The financial analysis indicates that for green ammonia to be able
to compete with MGO, LNG and other fossil fuels on a financial basis the externalities associated with
these fuels in terms of greenhouse gas emissions and local air pollution would need to internalised.
Even then, for the early stages of deployment, policies to incentivise deployment will be required to
underpin investment. These may be justified for a number of reasons, not least their contribution to
development in poorer regions. Policy options to bring forward investment need to be discussed as a
matter of urgency so that they can be implemented within the timescales required to achieve the IMO’s
decarbonisation targets.

The immediate focus should be on establishing policy that will drive the uptake of fuels that have
zero climate impact on a lifecycle basis, taking into account consequences for direct and indirect
emissions. Green ammonia should be considered in that fuel mix. Such policies should include
regulatory requirements for the safety and environmental effectiveness of these fuels.

Internal combustion engines are being further developed so that they are optimised for use with
ammonia, achieving acceptable efficiency levels. This should be further encouraged.

Although adoption in the 2020s will be driven by internal combustion engines, significantinvestment
should be directed towards solid oxide fuel cell technologies with the aim of using them for vessel
propulsion from the 2030s onwards.

Likewise, planning and preparation should begin immediately for the development of infrastructure
to produce zero-climate-impact fuels, which could include green ammonia plants in locations with as
yetuntapped and surplus renewable power and water supplies, preferably near ports that could provide
bunkering facilities. The plants should be designed with the aim of optimising equipment to capitalise
on economies of scale and operate effectively with electricity supplied by renewable sources. Other
areas identified for further research and development are summarised in Appendix E.

Green ammonia has the potential to be a vital part of the International Maritime Organization’s
strategy to meet and even exceed its decarbonisation targets. Moreover, demand from shipping could
unlock investment in the supply chain for low carbon fuels such as green ammonia, and that supply
chain investment can in turn help unleash greater investment in low-carbon industry and renewable
electricity. Thisrepresents a unique opportunity for sustainable economic development and distribution
of bunkering infrastructure.
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Abbreviations

AEM
CO2
GHG
HFO
MO
IPCC
km
LCOA
LNG
LPG
MGO
mmBTU
MW
N20
NOx
PAH
PEMFC
PEM
PV
SCR
SOx
SSP
TEU
tpd
TWh
UNFCCC
USD

Anion exchange membrane

Carbon dioxide

Greenhouse gas

Heavy fuel oil

International Maritime Organization
Intergovernmental Panel on Climate Change
Kilometres

Levelised cost of ammonia

Liquefied natural gas

Liquefied petroleum gas

Marine gas oil

British thermal units

Megawatts

Nitrous oxide

Nitrogen oxides

Polycyclic aromatic hydrocarbons
Polymer electrolyte membrane fuel cells
Proton exchange membrane
Photovoltaic

Selective catalytic reduction

Sulphur oxides

Shared socioeconomic pathways
Twenty-foot equivalent units

Tonnes per day

Terawatt-hours

United Nations Framework Convention on Climate Change
United States dollar

SAILING ON SOLAR



References

(10]

[11]

(12]

[13]

[14]

(15]

[16]

(17]

18]

[19]

[20]

21]

[22]

UNCTAD, “Container port throughput, annual, 2010-2017,” United Nations Conference on Trade
and Development, Geneva, 2019.

Ministere de 'Equipement et des Transports, “La stratégie portuaire nationale a I'horizon 2030,
Government of Morocco, Casablanca, 2011.

Agence Nationale des Ports, “Activite Portuaire 2017,” ANP, Casablanca, 2018.

TMSA, “Rapport Annuel 2017, Tanger Med Special Agency, Tanger, 2018.

Lloyd’s List, “On Hundred Ports 2018,” Informa plc, 2018.

N. Khatib, A. Guardo, S. D’Ovidio and A. Rovzar, “Country Profile: Morocco 2018, Renewable
Energy Solutions for the Mediterranean, Rome, 2018.

R. Gupta and H. Shankar, “Energy Overview of Morocco,” Global Energy Observatory, [Online].
Available: http://GlobalEnergyObservatory.org. [Accessed 12 March 2019].

Global Enery Observatory, “Global Power Plant Database,” Google, KTH Royal Institute of
Technology in Stockholm, Enipedia, World Resources Institute, 2018. [Online]. Available: http://
datasets.wri.org/dataset/globalpowerplantdatabase. [Accessed 12 March 2019].

Masen, “RNE Projects Map,” Masen, 2017. [Online]. Available: http://www.masen.ma/en/projets/.
[Accessed 12 March 2019].

DTU, “Global Wind Atlas 2.0,” Owned and operated by the Technical University of Denmark in
partnership with the World Bank Group, utilizing data provided by Vortex, with funding provided
by the Energy Sector Management Assistance Program (ESMAP), 2018. [Online]. Available: http://
global windatlas.info. [Accessed 13 March 2019].

M. Yaneva, “OVERVIEW - Morocco to add 2.5 GW renewables in 2021-2025,” Renewables Now, 23
November 2015. [Online]. Available: https://renewablesnow.com/news/overview-morocco-to-
add-2-5-gw-renewables-in-2021-2025-502690/. [Accessed 22 March 2019].

World Bank, “Global Solar Atlas,” Owned by the World Bank Group and provided by Solargis, 2016.
[Online]. Available: https://globalsolaratlas.info. [Accessed 13 March 2019].

Ministry of Energy, Mines, and Sustainable Development, “National Energy Strategy,” Kingdom of
Morocco, Marrakesh, 2009.

Wikipedia contributors, “Mining industry of Morocco.,” In Wikipedia, The Free Encyclopedia., 26
December 2017. [Online]. Available: https://en.wikipedia.org/w/index.php?title=Mining
industry_of_Morocco&oldid=817109308. [Accessed 15 March 2019].

Wikipedia contributors, “OCP Group,” In Wikipedia, The Free Encyclopedia, 4 November 2018.
[Online]. Available: https://en.wikipedia.org/w/index.php?title=OCP_Group&oldid=868802116.
[Accessed 15 March 2019].

T. Brown, Interviewee, Emailed comments about Morocco’s ammonia consumption from
Ammonialndustry.com. [Interview]. 21 March 2019.

Intecsa Industrial, “Ammonia storage and distribution unit,” 2016. [Online]. Available: http://
www.intecsaindustrial.com/industrial-services/ammonia-storage-and-distribution-unit/.
[Accessed 15 March 2019].

S. Hermann, A. Miketa and N. Fichaux, “Estimating the Renewable Energy Potential in Africa,
IRENA-KTH working paper,” International Renewable Energy Agency, Abu Dhabi, 2014.

IRENA, “Renewable Electricity Capacity and Generation Statistics, June 2018,” 2018. [Online].
Available: http://resourceirena.irena.org/gateway/dashboard/index. [Accessed 8 April 2019].
IPCC, “Global Warming of 1.5°C. An IPCC Special Report on the impacts of global warming of
1.5°C above pre-industrial levels and related global greenhouse gas emission pathways, in the
context of strengthening the global response to the threat of climate change,” World Meteorological
Organization, Geneva, 2018.

PBL Netherlands Environmental Assessment Agency, “Emission Database for Global Atmospheric
Research (EDGAR) release version 4.3.2,” European Commission, Joint Research Centre (JRC), 2016.
N. Olmer, B. Comer, B. Roy, X. Mao and D. Rutherford, “Greenhouse Gas Emissions from Global
Shipping, 2013-2015,” International Council on Clean Transportation, Washington D.C., 2017.

Environmental Defense Fund / edf.org



(23]
[24]

[25]
26]

(27]

28]

[29]

(30]

31]
[32]

(33]

[34]

[35]

(36]

(37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

IMO, Initial IMO Strategy on Reduction of GHG Emissions from Ships, London: International
Maritime Organisation, 2018.

IMO, “Third IMO Greenhouse Gas Study 2014,” International Maritime Organization, London, 2015.
Lloyd’s Register, “Zero-Emission Vessels: Transition Pathways,” Lloyd’s Register, London, 2019.

S. ], P. Balcombe, P. Blomerus, M. Stettler, N. Brandon and A. Hawkes, “Can natural gas reduce
emissions from transport? Heavy goods vehicles and shipping,” Sustainable Gas Institute, Imperial
College London, 2019.

D. Baresic, S. T., K. Raucci, C. Rehmatulla, N. Narula and I. Rojon, “LNG as a marine fuel in the EU:
Market, bunkering infrastructure investments and risks in the context of GHG reductions,” UMAS,
London, 2018.

ICS, “Reducing CO2 Emissions to Zero: The ‘Paris Agreement for Shipping,” Marisec, International
Chamber of Shipping, London, 2018.

Department for Transport, “Clean Maritime Plan Workshop,” in Clean Maritime Plan Workshop 11
March 2019, London, 2019.

Yara International ASA, “Yara and ENGIE to test green hydrogen technology in fertilizer
production,” 13 February 2019. [Online]. Available: https://www.yara.com/news-and-media/
news/archive/2019/yara-and-engie-to-test-green-hydrogen-technology-in-fertilizer-
production/. [Accessed 25 March 2019].

E. Simon, “Green Ammonia,” Siemens, Denver, 2017.

A.Valera-Medina, H. Xiao, M. Owen-Jones, W. David and P. Bowen, “Ammonia for power,” Progress
in Energy and Combustion Science, vol. 69, pp. 63-102, 2018.

Committee on Climate Change, “Hydrogen in a low-carbon economy,” Committee on Climate
Change, London, 2018.

N. de Vries, “Ammonia: a new way of fuelling the marine industry,” Cruise & Ferry, 23 April 2018.
[Online]. Available: http://www.cruiseandferry.net/articles/ammonia-a-new-way-of-fuelling-
the-marine-industry. [Accessed 19 March 2019].

C. Bronsdon, “Ammonia as a fuel for shipping,” in Department for Transport Science Advisory
Council Meeting on Maritime Emissions, 6 December 2018, London, 2018.

A. A. Wright and T. S. Wilson, “Flashpoint of Marine Distillate Oil Fuels,” Lloyd’s Register FOBAS,
2012.

International Fertilizer Association, “IDASTAT: Nitrogen Products: Ammonia Production & Trade
by Region,” 2018. [Online]. Available: https://www.ifastat.org/supply/Nitrogen%20Products/
Ammonia. [Accessed 25 March 2019].

T. Brown, “Ammonia production causes 1% of total global GHG emissions,” 26 April 2016. [Online].
Available: https://ammoniaindustry.com/ammonia-production-causes-1-percent-of-total-
global-ghg-emissions/. [Accessed 21 February 2019].

E. Kriegler, B. O'Neill, S. Hallegatte, T. Kram, R. Lempert, R. Moss and T. Wilbanks, “The need for
and use of socioeconomic scenarios for climate change analysis: a new approach based on shared
socioeconomic pathways,” Global Environmental Change, vol. 22, no. 4, pp. 807-822, 2012.

IEA, “World Bank - Electric power consumption (kWh per capita),” 2014. [Online]. Available:
www.iea.org/statistics accessed through https://data.worldbank.org/indicator/EG.USE.ELEC.
KH.PC?locations=EU&page=2. [Accessed 14 April 2019].

E. Ali Brohi, “Ammonia as fuel for internal combustion engines,” Masters Thesis, Chalmers
University of Technology, Gothenberg, 2014.

R. Laursen, “Ship operation using LPG and ammonia as fuel on MAN B&W dual fuel ME-LGIP
engines,” in NH3 Fuel Conference, Pittsburgh, 2018.

R. Laursen, Interviewee, Interview with representative from MAN Energy Solutions Two-Stroke Engine
Division on development of the ME-LGI engine for ammonia-firing. [Interview]. 22 March 2019.

G. Lipsith, “Ammonia emerges as clean fuel candidate,” MPropulsion, 6 February 2019. [Online].
Available: https://www.mpropulsion.com/news/view,ammonia-emerges-as-clean-fuel-
candidate_56726.htm. [Accessed 25 March 2019].

I. Wilkinson, Interviewee, Discussion with Siemens about ammonia demonstration facility in
Oxfordshire. [Interview]. 21 March 2019.

SAILING ON SOLAR



[46]

[47]

[48]

[49]

[50]

[51]

(52]

53]

(54]

[55]

(56]

[57]

(58]

[59]

[60]

[61]

62]

(63]

[64]

[65]

(66]
[67]

[68]

The Motorship, “Gas turbines ready for merchant sector revival,” Mercator Media, 11 November
2013. [Online]. Available: https://www.motorship.com/news101/engines-and-propulsion/gas-
turbines-ready-for-merchant-sector-revival. [Accessed 4 March 2019].

A. Valera-Medina, S. Morris, J. Runyon, D. Pugh, R. Marsh, P. Beasley and T. Highes, “Ammonia,
Methane and Hydrogen for Gas Turbines,” Energy Procedia, vol. 75, pp. 118-123, 2015.

R. Seaman and G. Huson, “The Choice of NH3 to Fuel the X-15 Rocket Plane,” in 8th NH3 Fuel
Association Conference, Portland, OR, 2011.

S. Crolius, “Ammonia-Powered Internal Combustion Engines,” Ammonia Energy, 1 November
2016. [Online]. Available: https://www.ammoniaenergy.org/ammonia-powered-internal-
combustion-engines/. [Accessed 4 March 2019)].

Y. Woo, J. Y. Jang, Y. Lee and J.-N. Kim, “Recent progress on the ammona-gasoline and the ammonia-
diesel dual fueled internal combustion engines in Korea,” in MH3 Fuel Conference, Des Moines, 2014.
C. Morch, A. Bjerre, M. Gottrup, S. Sorenson and J. Schramm, “Ammonia/hydrogen mixtures in an
SI-engine: Engine performance and analysis of a proposed fuel system,” Fuel, vol. 90, pp. 854-864,
2011.

T. Meyer, P. Kumar, M. Li, K. Redfern and D. Diaz, “Ammonia Combustion with Near-Zero Pollutant
Emissions,” 2014. [Online]. Available: http://rsof.org/images/NO_CO2_FLAME_CONSTRUTION_
NH3.pdf. [Accessed 19 March 2019].

W. Laursen, “With Ammonia, There’s No “Chicken or Egg” Dilemma,” The Maritime Executive, 29
September 2018. [Online]. Available: https://www.maritime-executive.com/article/with-
ammonia-there-s-no-chicken-or-egg-dilemma. [Accessed 20 March 2019].

A. Valera-Medina, Interviewee, Discussion about ammonia combustion research at Cardiff
University. [Interview]. 2 April 2019.

G. Lipsith, “MAN Energy Solutions to launch two-stroke ammonia-fuelled engine,” Marine
Propulsion, 30 January 2019. [Online]. Available: https://www.mpropulsion.com/news/
view,man-energy-solutions-to-launch-twostroke-ammonia-fuelled-engine_56641.htm.
[Accessed 4 March 2019].

Y. Wang, K. S.Chen, J. Mishler, S. C. Cho and X. C. Adroher, “A review of polymer electrolyte
membrane fuel cells: Technology, applications, and needs on fundamental research,” Applied
Energy, vol. 88, no. 4, pp. 981-1007, 2011.

M. &. T. A. Mathew, “A Review of Ammonia Fuel Cells,” Arizona State University, 2015.

Transport & Environment, “Roadmap to decarbonising European shipping’ Transport &
Environment, Brussels, 2018.

T. Tronstad, H. H. Astrand, G. P. Haugom and L. Langfeldt, “Study on the Use of Fuel Cells in
Shipping,” European Maritime Safety Agency, Hamburg, 2017.

L. Van Biert, M. Godjevac, K. Visser and P. Aravind, “A review of fuel cell systems for maritime
applications,” Journal of Power Sources, vol. 327, pp. 345-364, 2016.

R. Lan and S. Tao, “Ammonia as a Suitable Fuel for Fuel Cells,” Frontiers in Energy Research, vol. 2,
p. 35,2014,

D. Cheddie, “Ammonia as a Hydrogen Source for Fuel Cells: A Review,” InTech Europe, pp. 333-
362, 2012.

D. E Cheddie, “Modelling of ammonia-fed solid oxide fuel cells,” Materials and processes for
energy: communicating current research and technological developments, pp. 504-511, 2013.
EFMA, “Guidance for Inspection of Atmospheric, Refrigerated Ammonia Storage Tanks,” European
Fertilizer Manufacturers Association, Brussels, 2008.

Cole-Parmer, “Chemical Compatibility Database: Anhydrous ammonia and liquid ammonia,”
2019. [Online]. Available: https://www.coleparmer.co.uk/Chemical-Resistance. [Accessed 25
March 2019].

A. G.Norman, Advances in Agronomy, Volume 8, New York: Academic Press, 1956.

Sensidyne, “Ammonia Gas Detectors for Industrial Applications,” Sensidyne, [Online]. Available:
https://www.sensidynegasdetection.com/support/application-support/ammonia-gas-
detection.php. [Accessed 19 March 2019)].

CF Industries, “Safety Data Sheet: Anhydrous Ammonia,” 2 February 2016. [Online]. Available:
http://ictulsa.com/wp-content/uploads/2015/09/Anhydrous-Ammonia-Feb-2-2-16-rs.pdf.
[Accessed 19 March 2019].

Environmental Defense Fund / edf.org m



[69]
[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

(81]

82]

(83]

(84]

[85]

[86]

(87]

(88]

89]

[90]

[91]

[92]

Lloyd’s Register, “Fuel production cost estimates and assumptions,” Lloyd’s Register, London, 2019.
A. Boretti, “Novel dual fuel diesel-ammonia combustion system in advanced TDI engines,” Int. J.
of Hydrogen Energy, vol. 42, no. 10, pp. 7071-7076, 2017.

S. Frigo and R. Gentili, “Analysis of the behaviour of a 4-stroke Si engine fuelled with ammonia and
hydrogen,” Int. J. Hydrogen Energy, vol. 38, no. 3, pp. 1607-1615, 2012.

S.-C. Kong, “Combustion Efficiency and Exhaust Emissions of Ammonia Combustion in Diesel
Engines,” in 4th Annual Conference on Ammonia, 2007.

C. DiGiulio, J. Pihl, J. Parks II, M. Amiridis and T. Toops, “Passive-ammonia selective catalytic
reduction (SCR): Understanding NH3 formation over close-coupled three way catalysts (TWC),”
Catalysis Today, vol. 231, pp. 33-45, 2014.

K. Kamasamudram, C. Henry, N. Currier and A. Yezerets, “N20 Formation and Mitigation in Diesel
Aftertreatment Systems,” SAE International Journal of Engines, vol. 5, no. 2, pp. 688-698, 2012.
University of the West of England, “Science for Environment Policy: Methane emissions from
LNG-powered ships higher than current marine fuel oils,” European Commission DG Environment
News Alert Service, Issue 444, Bristol, 2016.

M. Ghadikolaei, C. Cheung and K. Yung, “Study of Performance and Emissions of Marine Engines
Fueled with Liquefied Natural Gas (LNG),” in 7th PAAMES and AMEC2016, 2016.

H. Agrawal, W. A. Welch, S. Henningsen, J. W. Miller and D. R. Cocker, “Emissions from main
propulsion engine on container ship at sea,” J. Geophys. Res., vol. 115, 2010.

International Labour Organisation, “International Chemical Safety Card 0414,” [Online]. Available:
https://www.ilo.org/dyn/icsc/showcard.display?p_lang=en&p_card_id=0414&p_version=2.
[Accessed March 2019].

ECHA, “Substance profile: Ammonia, CAS: 7664-41-7:," [Online]. Available: https://echa.europa.
eu/brief-profile/-/briefprofile/100.028.760. [Accessed March 2019].

OSHA, “Ammonia Substance Summary,” [Online]. Available: https://www.osha.gov/SLTC/etools/
ammonia_refrigeration/ammonia/index.html. [Accessed March 2019)].

HSE, “EH40/2005 Workplace exposure limits,” [Online]. Available: https://www.hseni.gov.uk/
sites/hseni.gov.uk/files/publications/%5Bcurrent-domain%3Amachine-name%5D/eh40%20
August%202018.PDE. [Accessed March 2019].

CDC, “NIOSH IDLH values, Ammonia:” [Online]. Available: https://www.cdc.gov/niosh/
idlh/7664417.html. [Accessed March 2019].

NCEC, Dangerous Goods Emergency Action Code List 2019, Harwell: National Chemical
Emergency Centre, 2019.

N. de Vries, Interviewee, Discussion with C-Job naval architects about ammonia as a maritime fuel.
[Interview]. 18 March 2019.

UK P&I Club, Carefully to Carry Consolidated Edition 2018, London: UK P&I Club, 2017.

N. Blenkey, “Vigor launches complex liquefied ammonia barge,” Marine Log, 20 June 2017.
[Online]. Available: https://www.marinelog.com/coastal/tugs-barges/video-vigor-launches-
complex-liquefied-ammonia-barge/. [Accessed 25 March 2019].

S. Jain, “Presentation on Ammonia Storage,” 2016. [Online]. Available: https://www.slideshare.
net/Rohitchoudhary25/ammonia-storage. [Accessed 19 March 2019].

R. Almeida, “Yara Orders Specialized Ships to Transport Liquid Ammonia,” GCaptain, 28 January
2014. [Online]. Available: https://gcaptain.com/yara-lpg-carriers-ammonia-hyundai-mipo/.
[Accessed 19 March 2019].

Y. Bennani, A. Perl, A. Patil, C. E. Van Someren, L. J. Heijne and M. van Steenis, “Power-to-
Ammonia: Rethinking the role of ammonia-from a value product to a flexible energy carrier
(FlexNH3),” Proton Ventures, 2016.

Nel, “Nel Hydrogen Electrolyser (Brochure),” 2017. [Online]. Available: https://nelhydrogen.com/
assets/uploads/2017/01/Nel_Electrolyser_brochure.pdf. [Accessed 5 April 2019].

L. Bertuccioli, A. Chan, D. Hart, E Lehner, B. Madden and E. Standen, “Study on development of
water electrolysis in the EU,” Fuel Cells and Hydrogen Joint Undertaking, Lausanne, 2014.

E. Morgan, “Techno-Economic Feasibility Study of Ammonia Plants Powered by Offshore Wind,”
Open Access Dissertations. 697., Amherst, 2013.

SAILING ON SOLAR



[93] ACWA, “Noor PV 1 Project,” ACWA, 2018. [Online]. Available: https://www.acwapower.com/en/
projects/noor-pv-1/. [Accessed 25 March 2019].

[94] Lazard, “Lazard’s Levelized Cost of Energy Analysis - Version 12.0,” Lazard, 2018.

[95] E.Bellini, “Dubai: Tariff for large-scale PV hits new low at $0.024/kWh,” PV Magazine, 5 November
2018. [Online]. Available: https://www.pv-magazine.com/2018/11/05/dubai-tariff-for-large-
scale-pv-hits-new-low-at-0-024-kwh/. [Accessed 25 March 2019].

[96] DNV-GL, “Current price development oil and gas,” DNV-GL, 15 February 2019. [Online]. Available:
https://www.dnvgl.com/maritime/Ing/current-price-development-oil-and-gas.html. [Accessed
25 March 2019].

[97] EnSys and Navigant, “Supplemental Marine Fuel Availability Study,” Ensys Energy & Systems, Inc.,
Lexington, MA, 2015.

[98] CE Delft, “Assessment of Fuel Oil Availability,” CE Delft, Delft, 2016.

[99] Lazard, “Levelized Cost of Energy and Levelized Cost of Storage 2018,” Lazard, 8 November 2018.
[Online]. Available: https://www.lazard.com/perspective/levelized-cost-of-energy-and-
levelized-cost-of-storage-2018/. [Accessed 14 April 2019].

[100] C. Santana, “Renewable Energies in Chile: Wind, Solar, and Hydro Potential from Arica to Chiloé,”
Expansion Strategy for Grid Connected Renewable Energy (MINENERGIA / GIZ), Santiago, 2014.

[101] C. Barria, “Geothermal Energy in Chile,” November 2013. [Online]. Available: https://www.esmap.
org/sites/esmap.org/files/5-1%20GGDP%20Day2_Chile.pdf. [Accessed 8 April 2019].

[102] W. Liu, H. Lund and B. V. Mathiesen, “The Potential of Renewable Energy Systems in China,” in In
Z.Guzovic, N. Duic, & M. Ban (Eds.), CD PROCEEDINGS: 5th DUBROVNIK CONFERENCE ON
SUSTAINABLE DEVELOPMENT OF ENERGY WATER AND ENVIRONMENT SYSTEMS, Zagreb,
2009.

[103] K. Zheng, “Geothermal Power Generation in China: Past and Future,” GRC Transactions, vol. 36, 2012.

[104] J. Deb Mondol and N. Koumpetsos, “Overview of challenges, prospects, environmental impacts
and policies for renewable energy and sustainable development in Greece,” Renewable and
Sustainable Energy Reviews, vol. 23, pp. 431-442, 2013.

[105] K. Kusakana and H. Vermaak, “Hydrokinetic power generation for rural electricity supply: Case of
South Africa,” Renewable Energy, vol. 55, pp. 467-473, 2013.

[106] M. a. Pratt, “Practical Application Limits of Fuel Cells and Batteries for Zero Emission Vessels,”
Sandia National Laboratories, 2017.

[107] IEA, “Technology Roadmap: Hydrogen and Fuel Cells,” International Energy Agency, Paris, 2015.

[108] J. James and Y. van Delft, “Power to Ammonia Process Options,” Energy Research Centre of the
Netherlands, Petten, 2017.

[109] G. Saur, T. Ramsden, B. James and W. Colella, “H2A: Hydrogen Analysis Production Case Studies
(Current Central Hydrogen Production),” 21 February 2018. [Online]. Available: https://www.nrel.
gov/hydrogen/h2a-production-case-studies.html. [Accessed 22 March 2019].

[110] C. Philibert, “Producing ammonia and fertilizers: new opportunities from renewables,’
International Energy Agency, Paris, 2017.

[111] ISPT, “Power to Ammonia,” Insitute for Sustainable Process Technology, Amersfoort, 2017.

[112] T. Brown, “Bunker Ammonia: momentum toward a “sustainable and future-proof” maritime fuel,”
Ammonia Energy, 15 June 2017. [Online]. Available: https://www.ammoniaenergy.org/bunker-
ammonia-sustainable-and-future-proof-maritime-fuel/. [Accessed 15 March 2019].

[113] MAN B&W, “Power Into the Future (Product Brochure for ME-LGIP engine),” [Online]. Available:
https://man-es.com/docs/default-source/lgip/144363-man-Igip_brochure_-7.pdf?sfvrsn=e34247_6.

[114]].]. Minnehan and J. W. Pratt, “Practical application limits of fuel,” Sandia National Laboratories,
Albuquerque, NM, 2017.

[115] B. Comer, “Transitioning away from heavy fuel oil in Artic shipping (Working Paper 2019-03),”
International Council on Clean Transportation, 2019.

[116]S. Ong, C. Campbell, P. Denholm, R. Margolis and G. Heath, “Land-Use Requirements for Solar
Power Plants in the United States,” NREL, Golden, CO, 2013.

Environmental Defense Fund / edf.org m



Appendix A: Comparison of safety
and environmental hazards for
selected marine fuels

Marine Gas Oil

Liquefied
Natural Gas

Methanol

Hydrogen (Liquid)

Ammonia (Liquid)

Physical Hazards

Contains refrigerated gas;

may cause cryogenic burns

or injury

Health Hazards

Contains refrigerated gas;
may cause cryogenic burns
orinjury

Cat. 3 H226 | Cat. 1 H220 | Cat.2 H225 | Cat. 1 H220 | Cat.2 H221
Flammability Flammable gas

Flammable liquid and vapour Extremely flammable gas Highly flammable liquid Extremely flammable gas

and gas
H281 H281 H280
s under

Ga Not classified Not classified
pressure

Contains gas under pressure;
may explode if heated

Skin corrosion

Cat. 2 : H315

Causes skin irritation

Not classified

Not classified

Not classified

Cat. 4 H332 Cat. 3 H301 Cat. 3 H331
H311
% H331 %
Acute toxicity Not classified Not classified
Harmful if inhaled Toxic if swallowed, in contact Toxic if inhaled
with skin, or inhaled
Cat. 1 H304
Aspiration B B B B
Not classified Not classified Not classified Not classified
hazard
May be fatal if swallowed and
enters airways
Cat1/1B H314
H318

Causes severe skin burns and
serious eye damage

Specific target
organ toxicity

Hazards to
the aquatic
environment

Summary
(US NFPA704)

May cause damage to organs
through prolonged or repeated
exposure

&

Category 2 (chronic):
Toxic to aquatic life with
long lasting effect

&

Not classified

Causes damage to organs
(single exposure)

Environmental Hazards

Not classified

Not classified

Summary

Not classified

Not classified

<%

Cat. 2 H350
Carcinogenicity Not classified Not classified Not classified Not classified
May cause cancer
Cat. 2 H373 H370

Not classified

Category 1 (Acute):
Very toxic to aquatic life
with long lasting effects
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Appendix B: Technical information
about green ammonia production

Electrolysis and hydrogen storage

The electrolysis of water is its decomposition into hydrogen and oxygen due to the passage of a direct
electric current. It has been used to produce hydrogen industrially for well over a century. However, its
share of current global hydrogen production is only 4% [107] with the traditional method being
favoured. With a greater focus on reducing greenhouse gas emissions in recent years, interest in
electrolysis has increased due to its ability to produce low- or zero-carbon hydrogen when coupled with
renewably generated electricity.

There are three key electrolyser technologies on the market: alkaline, proton exchange membrane
(PEM) and anion exchange membrane (AEM). Alkaline electrolysers have been successfully built at the
scale of hundreds of megawatts (the sort of scale required for green ammonia production) since the
1920s and they account for nearly all the installed water electrolysis capacity today. PEM electrolysers
have been commercially available for approximately 15 years, whereas AEM has only appeared more
recently. While PEM technology offers some advantages in terms of dynamic system performance,
making them more compatible with intermittent renewable generation, the technology is not as mature
and capital costs are approximately double that of alkaline types [91].

An alkaline electrolyser consists of two electrodes, the anode and cathode, operating in an alkaline
electrolyte solution. The passage of a direct electric current through the water causes oxidation at the
anode and reduction at the cathode, leading to the overall reaction equation shown below:

2H0(1) ——— >  2Hz(g)+02(g)

Electrolysers require high purity distilled water to operate. If the water is drawn from the sea, a
desalination plant would be required as well. Only a mechanical vapour compression-type desalination
plant can produce the high purity water required by alkaline electrolysers [92].

The primary methods of hydrogen storage are: compressed gaseous hydrogen, liquid hydrogen and
storage in metal hydrides. Compressed gaseous hydrogen is most suited to the ammonia production
process as metal hydrides are not yet commercially available for large scale systems and liquefied
storage has significant energy requirements and high capital costs. As well as this, an alkaline electrolyser
can be operated at either atmospheric or at an elevated pressure. Therefore, if operated at high pressure,
the hydrogen output is ready for compressed storage with less additional energy input required.

Nitrogen production and storage

Nitrogen makes up 78% of the Earth’s atmosphere and it is widely used in industry. There are three
established air separation technologies: cryogenic distillation, polymer membrane separation and
pressure swing absorption (PSA). Cryogenic distillation is the most commercially mature technology of
the three and constitutes 90% of all nitrogen production today [89].

The reactors in the Haber-Bosch process require high-purity nitrogen, which is best provided by
cryogenic distillation. It is also the technology that is most cost-effective and best suited to the scale of
industrial green ammonia production.

Cryogenic air separation units (ASUs), separate air into its primary components, nitrogen and
oxygen (and sometimes argon), by exploiting their various boiling point temperatures.

The air is first compressed and cleaned, then cooled either by cooling water or a gas stream. The
various fractions of cold air then condense at different levels in the distillation column. The oxygen and
nitrogen can be drawn off as a cryogenic liquid or vaporised by heat from the incoming air. In the case
of large-scale nitrogen production, it is often extracted and stored in liquid form.
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The Haber-Bosch process

The Haber process was invented in 1918 and improved to become the Haber-Bosch process in 1931.
It has been used as the main way to create ammonia since that time. Therefore, it is a very mature
technology.

The Haber-Bosch process is shown in Figure B1. Three-parts hydrogen and one-part nitrogen are
passed through a compressor to reach a pressure between 20MPa and 40Mpa (200 bar and 400 bar)
before being introduced to the reactor. Higher pressures are preferable but expensive to maintain.
A temperature of 450°C is maintained for an acceptable yield and reaction rate. The reactor core
contains a number of typically iron-based catalyst beds to increase the rate of reaction.

FIGURE B1:
Diagram of the Haber-Bosch process

Heat exchanger
Hot gas leaving the reactor is cooled by cold
gas coming from condenser

Hot Ammonia and

unreacted nitrogen
Compressor and hydrogen leave
the reactor

. Condenser
Nitrogen and

hydrogen gas

enters the Warmed Cold
reactor unreacted unreacted
nitrogen and nitrogen and Water is
hydrogen hydrogen circulated
leaves gas leave to cool
the heat the the gas
exchanger condenser
to start the "
process
Heated again
with a
catalyst (:
Compressor ¢
()
Reactor Refrigerated collector

The exit stream of gasses is cooled to condense and separate the ammonia. Uncondensed nitrogen
and hydrogen gases are recirculated back into the reactor. The continual recycling of the unreacted
gases allows for overall conversion to reach 98%. The ammonia is stored in a low pressure, low
temperature unit ready to be transported.
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Appendix C: Overview of
low-carbon electricity options

Various low-carbon technologies are shown in Figure C1, with their relative positions in terms of output
consistency and predictability, which are important considerations for a green ammonia plant.

FIGURE C1:
Predictability and consistency of output for various low-carbon
technologies

Output predictability

Output consistency

Consistency, shown on the horizontal axis, means the ability to control output within a desired band
(i.e. that it does not fluctuate due to variability of the energy input). On the vertical axis, predictability
means that, regardless of whether the output is consistent or not, variations in output can be predicted
relatively accurately.

Solar PV and wind plants (without storage), for example, are often called ‘intermittent’ because
their outputs vary based on weather conditions, making them inconsistent and relatively unpredictable.
Similarly, wave energy plants are affected by weather conditions at sea. Tidal technologies are more
predictable because they depend on tidal patterns, but they have low consistency because output
fluctuates through the course of daily tidal cycles.

Concentrating solar and solar thermal technologies are often designed with integral storage
facilities, so they can be controlled to provide a more consistent output than the intermittent sources.
Although the output of hydro plants can be predicted relatively accurately based on rainfall and other
hydrological conditions; the consistency of output depends on the size and type of hydro facility (run-
of-river, dam or pumped storage).

The green ammonia production process can be designed to operate with intermittent electricity
sources (see Section 3.1 of the paper), but it is optimally suited to generation plants that can provide
consistent and predictable output - like geothermal, some types of hydro, biomass, nuclear, or more
intermittent sources combined with large energy storage devices.
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Appendix D: Daily ammonia
consumption

Figure D1 shows the estimated daily consumption of ammonia for various type of vessels'®.
FIGURE D1:

Estimated daily consumption of ammonia for various type of vessels

17 Capacity of a large tanker truck carrying liquid ammonia (38 kilolitres)

u New-Panamx & ULCV (>12,000 TEU)
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m Less than 10,000 dwt
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Figure D2 shows the estimated amount of electricity that would be required if a production plant was

dedicated to supplying enough green ammonia to keep each of these vessels running continuously.
FIGURE D2:

Estimated electricity consumption required to produce green ammonia for each
type of vessel

Average daily electricity consumption of 100,000 people
in Morocco, China and the European Union

= New-Panamx & ULCV (>12,000 TEU)
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© m Small feeder (<1,000 TEU)
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Source of per capita electricity consumption: [40]

9 Ammonia consumption was calculated based on the average at-sea conventional fossil fuel consumption
for each vessel category listed in Table 4 of Third IMO Greenhouse Gas Study 2014 [24], assuming that it is
burned in an internal combustion engine at the same thermal efficiency as a liquid fossil fuel.
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Similarly, Figure D3 shows the amount of demineralised water required to produce enough
ammonia for each type of vessel (this excludes the water required for operation and maintenance of
electricity plants).

FIGURE D3:

Estimated demineralised water consumption required to produce green ammonia
for each type of vessel

r Capacity of an average domestic swimming pool (9m x 4.5m)
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m Feeder (1 -2,000 TEU)
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Figure D3 shows that a significant amount of water would be consumed. Many regions with high
solar potential experience water scarcity, so this would need to be considered carefully. Since green
ammonia plants are likely to be located near ports, desalination facilities can be incorporated into the
design.
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FIGURE 30:

Appendix E: Methodology and
inputs for financial analysis

A plant with a capacity of 700 tonnes of green ammonia per day (tpd) was used as the basis for the
financial analysis, which is approximately equivalent in energy terms to the daily fuel consumption of 4
post-Panamax size vessels. Plants of this size would be considered mid-scale by the standards of
ammonia plants using traditional fossil-based feedstock, with ‘world scale’ sizes in the region of
2,000tpd and above. However, green ammonia plants exhibit different economies of scale due to the
electrolyser plant, as described below.

The common approach to designing electrolyser plants at this scale is to combine multiple
modular units. A high-level survey of the current electrolyser market suggests there is a balance
between unit size and ease of manufacture, which results in an optimal largest unit size of about
2 MW [91]. The 700tpd plant would require about 141 x 2MW units?’. For example, Nel has a 50MW
solution comprising 24 units (see Figure 30). Hence, the 700tpd plant would require about six similar
warehouses.

50MW Electrolyser plant from Nel

Source: [90]

20 Based on a power consumption of 55 kWh/kg of hydrogen produced.
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This modular approach makes it challenging to achieve effective economies of scale with the
electrolyser plant when more than about 10 units are used [90]. Although plant design optimisation was
not considered for this paper, the electrolyser plant footprint becomes very large compared to other
plant components at current world-scale production rates. Further investigation, including interviews
with potential equipment suppliers and contractors, is required to examine the potential for further
capital cost reductions through economies of scale in larger green ammonia plants.

A financial model was used to analyse the high-level costs of building and operating a green
ammonia plant. The inputs to the model were obtained from indicative estimates provided in feasibility
studies for green ammonia plants [89, 92] and major plant components [91], as listed in Table E1 below.
A sensitivity analysis was used to indicate the confidence range of the results considering the
uncertainties involved in the cost estimates.

The levelised cost of ammonia (LCOA) was calculated as follows:

yn Iy + M;
=11+ )t
A
n t
Liz a+r)t

LCOA =

Where:
I =Investment expenditures in the year t;
M; =Operations and maintenance expenditures in the year t;
A; =Ammonia generation in the year t
r = discount rate (rate of return); and
n = economic lifetime of the plant
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TABLE E1:

Financial model assumptions

Description
Model start date

Project development
period

Construction
period (including

commissioning)

Operational period
Plant capacity

Annual operational
hours

Development costs

Land acquisition cost

Ammonia plant
investment costs

OPEX (excluding
utilities)

Annual unplanned
replacement cost

Electrolyser
refurbishment cost

Haber-Bosch unit
refurbishment cost

Average electricity
consumption

Electricity tariff

Water production /
usage

Green ammonia
production

Water price

Inflation

Discount rate

Assumption

1 January 2019

1 January 2019 - 31
December 2020

1 January 2021 - 31
December 2023

30 years
700 tpd

8,000 hours per year
(~91%)

Prefeasibility study:
USD100,000
Feasibility study:
USD500,000
Nil
High capex case:
USD791 million

Low capex case:
USD619 million

2% of CAPEX

0.5% of electrolyser
CAPEX per year

15% of electrolyser
CAPEX per year

10% of Haber-Bosch
unit CAPEX per year

306MW

USD43.2 / MWh

51.3 tonnes / hour

29.2 tonnes / hour

Nil

Nil

7.50%

Source

[110]

Ricardo
calculation
based on
(89, 92, 91]

[111]

[109]

[109]

Ricardo
calculation

(93]
Ricardo

calculation

Ricardo
calculation

(19]

Further details

Assumed based on similar chemical process plants

Assumed based on similar chemical process plants

Assumed based on similar chemical process plants

Informed by discussions with green ammonia
industry experts

High-level estimate based on similar plants. Requires
further investigation.

Not considered to eliminate site specific assessment.
Parametric approach has been used. Includes
desalination plant, alkaline electrolyser plant, hydrogen
storage, nitrogen production and storage, ammonia

synthesis plant ammonia storage.

Based on past experience on
comparable projects.

Every 7 years

Every 7 years

Based on green ammonia
conceptual design

10% discount has been applied on the latest bid by

ACWA on Noor PV I Programme (USD48 / MWh) to
reflect recent reductions in solar PV costs

Based on green ammonia conceptual design

Based on green ammonia conceptual design

Desalination plant will produce purified water using
sea water. No water intake cost has been considered.

Real model: To exclude the effects of inflation and to be
able to make comparisons which are not location specific.

Typical rate used for renewable energy-related projects
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The capital cost make-up is shown in Table E2.

TABLE E2:
Capital cost make-up (USD millions)

Description High case Low case
Desalination plant 46 31
Alkaline electrolyser plant 418 418
Air separation unit 52 35
Ammonia synthesis plant 236 110
Hydrogen storage 13 9
Nitrogen storage 7 4
Ammonia storage 18 12
Total capital cost 791 619

Note: In the absence of a detailed pre-feasibility study, the assumptions are mainly based on indicative
estimates taken from publicly-available sources and therefore only a high-level economic analysis

could be done.
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