
Finding ways to decarbonise famously hard-to-abate sectors like heavy industry, heating or mobility is both difficult and 
– given the current geopolitical situation and climate crisis – more important than ever. The most common solution moo-
ted for this purpose is hydrogen, but pure hydrogen gas is famously difficult to store and transport. Ammonia has long 
been proposed as a solution to this issue, as it is much more stable and has a higher energy density in situations closer to 
normal atmospheric and temperature conditions. It is now increasingly being taken seriously as a future game changer.
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A lifesaver

There was serious risk of a global food crisis in the begin-
ning of the 20th century: the world was running out of nit-
rogen. A shortage of this essential source of fertiliser could 
threaten the very survival of the human species.1 Natural 
nitrogen resources were being depleted at an alarming rate, 
even leading to international conflict.2 A worldwide search 
for new nitrogen sources came to an end when the German 
chemist Fritz Haber developed a process that could syn-
thesise nitrogen in the form of ammonia, a chemical which 

would come to form the basis of fertilisers used all over  
the globe. A few years later the process, which allowed the 
production of ammonia on an industrial scale, was com-
mercialised by Carl Bosch.3 Today it is known as the Haber-
Bosch process. The extensive availability of ammonia satis-
fied the global demand for fertilisers and allowed for the 
world population to grow exponentially during the next 
hundred years – an expansion that is expected to continue 
well into this century.4

Moving towards a climate-neutral ammonia-powered shipping industry 

AMMONIA AS SHIPPING FUEL

Ammonia production using fossil fuels. Including natural gas steam reforming for hydrogen, air 
separation for nitrogen and Haber-Bosch process for ammonia. Visual by IKEM, 2022.
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Ammonia is a simple molecule built up from one atom of ni-
trogen and three atoms of hydrogen. Since a molecule of am-
monia (NH3) contains one more hydrogen atom than a mol-
ecule of hydrogen gas (H2) liquid ammonia contains 50% 
more hydrogen per volume than pure hydrogen gas, making 
it an efficient hydrogen carrier.5  However, forming the bonds 
that hold the atoms in ammonia together requires a very 
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large amount of energy – and thus the Haber-Bosch process 
requires a great deal of temperature and pressure.6 Some 183 
million tonnes of ammonia are produced globally every year, 
and 88% of it is used to produce fertiliser to support glob-
al food demand.7 The energy-intensive production process 
means that ammonia production causes 1% of global green-
house gas (GHG) emissions by itself.8  

From polluter to sustainable solution

The world population is expected to grow by three billion by 
the end of this century and ammonia production needs to in-
crease accordingly to help feed the additional humans.9 In a 
business-as-usual scenario, this development would lead to 
a substantial increase in greenhouse gas emissions. To meet 
the climate goals the world has set itself, however, the energy 
consuming process of ammonia production will have to reduce 
its emissions. And if this were not challenging enough already, 
there is a new application for renewably produced ammonia 
that is likely to hugely increase demand: the energy sector, in 
which ammonia could serve as a new sustainable energy carrier 
and green fuel.10 The need for clean energy is higher than ever, 
especially for hard-to-decarbonise industries like heavy trans-

port – notably aviation and shipping. For the latter, green am-
monia appears as a very promising sustainable alternative to 
fossil-based fuels. To ensure enough ammonia for both current 
and future uses, production is expected to quadruple to 688 
million tonnes per year in 2050. Moreover, 80% of this amount 
should be produced using renewable energy sources.11 Current-
ly, there is just one renewable ammonia production plant in the 
world (in Cusco, Peru), which accounts for less than 0.01% of 
the global ammonia production capacity.12 If these goals are re-
alised, ammonia will no longer be a major source of greenhouse 
gas emissions but will serve as an essential component of the 
climate-neutral economy of tomorrow.

Visual by IKEM, 2022 Ammonia demand. 
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Ammonia production. 
Visual by IKEM, 2022.
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Comparing marine fuels
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The shipping sector is in desperate need of a sustainable fuel to 
decarbonise the industry. Most container vessels today are pow-
ered by heavy fuel oil (HFO) – the cheapest and most polluting 
fossil fuel.13 Due to the use of HFO and the enormous dimensions 
of container vessels, which sometimes exceed 400 metres in 
length, the shipping industry accounting for over three percent 
of the global GHG emissions.14 15 

Moving away from fossil fuels is not easy, since there are no cli-
mate neutral alternatives with the same advantages of high energy 
density and easy handling. The main contenders for replacing fos-
sil energy carriers are e-fuels, that is, fuels produced using electric-
ity – liquid ammonia and liquid hydrogen are the two most com-
monly proposed alternatives in this category. They are compared 
to heavy fuel oil in the table below.16 17 18 19 20 21 22 23 24 25
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Dual fuel: the best of both worlds
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To summarise the difference between the fuels, ammonia is 
more energy dense and easier to store than hydrogen, and clean-
er than heavy fuel oils (HFOs). However, replacing fossil fuels 
in marine engines is not straightforward, since there are major 
benefits and disadvantages to each fuel type. Ideally, one would 
be able to refit existing internal combustion engines (ICEs), the 
industry standard for large ships, for use with sustainable fuels 
instead of HFOs. An ICE releases the chemical energy stored in 
a fuel by combustion, which enables motion of the mechanical 
engine parts. This process does not have a very high energy ef-
ficiency – this is typically 15 to 30% – but, with the right fuel, 
it can deliver power at the quickly changing rates and over the 
long periods of time required for long-distance shipping. This 
makes it perfect for mobility applications that use a fuel with 
good combustion properties like HFO. Using pure ammonia, 
however, complicates things.

There is no extra conversion step needed to use pure ammonia 
from a fuel tank, so burning ammonia in an ICE leads to high 
energy efficiency. At the same time, while ammonia burns hot, 
it has a low flammability and flame velocity, which makes it un-
suitable to powering a combustion engine on its own. Pure am-
monia doesn’t ignite easily and can be affected by incomplete 
combustion, which leads to harmful emissions. Compared to 
HFO, green ammonia as a fuel reduces greenhouse gas emis-
sions by 94% – a major improvement – but the benefits can be 
diminished without careful combustion monitoring and emis-
sion aftertreatment.26 Since the ultimate goal is for shipping to 
be more or less completely climate neutral in the future, a way 
must be found to further mitigate these remaining emissions.

Using pure green hydrogen improves the quality of combus-
tion and cuts potential greenhouse gas emissions down to zero. 
However, liquid hydrogen stores a lot less energy per litre, and 

maintaining the high pressure and/or low temperature needed 
to keep it liquid can also consume a great deal of energy. Liq-
uid hydrogen storage typically costs 29 times more than liquid 
ammonia over a period of six months.27 To avoid this longterm 
storage issue, liquid hydrogen can be made on site from liquid 
ammonia, but this conversion (known as ‘cracking’) results in a 
lower energy efficiency.

Pure ammonia and pure hydrogen thus each have their own 
flaws when used as a fuel. These can be mitigated, however, by 
creating a dual fuel which consists of ammonia with a small pro-
portion of hydrogen. To achieve this, the fuel tank can be filled 
with pure liquid ammonia, a small part of which is cracked into 
pure hydrogen to run the engine. Even at small concentrations 
in the resulting dual fuel, hydrogen acts as an effective com-
bustion promotor, resulting in more complete combustion than 
pure ammonia can achieve, this causing less harmful emissions 
and unburned fuel to escape the engine.28 The combustion pro-
cess also requires lower ignition temperatures and flame speed 
is higher, thus leading to faster motion by the engine when the 
highly flammable hydrogen is in the fuel mix.29

Using hydrogen as the combustion promotor is ideal also from 
an environmental perspective, since it can be produced on site 
from green ammonia. If the cracking process is powered by re-
newable energy, the resulting hydrogen that is fed into the fuel 
mix is green as well. Another advantage is that current internal 
combustion engines can be retrofitted to suit this sustainable 
dual fuel, thus making optimal use of existing technologies and 
infrastructure. One downside, however, is that mixing fuels 
comes at the cost of additional energy loss for the conversion 
step – but since combustion is improved significantly at just 
five per cent in the volume concentration of hydrogen, only a 
small fraction of the ammonia needs to be converted.30  
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Emission mitigation
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The reduction of harmful emissions is therefore substantial but 
not complete – mitigation measures are still required to mini-
mise the remaining emissions. Both ammonia and hydrogen may 
be carbon free, but using them as dual fuel in an internal com-
bustion engine can still lead to greenhouse gas emissions and 
fuel leakages with environmentally harmful effects.

The most potent greenhouse gas that can be emitted is nitrous 
oxide (N2O – also known as laughing gas), which has 300 times 
the atmospheric global warming effect of CO2 and remains sta-
ble in the atmosphere for over 114 years.31 It is therefore crucial to 
minimise these emissions. This can be achieved by finetuning the 
combustion process by optimising the combustion temperature 
and the air-to-fuel ratio.32

The emission of nitrogen oxides (NOX) leads to air pollution in 
all layers of the atmosphere. In the lower tropospheric regions, 
NOX leads to ozone and fine particle formation that can cause 
smog pollution, causing health effects that typically bring 
about over a million deaths per year globally.33 34 35 36 Higher 
up in the stratosphere, NOX destroys the protective ozone layer, 
leading to increased health risks such as skin diseases.37 38 Us-
ing a dual fuel is already an effective mitigation pathway, since 
a hydrogen concentration of only 10% by volume achieves a re-
duction of nitrogen oxide emissions of over 40% compared to 
using pure ammonia.39 Most of the remaining emissions can be 
neutralised at the exhaust through selective catalytic reduction 

which uses ammonia and a catalyst to turn nitrogen oxides into 
harmless substances.40

Although it is not a greenhouse gas in itself, pure hydrogen is 
highly reactive and can affect the environment in an indirect 
manner. An increased concentration of hydrogen in the atmos-
phere allows it to react with molecules that would otherwise 
react with methane, a strong greenhouse gas, leading to the 
methane remaining in the atmosphere. This extends the effective 
lifetime of methane in the atmosphere and thus boosts its global 
warming effect.41 These effects are small but non-negligible, and 
the emission of pure hydrogen should best be avoided.42

Finally, when not combusted completely, ammonia fuel may slip 
through the engine and leak into the environment.43 The chem-
ical is lethal to humans at concentrations as low as 0.5% in the 
air and it also forms an acute risk to the marine environment.  
Another consequence of an ammonia leak in a water body is eu-
trophication, explosive growth of algae and microorganisms that 
disrupt the marine life cycle and can cause decline in biodiversity 
in a body of water.44 The use of a double-walled engine system 
and installation of a suitable recirculation system at the exhaust 
can prevent ammonia from slipping out and enable it to be rein-
troduced into the engine.45
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The alternatives: from fuel cells to batteries
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So far, the focus in the search for a sustainable new shipping 
fuel has often been on internal combustion engines with am-
monia fuel. This is generally considered easier thanks to the 
existing infrastructure in place that would allow for a rela-
tively quick transition towards sustainable fuels. In the long 
run, however, fuel cells may come to play a larger role in pow-
ering a climate-neutral transport sector.

A fuel cell converts the chemical energy stored in a fuel direct-
ly into electricity while only producing harmless emissions. 
This process generally has around twice the energy efficiency 
of a combustion engine, which can make an enormous impact 
on the production demand and storage capacity of sustaina-
ble fuels.46 However, it requires a pure fuel (either ammonia 
or hydrogen, not a mixture); in the case of hydrogen fuel cells, 
this means that ammonia has to be converted into pure hy-
drogen.   This additional step naturally reduces overall ener-
gy efficiency. Current fuel cells that use ammonia operate at 
temperatures of up to 1000 °C, thus requiring a long warm-
up period. Moreover, they do best at a constant power output, 
which makes them more suitable for power generation than 
transport applications.47

There are other alternatives to ammonia that may also be 
suitable for internal combustion engines. In terms of liquid 
fuel alternatives, this includes other energy-dense sustaina-
ble e-fuels such as synthetic diesel, kerosene and methanol. 
However, the energy efficiency of the production process of 
these fuels is far lower than for green hydrogen and ammo-
nia, making it a costly process.48 Additionally, these fuels are 
carbon based, so using them leads to CO2 emissions, which 
– ideally – would have to be captured and stored.49

Another technology is battery storage, which is already very 
common – after all, when it comes to storing and using re-
newable energy, batteries are the most efficient technology.50 
However, for heavy transport applications such as shipping 
and aviation, batteries simply have too low gravimetric ener-
gy density. It would require too much weight to have batter-
ies power long-distance shipping and the size of the required 
batteries would create great pressure on the already scarce re-
sources needed for their production.51

The need for renewables

Renewable ammonia production. Including water electrolysis for hydrogen, air separation for nitrogen and Haber-
Bosch process for ammonia, all powered by renewable energy. 
Visual by IKEM, 2022
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It is clear that, in the near future, a fuel mix consisting mainly 
of green ammonia has great potential to boost the decarbonisa-
tion of the shipping sector. To produce ammonia sustainably, 
however, changes must be made to the production process. All 
the energy should come from renewable energy sources, which 
can make air separation required to obtain nitrogen and the 
Haber-Bosch process through which ammonia is produced cli-
mate neutral. To obtain green hydrogen, steam reforming must 
be replaced by water electrolysis, which in turn is powered by 
renewables. An overview of the green ammonia production 
process is given below.

Producing more green ammonia will require more green power. 
Right now, there is only one green ammonia production plant 
in the world, located in Cusco, Peru.52 There are more green am-
monia capacity plans in the pipeline, but they only add up to 71 
million tonnes per year.53 More ambition, investment and con-
crete plans are needed to bring this green fuel to the forefront.

52	    Rouwenhorst, Travis, and Lefferts, ‘1921–2021: A Century of Renewable Ammonia Synthesis’.

53	   Rouwenhorst and Castellanos, ‘Innovation Outlook: Renewable Ammonia’.

To power the production of the 2050 goal of 566 
million tonnes of green ammonia, we’d need

A SOLAR FARM ALMOST TWICE 
THE SURFACE OF BELGIUM!

Active and planned green ammonia production plants. 
Visual by IKEM, 2022.

Visual by IKEM, 2022.
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A call for action

In summary, green ammonia potentially has major benefits, and the climate stakes could scarcely be higher. So, what needs to 
happen for green ammonia to scale up and for the market to take off? Here are some recommendations on where to start.

Policy
There is need for a clear political commitment to green ammonia, accompanied with targets and support-
ing regulatory mechanisms to create a stable investment climate and spur market growth. It is also crucial 
to ensure the certification of green production processes (similar to the Green Hydrogen Standard) so as to 
ensure that the additional ammonia is produced with renewable energy in a socially responsible manner.54 

Renewable energy
To reach the green ammonia targets required for true climate change mitigation, there is need for much more 
renewable energy capacity. Countries must quickly increase their renewable energy capacities, and, beyond 
that, they must work to form new international partnerships to trade green fuels like hydrogen and ammonia.

International collaboration
An international common standard for green ammonia is needed to create a global, universally recognised 
market for production, refuelling and maintenance. The best way to achieve this is through international 
coordination, which could be supported by the International Maritime Organisation (IMO), for instance. 
Having already declared that ‘the time is ripe for maritime ammonia’, the IMO is expected to actually ap-
prove it as a maritime fuel in 2023.55

Technology & infrastructure
The existing infrastructure for the production, transport and storage of ammonia must be expanded and 
adapted to enable a much wider deployment of ammonia as fuel, beyond its current use in fertiliser.56 This 
includes upgrades to ports, where more ammonia-ready bunkering stations to fuel vessels are needed.57 

Employment
Renewables and green fuels offer great job creation potential. The hydrogen market alone is projected to 
create up to 30 million jobs throughout the global supply chain by 2050.58 Tapping into these socio-eco-
nomic benefits and ensuring flourishing markets, investments in innovation, R&D, and training will se-
cure a thriving new employment sector.

Costs and carbon pricing
As early as 2030, green ammonia could become cost-competitive with the fossil-based kind.59 Supporting 
mechanisms and incentives can help accelerate investments in green-ammonia infrastructure. A strong 
carbon price can redirect investments away from fossil fuels and towards funding to green alternatives, 
like ammonia, thus further levelling the playing field.60

54	   Zhu and Wei, ‘A Green Hydrogen Era: Hope or Hype?’

55	   Zincir, ‘Ammonia for Decarbonized Maritime Transportation’.

56	   Salmon and Bañares-Alcántara, ‘Green Ammonia as a Spatial Energy Vector: A Review’.

57	   Nayak-Luke, Cesaro, and Bañares-Alcántara, ‘Pathways for Green Ammonia’.

58	   Taskforce, ‘Economic Impact Assessment: Hydrogen Is Ready to Power the UK’s Green Recovery’.

59	   Rouwenhorst and Castellanos, ‘Innovation Outlook: Renewable Ammonia’.

60	   Rouwenhorst and Castellanos.
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Final takeaway

Ammonia helped avoid a global food shortage crisis about a century ago and may now be pivotal in solving the biggest chal-
lenge of the current age: climate change. While renewable ammonia is not the only sustainable fuel, its promising characteris-
tics mean it has the potential to help power the green economy of tomorrow. There is no single silver bullet – but with less than 
seven years left in our carbon budget to meet the goals of the Paris Agreement, green ammonia is a shot worth taking.

Assumptions

The average yearly production yield from a ground-mounted photovoltaic system in Germany was used for these calculations.61 
However, the ammonia production process requires a constant power feed in, and so a combination of renewables would be 
needed to provide the energy supply. Places in the world with both wind and solar potential are thus most suitable for large-
scale ammonia production plants. For example, a planned project in Mauritania that uses a mix of renewable energy sources, 
needs only a quarter of the installed renewable capacity to produce the same amount of ammonia as would a comparable fa-
cility in Germany.62

61	   Wirth and Schneider, ‘Recent Facts about Photovoltaics in Germany’.

62	   Rouwenhorst and Castellanos, ‘Innovation Outlook: Renewable Ammonia’.



Ammonia as shipping fuel

10

Sources

Ainsworth, Elizabeth, Craig Yendrek, Stephen Sitch, William Collins, and Lisa Emberson. ‘The Effects of Tropospheric Ozone on 
Net Primary Productivity and Implications for Climate Change *’. Annual Review of Plant Biology 63 (9 February 2012): 637–61. 
https://doi.org/10.1146/annurev-arplant-042110-103829.

Aziz, Muhammad, Agung Tri Wijayanta, and Asep Bayu Dani Nandiyanto. ‘Ammonia as Effective Hydrogen Storage: A Review on 
Production, Storage and Utilization’. Energies 13, no. 12 (2020): 3062.

Bartels, Jeffrey Ralph. A Feasibility Study of Implementing an Ammonia Economy. Iowa State University, 2008.

Cames, Martin, Nora Wissner, and Jürgen Sutter. ‘Ammonia as a Marine Fuel’. Risks and Perspectives. Öko-Institut EV Berlin, 2021.

Carreon, Maria L. ‘Plasma Catalytic Ammonia Synthesis: State of the Art and Future Directions’. Journal of Physics D: Applied 
Physics 52, no. 48 (2019): 483001.

Ciniviz, Murat, and Hüseyin Köse. ‘Hydrogen Use in Internal Combustion Engine: A Review’. International Journal of Automotive 
Engineering and Technologies 1, no. 1 (2012): 1–15.

Comer, Bryan. ‘Transitioning Away from Heavy Fuel Oil in Arctic Shipping’. International Council on Clean Transportation Working 
Paper 3 (2019).

Cordle, Celia. ‘The Guano Voyages’. Rural History 18, no. 1 (2007): 119–33.

DeCola, Elise, Tim Robertson, Michael Fisher, and Logan Blair. ‘Phasing out the Use and Carriage for Use of Heavy Fuel Oil in the 
Canadian Arctic: Impacts to Northern Communities’. Nuka Research and Planning Group LLC.: Plymouth, MA, USA, 2018.

Derwent, Richard, Peter Simmonds, Simon O Doherty, Alistair Manning, William Collins, and David Stevenson. ‘Global 
Environmental Impacts of the Hydrogen Economy’. International Journal of Nuclear Hydrogen Production and Applications 1, 
no. 1 (2006): 57.

Dincer, Ibrahim. ‘Green Methods for Hydrogen Production’. International Journal of Hydrogen Energy 37, no. 2 (2012): 1954–71.
Ebi, Kristie L., and Glenn McGregor. ‘Climate Change, Tropospheric Ozone and Particulate Matter, and Health Impacts’.

Environmental Health Perspectives 116, no. 11 (November 2008): 1449–55. https://doi.org/10.1289/ehp.11463.

Faber, Jasper, Shinichi Hanayama, Shuang Zhang, Paula Pereda, Bryan Comer, Elena Hauerhof, Wendela Schim van der Loeff, et 
al. ‘Fourth IMO GHG Study 2020’. London: International Maritime Organization, 2020. https://greenvoyage2050.imo.org/wp-
content/uploads/2021/07/Fourth-IMO-GHG-Study-2020-Full-report-and-annexes_compressed.pdf.

Gallucci, Maria. ‘The Ammonia Solution: Ammonia Engines and Fuel Cells in Cargo Ships Could Slash Their Carbon Emissions’. 
IEEE Spectrum 58, no. 3 (2021): 44–50.

Janssens, Ton VW, Hanne Falsig, Lars F Lundegaard, Peter NR Vennestrøm, Søren B Rasmussen, Poul Georg Moses, Filippo 
Giordanino, Elisa Borfecchia, Kirill A Lomachenko, and Carlo Lamberti. ‘A Consistent Reaction Scheme for the Selective Catalytic 
Reduction of Nitrogen Oxides with Am-monia’. ACS Catalysis 5, no. 5 (2015): 2832–45.

Kim, Mingyu, and Dong-Woo Park. ‘A Study on the Green Ship Design for Ultra Large Container Ship’. Journal of the Korean Society 
of Marine Environment & Safety 21, no. 5 (2015): 558–70.

Kissel, David E. ‘The Historical Development and Significance of the Haber Bosch Process’. Better Crops With Plant Food 98, no. 2 
(2014): 31.

Lhuillier, Charles, Pierre Brequigny, Francesco Contino, and Christine Mounaïm-Rousselle. ‘Performance and Emissions of an 
Ammonia-Fueled SI Engine with Hydrogen Enrichment’, 2019.

Li, Jun, Shini Lai, Danan Chen, Rongjun Wu, Noriyuki Kobayashi, Lisheng Deng, and Hongyu Huang. ‘A Review on Combustion 
Characteristics of Ammonia as a Carbon-Free Fuel’. Frontiers in Energy Research, 2021, 602.

https://doi.org/10.1146/annurev-arplant-042110-103829
https://doi.org/10.1289/ehp.11463
https://greenvoyage2050.imo.org/wp-content/uploads/2021/07/Fourth-IMO-GHG-Study-2020-Full-report-and
https://greenvoyage2050.imo.org/wp-content/uploads/2021/07/Fourth-IMO-GHG-Study-2020-Full-report-and


Ammonia as shipping fuel

11

Lindstad, Elizabeth, Benjamin Lagemann, Agathe Rialland, Gunnar M Gamlem, and Anders Valland. ‘Reduction of Maritime GHG 
Emissions and the Potential Role of E-Fuels’. Transportation Research Part D: Transport and Environment 101 (2021): 103075.

Mashruk, Syed, Marina Kovaleva, Ali Alnasif, Cheng Tung Chong, Akihiro Hayakawa, Ekenechukwu C Okafor, and Agustin Valera-
Medina. ‘Nitrogen Oxide Emissions Analyses in Ammonia/Hydrogen/Air Premixed Swirling Flames’. Energy 260 (2022): 125183.

McKee, Richard H, Fred Reitman, Ceinwen Schreiner, Russell White, Jeffrey H Charlap, Thomas P O’Neill, and Katy Olsavsky Goyak. 
‘The Toxicological Effects of Heavy Fuel Oil Category Substances’. International Journal of Toxicology 33, no. 1_suppl (2014): 
95S-109S.

McKinlay, Charles John, Stephen Turnock, and Dominic Hudson. ‘A Comparison of Hydrogen and Ammonia for Future Long 
Distance Shipping Fuels’, 2020.

Nayak-Luke, RM, Z Cesaro, and R Bañares-Alcántara. ‘Pathways for Green Ammonia’. Techno-Economic Challenges of Green 
Ammonia as an Energy Vector, 2020, 27.

Norval, M, RM Lucas, AP Cullen, FR De Gruijl, J Longstreth, Y Takizawa, and JC Van Der Leun. ‘The Human Health Effects of Ozone 
Depletion and Interactions with Climate Change’. Photochemical & Photobiological Sciences 10, no. 2 (2011): 199–225.

Ocko, Ilissa B, and Steven P Hamburg. ‘Climate Consequences of Hydrogen Emissions’. Atmospheric Chemistry and Physics 22, no. 
14 (2022): 9349–68.

Pfromm, Peter H. ‘Towards Sustainable Agriculture: Fossil-Free Ammonia’. Journal of Renewable and Sustainable Energy 9, no. 3 
(2017): 034702.

Ravishankara, AR, John S Daniel, and Robert W Portmann. ‘Nitrous Oxide (N2O): The Dominant Ozone-Depleting Substance 
Emitted in the 21st Century’. Science 326, no. 5949 (2009): 123–25.

Rouwenhorst, Kevin HR, and Gabriel Castellanos. ‘Innovation Outlook: Renewable Ammonia’, 2022.

Rouwenhorst, Kevin HR, Anthony S Travis, and Leon Lefferts. ‘1921–2021: A Century of Renewable Ammonia Synthesis’. Sustainable 
Chemistry 3, no. 2 (2022): 149–71.

Salmon, Nicholas, and René Bañares-Alcántara. ‘Green Ammonia as a Spatial Energy Vector: A Review’. Sustainable Energy & Fuels 
5, no. 11 (2021): 2814–39.

Seo, Youngkyun, and Seongjong Han. ‘Economic Evaluation of an Ammonia-Fueled Ammonia Carrier Depending on Methods of 
Ammonia Fuel Storage’. Energies 14, no. 24 (2021): 8326.

Sillman, Dr Sanford. ‘Overview: Tropospheric Ozone, Smog and Ozone-NOx-VOC Sensitivity.’, 2003, 8.

Smith, Val H, G David Tilman, and Jeffery C Nekola. ‘Eutrophication: Impacts of Excess Nutrient Inputs on Freshwater, Marine, and 
Terrestrial Ecosystems’. Environmental Pollution 100, no. 1–3 (1999): 179–96.

Stranges, Anthony N. ‘Fritz Haber: Chemist, Nobel Laureate, German, Jew’. Technology and Culture 46, no. 2 (2005): 448–49.

Taskforce, Hydrogen. ‘Economic Impact Assessment: Hydrogen Is Ready to Power the UK’s Green Recovery’, 2020.

United States Environmental Protection Agency. ‘Inventory of US Greenhouse Gas Emissions and Sinks’, 14 April 2022. https://www.
epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks.

Valera-Medina, A, F Amer-Hatem, AK Azad, IC Dedoussi, M De Joannon, RX Fernandes, P Glarborg, H Hashemi, X He, and S 
Mashruk. ‘Review on Ammonia as a Potential Fuel: From Synthesis to Economics’. Energy & Fuels 35, no. 9 (2021): 6964–7029.

Wirth, Harry, and Karin Schneider. ‘Recent Facts about Photovoltaics in Germany’. Fraunhofer Ise 92 (2015).

Zhang, Fangyu, Gen Chen, Dawei Wu, Tie Li, Zhifei Zhang, and Ning Wang. ‘Characteristics of Ammonia/Hydrogen Premixed 
Combustion in a Novel Linear Engine Generator’. Multidisciplinary Digital Publishing Institute Proceedings 58, no. 1 (2020): 2.

https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks
https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks


Ammonia as shipping fuel

12

Zhang, Qianqian, Yuepeng Pan, Yuexin He, Wendell W. Walters, Qianyin Ni, Xuyan Liu, Guangyi Xu, Jiali Shao, and Chunlai Jiang. 
‘Substantial Nitrogen Oxides Emission Reduction from China Due to COVID-19 and Its Impact on Surface Ozone and Aerosol 
Pollution’. Science of The Total Environ-ment 753 (20 January 2021): 142238. https://doi.org/10.1016/j.scitotenv.2020.142238.

Zhu, Bei, and Chu Wei. ‘A Green Hydrogen Era: Hope or Hype?’ Environmental Science & Technology 56, no. 16 (2022): 11107–10.

Zincir, Burak. ‘Ammonia for Decarbonized Maritime Transportation’. In Clean Fuels for Mobility, 171–99. Springer, 2022.

IKEM 
Institut für Klimaschutz,  
Energie und Mobilität e.V.

Magazinstraße 15-16
10179 Berlin
Deutschland

+49 (0) 30 408 18 70-10 
info@ikem.de 
www.ikem.de

https://doi.org/10.1016/j.scitotenv.2020.142238
http://www.ikem.de

