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Executive Summary 

Pressure is growing from multiple directions for the shipping industry to decarbonise. 

Alternative fuels do exist to reduce or remove all emissions from fuel use, but they 

are not yet competitive with fossil fuels, and face a range of barriers to entry. Calls for 

policy support for decarbonisation are increasing, but it is not yet clear what such 

support should entail. Our analysis looks at the feasibility of applying a policy 

instrument known as a ócontract-for-differenceô (CfD), which has seen previous 

success in driving down the costs of renewable energy generation technologies in the 

electricity sector. We explore the application of this policy instrument to the 

decarbonisation of shipping, unpacking the important design and implementation 

decisions with feedback from a wide range of stakeholders, and provide initial legal 

documentation based on our findings, drawn up by legal experts Pinsent Masons. 

The heavy transport sector is moving to the centre of attention for decarbonisation 

efforts. Pressure is increasing on governments to decarbonise all forms of transport ï road, 

airborne and waterborne. The International Maritime Organisation (IMO) has agreed to 

reduce total GHG emissions from shipping by at least 50% by 2050 (from 2008 levels) and 

consultations are currently under way for the inclusion of shipping in an expansion of the 

European Union Emissions Trading Scheme. The shipping industry is looking to decarbonise 

with some major shipping firms, notably, Maersk (the worldôs largest container shipping line), 

announcing zero-carbon targets. Calls for policy support in this effort are increasing. 

 

 

ES- 1: Current and projected CO2 emissions from shipping for long-term scenarios in which GDP growth tracks 
recent projections, and the land-ōŀǎŜŘ ŜƴŜǊƎȅ ǘǊŀƴǎƛǘƛƻƴ ƛǎ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ ΨǿŜƭƭ ōŜƭƻǿ н ŘŜƎǊŜŜǎΨΣ ŎƻƳǇŀǊŜŘ ǿƛǘƘ 
the requirements of an IPCC 1.5 degrees pathway (Source: IMO 4th IMO GHG Study 2020) 
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Marine transportation accounts for an estimated 2.9% of global greenhouse gas 

(GHG) emissions. Even accounting for the COVID-19 pandemic, shipping emissions are 

expected to stay steady or increase significantly, with the IMO predicting that the sectorôs 

emissions could reflect 90-130% of 2008 levels by 2050 for the most plausible pathways 

identified in its Fourth GHG study (2020). As shown in ES- 1, the emissions gap between the 

range of projected shipping emissions and the requirements of the 1.5C pathway under the 

Paris Agreement are daunting. 

Several potentially viable technologies for decarbonising shipping exist, with each at 

different stages of maturity in innovation and implementation. Options include batteries, 

biofuels, hydrogen-based fuels, carbon-based synfuels, nuclear, and wind power ï although 

not all can meet the fuel energy density requirements of larger deep-sea vessels.  

Technological advances have reduced the cost of clean fuels but still more progress 

will be required for zero-emissions shipping to become economically viable. As shown 

in ES- 2 the costs of clean fuels, such as green hydrogen and green ammonia are more than 

double their fossil fuel counterparts, even with a modest carbon price of US$40 per tonne. 

The key barriers to large-scale private investment and adoption of such clean fuels are well-

known and include high perceived technology risks, lack of supporting infrastructure, lack of 

a project pipeline, lack of stable and scalable fuel supplies, and perhaps most importantly 

their costs in the absence of carbon pricing (or its equivalent) on existing fuels.   

 

 

ES- 2: Cost estimates for common shipping fuels (HFO-Heavy Fuel Oil and MGO-Marine Gas Oil) and zero-
emission alternatives green synfuels, green hydrogen, and green ammonia. 
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Cost obstacles have been dealt with successfully in other sectors in recent years. 

Most notably, in the UK offshore wind industry, a renewable obligations scheme, followed by 

three rounds of contract-for-difference (CfD) auctions has seen the óstrikeô price of wind-

derived electricity reduced to a third of its pre-CfD value and to a price below current 

baseload electricity prices (ES- 3). This remarkable result has been achieved at least partly 

by using CfDs to promote private sector investment and thereby stimulate technological 

progress and accelerate learning rates. 

 

 

ES- 3: The UK offshore wind strike prices from 3 successive rounds of CfD reverse auctions compared to current 
baseload electricity price. Adapted from Grubb, M., Drummond, P., 2018, UK Industrial Electricity Prices: 
Competitiveness in a Low-Carbon World. 

This report investigates the design and implementation of CfD mechanisms for 

international shipping to support the sectorôs decarbonisation. The purpose of such 

schemes is to incentivise investment in emerging technologies, to accelerate deployment 

and reduce costs to the point where they become economically competitive without support. 

Incentivising private investment is key to the necessary scaling and adoption of clean 

shipping fuels. In its basic form, a CfD can help achieve this by allowing a public sector 

entity to meet the difference between the market price for a fuel or technology (the óreference 

priceô), and the óstrike priceô required for its financial returns to be sufficiently attractive to 

developers and private investors. When the strike price is higher than the reference price, 

the scheme in effect subsidises the producer of the fuel or technology the difference. When 

the reverse is true, the producer repays the subsidy. 

The viability of any incentive mechanism depends on both legal and economic 

feasibility as well as appetite for uptake by relevant stakeholders. Any CfD solution 

must be sensitive to the needs of the shipping community and providers of supporting 

infrastructure. Consequently, a key focus of the project was a stakeholder engagement 

process aimed at understanding the myriad viewpoints from shipping and energy industries, 

government and regulatory bodies, financial institutions, researchers, and civil society. In 

designing the CfD we strove to strike the right balance between stakeholder needs, political 
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and practical feasibility, the need for technology neutrality and a level playing field, and the 

need for specificity in the policy mechanism.   

The different technology options for shipping can be characterised as being either 

zero-carbon or net-zero-carbon fuels (ES- 4). These solutions each need very different, 

and potentially expensive infrastructure, which means it is potentially undesirable for all to 

exist at scale simultaneously. Certain technologies have a clear advantage for international 

shipping, but technology-neutrality is important to ensure the best long-term solution 

succeeds. There is however a trade-off between technology neutrality and the complexity of 

the CfDs, given the need to cater for the many and varied segments of the shipping industry.  

 

ES- 4: Carbon-based vs non-carbon-based fuels. Note that production of hydrogen-based fuels from methane 
will likely require offsets on top of Carbon Capture and Storage (CCS) to ensure carbon neutrality. Adapted from 
ETH Zurich (2019) Towards net zero ς comparison of zero-carbon. 

We develop a framework for designing CfDs for international shipping, based on 

implementation of this instrument in other sectors, the specific features of the 

shipping industry, and stakeholder views. We explore two CfD options in detail: 

1) A ñFuel-onlyò CfD, which is the simplest and most popular solution among 

stakeholders, providing shippers with zero-carbon emission fuels at the same price as 

Marine Gas Oil (MGO) but may not cover 100% of the costs of switching from to zero-

emission shipping or necessarily provide support for infrastructure and retrofitting costs. 

This CfD can be applied equally to all shipping segments but does not help promote ónon-

fuelô, highly capital-intensive options like nuclear-powered or wind-assisted ships. 

2) A ñTotal Cost of Ownershipò TCO-based CfD, which covers all costs associated with 

building and running a zero-carbon emission ship. This option is administratively much 

more difficult to manage and would likely require many variants to cover all shipping 

segments but is more technology-neutral, and potentially better for fostering competition, 

and for making progress on the cost of non-fuel components required to build and 

operate zero-emissions ships. 
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To provide industry stakeholders with a tangible legal product for use in taking the 

concept forward, the report concludes with draft ñHeads of Agreementò for each of 

the two CfD options. These documents were drawn up by experienced law firm Pinsent 

Masons, based on the findings of the report. They are concise framework documents that 

can be used to outline an agreement in principle between parties and counterparties, laying 

out how each CfD would work and under what terms it would operate. They are intended to 

provide readers with an understanding of how the CfD might work in practice and enable 

industry stakeholders to see the concrete details of a basic CfD contract, locate points of 

agreement, and uncover issues that may require further negotiation.  

In summary, this report provides readers with an in-depth understanding of the 

difficulties facing a shipping industry looking to decarbonise as well as a potentially 

powerful solution to enable it to do so. It is our hope that readers take from this analysis 

the belief that a zero-emissions shipping future is an economically viable possibility.  
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1. The aims of this report  

An increasing number of large economies are committing to net-zero greenhouse gas (GHG) 

emissions by 2050 including major emitters such as the UK, EU, China, Japan, Korea, 

Canada, South Africa, Argentina and Mexico1. The shipping industry, under the guidance of 

the International Maritime Organisation (IMO), is not yet aligned with these goals. The IMOôs 

current target of 40% GHG emissions reductions by 2030 and at least 50% by 2050 (over a 

2008 baseline), falls short of these wider ambitions2. The IMOôs Initial GHG Strategy for 

decarbonisation also contains a guiding principle of eventual alignment with the Paris 

Agreement, although meeting this objective remains some way off. More broadly, economies 

committing to net zero are facing increasing attention from the international community on 

the emissions of the heavy-transport sector, including shipping. 

The decarbonisation3 of international shipping (henceforth ózero-emissions shippingô4) 

presents a formidable challenge. Electrification is emerging as the solution of choice for light 

duty road transport. It may also be appropriate for small, short-haul watercraft. Unfortunately, 

the energy density requirements and sheer size of the electric powertrain and batteries 

required to power a large ocean-going ship over long distances mean that electric shipping 

is unlikely to be a viable option without a series of major unexpected technological 

breakthroughs. Several alternative options for net-zero shipping remain. Almost all large 

ships currently use liquid fossil fuels to power an internal combustion engine. In principle, 

several net-zero-carbon fuel options are feasible for use in ships, including liquid hydrogen 

(H2) or ammonia (NH3) generated from electrolysers powered by renewable energy; 

synthetic carbon-based electro-fuels such as methanol (CH3OH) or methane (CH4) 

generated using renewable energy; hydrogen fuel cells; modular nuclear reactors; and wind 

power (in limited circumstances, and as a complement to a primary propulsion source). 

All of these technologies are technically viable, but remain some distance away from full 

commercialisation, with some more advanced than others. The key barriers to large-scale 

private investment and adoption are well-known and include high perceived technology risks, 

lack of supporting infrastructure, lack of project pipelines, lack of stable and scalable fuel 

supplies, and perhaps most importantly the absence of carbon pricing (or its equivalent) on 

existing fuels. These are difficulties that have been faced and dealt with successfully in other 

 

1 Carbon Brief (2020). UNEP: Net-ȊŜǊƻ ǇƭŜŘƎŜǎ ǇǊƻǾƛŘŜ ŀƴ ΨƻǇŜƴƛƴƎΩ ǘƻ ŎƭƻǎŜ ƎǊƻǿƛƴƎ ŜƳƛǎǎƛƻƴǎ ΨƎŀǇΩΦ 
https://www.carbonbrief.org/unep-net-zero-pledges-provide-an-opening-to-close-growing-emissions-gap  
2 IMO (2018) Initial IMO GHG Strategy. https://www.imo.org/en/MediaCentre/HotTopics/Pages/Reducing-greenhouse-gas-
emissions-from-ships.aspx  
3 Ψ/ŀǊōƻƴΩ ƛǎ ǳǎŜŘ ƘŜǊŜ ŀǎ ŀ ǇǊƻȄȅ ŦƻǊ greenhouse gas emissions. The Fourth IMO GHG study found that carbon dioxide 
accounted for 98% of greenhouse gas emissions from shipping, although upstream and operating emissions of methane, 
nitrous oxide, hydrofluorocarbons, perfluorocarbons, sulphur hexafluoride, and nitrogen trifluoride can also be significant. 
4 This terminology is consistent with Getting to Zero coalitionΩǎ description of ΨȊŜǊƻ ŎŀǊōƻƴ ŜƴŜǊƎȅ ǎƻǳǊŎŜǎΩ. It includes zero-
emissions fuels derived from zero-carbon electricity and carbon capture and storage; and fuels derived from biomass in 
which emissions from combustion are partially or fully offset in the production process. In all of these cases, there are still 
net positive upstream greenhouse gas emissions in most circumstances. This means the resulting fuels are not strictly ΨƴŜǘ 
ȊŜǊƻΩ ƻƴ ŀ ǿŜƭƭ-to-wake basis unless combined with qualifying offsets, which should only be used subject to strict criteria.  
For further details on definitions, see {ƳƛǘƘΣ ¢Φ όнлмфύ Ψ5ŜŦƛƴƛǘƛƻƴ ƻŦ ȊŜǊƻ ŎŀǊōƻƴ ŜƴŜǊƎȅ ǎƻǳǊŎŜǎΩΦ DŜǘǘƛƴƎ ǘƻ ½ŜǊƻ /ƻŀƭƛǘƛƻƴ.. 
For ƎǳƛŘŀƴŎŜ ƻƴ ƻŦŦǎŜǘ ǳǎŜΣ ǎŜŜ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ hȄŦƻǊŘ όнлнлύ Ψ¢ƘŜ hȄŦƻǊŘ tǊƛƴŎƛǇƭŜǎ ŦƻǊ bŜǘ ½ŜǊƻ !ƭƛƎƴŜŘ /ŀǊōƻƴ hŦŦǎŜǘǘƛƴƎΦΩ 
https://w ww.smithschool.ox.ac.uk/publications/reports/Oxford-Offsetting-Principles-2020.pdf 

https://www.carbonbrief.org/unep-net-zero-pledges-provide-an-opening-to-close-growing-emissions-gap
https://www.imo.org/en/MediaCentre/HotTopics/Pages/Reducing-greenhouse-gas-emissions-from-ships.aspx
https://www.imo.org/en/MediaCentre/HotTopics/Pages/Reducing-greenhouse-gas-emissions-from-ships.aspx
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sectors in recent years, aided by policy and market instruments designed to promote private 

sector investment and accelerate technological progress and commercial deployment. 

Prominent examples include the use of feed-in-tariffs for solar energy in Germany, and the 

use of contracts for difference for offshore wind energy in the United Kingdom (UK).  

In its basic form, a contracts-for-difference (CfD) scheme allows a public sector or 

administrative entity to meet the difference between the market price for a fuel or technology 

(the óreference priceô) and the óstrike priceô required for the financial returns to the project 

being financed to be sufficiently high for developers and private investors. When the strike 

price is higher than reference price, the scheme in effect subsidises the producer of the fuel 

or technology the difference, but when the reference price is higher, the producer pays back 

the difference to the scheme. A key difference from a typical subsidy is that a CfD has a 

fixed time limit, the ñcontractò, which avoids a common problem with removing subsidies 

once they have served their purpose. A CfD can also include a competitive óreverse auctionô 

element whereby suppliers bid against each other to establish the ówinningô strike price, and 

all bidders who offer a price below this strike price can win a contract with the scheme to 

supply the fuel or technology at the strike price.  

This report investigates the design and implementation of CfD mechanisms for international 

shipping to support the sectorôs decarbonisation. The purpose of such schemes is to 

incentivise private investment and the scaling of production to establish the emerging 

technologies and accelerate any potential for cost reductions. The primary requirements of 

such mechanisms are: 

¶ a transparent and effective reference and strike price.  

¶ a robust payment settlement framework able to manage the international dimension 

of shipping contracts.  

¶ a credible enforcement mechanism for CfD obligations.  

¶ an appropriate balance between competition, economic efficiency, technology 

neutrality, and practical feasibility. 

¶ a clearly defined scope and set of beneficiaries. 

This report builds on detailed examination of the technical elements of different zero-

emissions shipping solutions carried out by others, past implementations of CfDs, and 

extensive consultation with experts in industry, government, advocacy, and research, to 

develop a workable CfD mechanism for promoting zero-emissions shipping.  

Section 2 lays out the need for zero-emissions solutions in international shipping. Section 3 

surveys the technology options currently being explored for zero-emissions shipping. Section 

4 outlines the key barriers to adoption, and how similar barriers in other technologies have 

been addressed through CfD mechanisms. Section 5 provides a summary of the stakeholder 

engagement undertaken by the team to ensure that recommendations of this report are built 

on the experience of industry stakeholders and are cognisant of their views. Section 6 

outlines the design features of a CfD for zero-emissions shipping, based on technology 

options, barriers to adoption, and the stakeholder engagement, to construct parameters for 

workable CfDs. Finally, Section 7 provides a legal blueprint for the implementation of two 

CfDs for international shipping, one based on fuel-only solutions and the other on total cost 

of ownership.    
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2. The need for zero-emissions shipping 

2.1. Climate goals and the role of international shipping 

The 2015 Paris Agreement sets out a global framework for the worldôs governments to limit 

the extent and impact of climate change. The Agreementôs stated ambition of keeping global 

warming to well below 2°C above preindustrial levels, and to pursue efforts to limit the 

increase to 1.5°C, requires a rapid and sustained decline in emissions in the coming 

decades, reaching net-zero emissions between 2050 and 2070. To achieve limited 

overshoot of the 1.5°C target, global net anthropogenic CO2 emissions will need to decline 

by about 45% from 2010 levels by 2030, reaching net zero around 2050.5  

In simple terms, by committing to reaching net zero, humans are committing to eventually 

removing as much anthropogenic greenhouse gas emissions as they produce each year. 

Reducing emissions is one of the more obvious means of achieving this goal but with hard-

to-abate sources of emissions it may be more cost-effective to pull emissions from the 

atmosphere, or capture them during energy production from biomass sources, and store 

them underground. For example, a viable solution consistent with the aims of zero-emissions 

shipping would be to produce decarbonised shipping fuels from fossil fuels combined with 

100% carbon capture and storage. It is, however, unlikely that this will be the most cost-

effective path for zero-emissions shipping given the alternative technologies available 

(discussed further in Section 3).  

Most global decarbonisation effort to date has focused on the power sector, which produces 

the largest share of emissions of all sectors and is considered one of the easier sectors to 

decarbonise. However, harder-to-abate sectors are increasingly coming under scrutiny as 

the next-largest sources of emissions with less clear pathways to net zero. The challenge of 

decarbonisation is particularly onerous for sectors that are hard to electrify or are dominated 

by long-term assets with lengthy cost recovery periods. International long-distance shipping 

falls cleanly into both these categories.  

While the industryôs supervisory body and regulator, the IMO, has announced 2050 

decarbonisation targets, and some major shipping firms, notably, Maersk (the worldôs largest 

container shipping line), have done the same, the industry has not yet identified a universally 

accepted pathway to decarbonisation. Moreover, with lifetimes often exceeding 25 years, 

ships commissioned today are likely to be operating well into the 2040s, making the 

deployment of zero-emissions ships in the 2020s an imperative for the sector to align itself 

with the Paris goals6. This also means that the transition to true net-zero emissions across 

the shipping value chain must be realised within one-and-a-half generations of ships at 

 

5 Lt// όнлмуύΥ άDƭƻōŀƭ ²ŀǊƳƛƴƎ ƻŦ мΦрϲ/Φ !ƴ Lt// {ǇŜŎƛŀƭ wŜǇƻǊǘ ƻƴ ǘƘŜ ƛƳǇŀŎǘǎ ƻŦ Ǝƭƻōŀƭ ǿŀǊƳƛƴƎ ƻŦ мΦрϲ/ ŀōƻǾŜ ǇǊŜ-
industrial levels and related global greenhouse gas emission pathways, in the context of strengthening the global response 
to the threat of cƭƛƳŀǘŜ ŎƘŀƴƎŜΣ ǎǳǎǘŀƛƴŀōƭŜ ŘŜǾŜƭƻǇƳŜƴǘΣ ŀƴŘ ŜŦŦƻǊǘǎ ǘƻ ŜǊŀŘƛŎŀǘŜ ǇƻǾŜǊǘȅέ.  
6 ITF (2020) Future Maritime Trade Flows: Summary and Conclusions, ITF Roundtable Reports, No. 178, OECD Publishing, 
Paris. https://www.itf -oecd.org/sites/default/files/docs/future-maritime-trade-flows.pdf  

https://www.itf-oecd.org/sites/default/files/docs/future-maritime-trade-flows.pdf
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most.7 The coming decade will therefore prove crucial in developing, piloting, scaling, and 

commercially incentivising the uptake of zero-emissions vessels. 

Marine transportation8 accounts for an estimated 2.9% of global greenhouse gas (GHG) 

emissions9,10. Even accounting for the COVID-19 pandemic, shipping emissions may 

increase significantly from this (already high) baseline by 2050. The IMOôs Fourth GHG 

Study predicts that under a range of plausible scenarios, the sectorôs total emissions could 

sit at 90-130% of 2008 emissions by 2050.11 Around 80% of global trade by volume took 

place by sea in 2018,12 and shipping is likely to remain the dominant transport mode for 

traded products. Its growing contribution to global GHG emissions and lack of commercially 

viable decarbonisation options suggest efforts to decarbonise should be urgently 

accelerated.  

Requirements for decarbonising the various shipping sectors vary substantially between 

short-sea, medium-distance, and deep-sea vessels. Since the international deep-sea 

shipping segment produces more than 80% of global CO2 emissions from shipping13 and will 

be hardest to decarbonise, it is sensible to focus on this sector. 

The international container shipping industry and its supporting infrastructure is highly 

concentrated both geographically, and in terms of ownership. Trade in containers is often 

expressed by volume, in twenty-foot-equivalent units (TEU). In TEU terms, the worldôs five 

largest ports (all in China) controlled 19.5% of the 793 million TOE in global container freight 

handled by ports in 2018.14 Over 60% of world container port throughput was estimated to 

have gone through Asia in 2019.15 The top ten ports globally controlled 31% of freight, and 

the top 20, 44%.16 The Asia-North America trade route was the worldôs busiest in 2017, 

followed by the Asia-Northern Europe and Asia-Mediterranean route.17 Five container ship 

operators also control more than half of total global fleet capacity.18 As measured by the 

 

7 [ƭƻȅŘΩǎ wŜƎƛǎǘer (2019) ά½ŜǊƻ-Emission Vessels: Transition Pathways,  https://www.lr.org/en-gb/insights/global-marine-
trends-2030/zero-emission-vessels/  
8 Marine transportation includes domestic and international cargo-carrying and non-cargo commercial shipping, and fishing 
vessels. 
9 International Maritime Organisation (2020ύΥ άFourth Greenhouse Gas Study 2020έ. International Maritime organisation, 
London: 
https://wwwcdn.imo.org/localresources/en/OurWork/Environment/Documents/Fourth%20IMO%20GHG%20Study%20202
0%20-%20Full%20report%20and%20annexes.pdf 
10 9¢I ½ǸǊƛŎƘΣ !ƳǇƭƛŦƛŜǊ όнлмфύΥ ά¢ƻǿŀǊŘǎ ƴŜǘ-zero. Innovating for a carbon-free future of shipping in the North and Baltic 
ǎŜŀέ. https://fe8dce75-4c2a-415b-bfe4-e52bf945c03f.filesusr.com/ugd/0a94a7_47fc75affb6e41768a6c3e5f3a970039.pdf  
11 IMO (2020)Υ άFourth Greenhouse Gas Study 2020.έ  
12 UNCTAD (2018) Review of Maritime Transport 2018. United Nations, New York.  https://unctad.org/system/files/official-
document/rmt2018_en.pdf (p. 23).  
13 5b±ΦD[ όнлмфύ ά9ƴŜǊƎȅ ¢Ǌŀƴǎƛǘƛƻƴ hǳǘƭƻƻƪ нлмфέΦ 
14 !ǳǘƘƻǊǎΩ ŎŀƭŎǳƭŀǘƛƻƴǎΣ ōŀǎŜŘ ƻƴ ²ƻǊƭŘ {ƘƛǇǇƛƴƎ Council (2021) Top 50 World Container Ports 
(http://www.worldshipping.org/about-the-industry/global-trade/top-50-world-container-ports); and UNCTAD (2020) 
UNCTADStat Database  (https://unctadstat.unctad.org/wds/TableViewer/tableView.aspx?ReportId=13321) 
15 UNCTAD (2020) Review of Maritime Transport 2020. (p.17, Figure 1.10). 
16 Of the top 10, 7 are in China; the other three are in Singapore, South Korea, and the United Arab Emirates. Of the top 20 
ports, 10 are in China, 2 in the US and 3 in Europe (Rotterdam, Antwerp, and Hamburg). The only UK port in the top 50 is 
Felixstowe.  
17 World Shipping Council (2021) About the Industry: Trade Routes. http://www.worldshipping.org/about-the-
industry/global-trade/trade-routes  
18 UNCTAD (2020) Review of Maritime Transport 2018. 

https://www.lr.org/en-gb/insights/global-marine-trends-2030/zero-emission-vessels/
https://www.lr.org/en-gb/insights/global-marine-trends-2030/zero-emission-vessels/
https://fe8dce75-4c2a-415b-bfe4-e52bf945c03f.filesusr.com/ugd/0a94a7_47fc75affb6e41768a6c3e5f3a970039.pdf
https://unctad.org/system/files/official-document/rmt2018_en.pdf
https://unctad.org/system/files/official-document/rmt2018_en.pdf
http://www.worldshipping.org/about-the-industry/global-trade/top-50-world-container-ports
https://unctadstat.unctad.org/wds/TableViewer/tableView.aspx?ReportId=13321
http://www.worldshipping.org/about-the-industry/global-trade/trade-routes
http://www.worldshipping.org/about-the-industry/global-trade/trade-routes
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Herfindahl-Hirschman Index, industry concentration among container ship line operators has 

increased steadily since at least 2010, with the sharpest annual increase seen from 2015-

2018 amid a surge of consolidation.19 In 2000, the ten largest container companies enjoyed 

a market share of 12%; by mid-2019, this figure was 82%.20 Amid the economic strain 

associated with the COVID-19 pandemic, further consolidation may well be expected.  

The major non-container shipping segments, notably bulk and tanker shipping, have more 

fragmented ownership structures, and voyage patterns that respond more readily to changes 

in commodity prices and demand. In terms of physical ships, 43% of deadweight tonnage (a 

measure of maximum weight a ship can carry) is in bulk carriers, 29% in oil tankers and just 

13% in container ships.21  

Two key international regimes currently regulate the environmental effects of shipping: the 

IMOôs International Convention for the Prevention of Pollution from Ships (MARPOL), and 

the UN Convention on the Law of the Sea (UNCLOS). Further voluntary performance 

indicator frameworks have been selectively adopted, including the European Sea Ports 

Organization, EcoPorts, Port Environmental Review System and the Green Marine 

Environmental Program.22 Some ports, to reduce local pollution (e.g., Vancouver), require 

certain berthed ships to use onshore electricity supplies instead of onboard generators, 

allowing some degree of electrification (which can be net-zero-carbon if the electricity is 

zero-carbon). Nonetheless, current measures to improve energy efficiency, use óshore 

powerô, use cleaner fossil fuels, and to capture some CO2 emissions through onboard 

systems, appear insufficient if the industry is to realise net-zero-carbon by 2050.  

The voluntary financial sector-led óPoseidon Principlesô, targeting the container shipping 

segment, were launched in 2019, with signatories committing to invest in support of the 

IMOôs GHG emissions reduction goal and to revise their targets and expectations over time 

in response to technological and policy change.23. In October 2020, the óSea Cargo Charterô 

was launched as an equivalent for the bulk charter segment.24 

Existing mandatory environmental initiatives in shipping are largely governed by, or tied to, 

IMO frameworks. The IMO Initial Strategy on the reduction of GHG emissions from ships25 

was first adopted in 2018 and is due to be reviewed in 2023. It includes three components: 

 

19 /ƘŀǊƭŀƳǇƻǿƛŎȊΣ WΦ όнлмуύ άAnalysis of the market concentration of the container shipping markets ς ǎŜƭŜŎǘŜŘ ƛǎǎǳŜǎέΦ {I{ 
Web of Conferences 58(01005). https://doi.org/10.1051/shsconf/20185801005   
20 [ŀǎŀǘŜǊΣ [Φ όнлмфΣ нр Wǳƭȅύ άLǎ aŀǊƪŜǘ /ƻƴŎŜƴǘǊŀǘƛƻƴ [ŜŀŘƛƴƎ ǘƻ ŀƴ hƭƛƎƻǇƻƭȅΚέ Red Arrow Logistics. 
https://www.redarrowlogistics.com/shipping/is-market-concentration-leading-to-an-oligopoly/  
21 UNCTAD (2020) Review of Maritime Transport 2020. United Nations, New York.  https://unctad.org/system/files/official-
document/rmt2020_en.pdf (p.37) 
22 Walker, T.R., Adebambo, O. Ŝǘ ŀƭΦ όнлмфύ ά9ƴǾƛǊƻƴƳŜƴǘŀƭ 9ŦŦŜŎǘǎ ƻŦ aŀǊƛƴŜ ¢ǊŀƴǎǇƻǊǘŀǘƛƻƴέ. In Sheppard, C. (ed.) World 
Seas: An Environmental Evaluation, 2nd Ed. Academic Press, pp. 505-530. https://doi.org/10.1016/B978-0-12-805052-
1.00030-9  
23 tƻǎŜƛŘƻƴ tǊƛƴŎƛǇƭŜǎ όнлнлύΦ άIƻǿ ŘƛŘ ǿŜ ƎŜǘ ǘƘŜǊŜέΦ https://www.poseidonprinciples.org/about/how-did-we-get-there/  
24 {Ŝŀ /ŀǊƎƻ /ƘŀǊǘŜǊ όнлнмύΦ ά!ōƻǳǘΥ ! Ǝƭƻōŀƭ ŦǊŀƳŜǿƻǊƪ ŦƻǊ ǊŜǎǇƻƴǎƛōƭŜ ǎƘƛǇ ŎƘŀǊǘŜǊƛƴƎέΦ 
https://www.seacargocharter.org/about/  
25 Lah όнлмуΣ мо !ǇǊƛƭύ ά¦b ōƻŘȅ ŀŘƻǇǘǎ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ ǎǘǊŀǘŜƎȅ ŦƻǊ ǎƘƛǇǇƛƴƎέΦ 
https://www.imo.org/en/MediaCentre/PressBriefings/Pages/06GHGinitialstrategy.aspx  

https://doi.org/10.1051/shsconf/20185801005
https://www.redarrowlogistics.com/shipping/is-market-concentration-leading-to-an-oligopoly/
https://doi.org/10.1016/B978-0-12-805052-1.00030-9
https://doi.org/10.1016/B978-0-12-805052-1.00030-9
https://www.poseidonprinciples.org/about/how-did-we-get-there/
https://www.seacargocharter.org/about/
https://www.imo.org/en/MediaCentre/PressBriefings/Pages/06GHGinitialstrategy.aspx
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¶ Implementation of further phases of the Energy Efficiency Design Index (EEDI), 

introduced in 201126, which mandates minimum energy efficiency levels for different 

ship types and size segments. As the regulation only affects new builds, and lifetimes 

range between 25 and 30 years27, its emissions impact is slow to materialise and 

relatively marginal.28  

¶ Reduction of CO2 emissions intensity (per ótransport workô) by at least 40% by 2030 

on average, pursuing efforts to each 70%, against a 2008 baseline 

¶ Reduction of total GHG emissions from international shipping by at least 50% by 

2050 against a 2008 baseline, pursuing efforts to decarbonise fully in alignment with 

the temperature goals of the Paris Agreement.  

As Figure 1 shows, the changes required to achieve even these modest goals for CO2 

emissions alone, particularly given projected emissions rises under business-as-usual, are 

very substantial. The means by which the remaining 50% of emissions will be mitigated to 

bring the sector in line with IPCC pathways is not clear.  

 

Figure 1: Current and projected CO2 emissions from shipping for long-term scenarios in which GDP growth 
tracks recent projections, and the land-ōŀǎŜŘ ŜƴŜǊƎȅ ǘǊŀƴǎƛǘƛƻƴ ƛǎ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ ΨǿŜƭƭ ōŜƭƻǿ н ŘŜƎǊŜŜǎΨΣ 
compared with the requirements of an IPCC 1.5 degrees pathway (Source: IMO 4th IMO GHG Study 2020) 

In 2016, the IMO introduced a data collection system mandating the standardised collection 

and reporting of a range of operational and emissions data from all ships exceeding 5,000 

 

26 Marine Environment Protection Committee [MEPC] (2011, 15 July). wŜǎƻƭǳǘƛƻƴ a9t/ΦнлоόснύΥ άAmendments to the 
Annex of the Protocol of 1997 to Amend the International Convention for the Prevention of Pollution from Ships, 1973. As 
Modified by the Protocol of 1978 Relating Thereto.έ 
https://wwwcdn.imo.org/localresources/en/KnowledgeCentre/IndexofIMOResolutions/MEPCDocuments/MEPC.203(62).p
df  
27 ETH Zürich (2019) ά¢ƻǿŀǊŘǎ ƴŜǘ-zero. Innovating for a carbon-ŦǊŜŜ ŦǳǘǳǊŜ ƻŦ ǎƘƛǇǇƛƴƎ ƛƴ ǘƘŜ bƻǊǘƘ ŀƴŘ .ŀƭǘƛŎ ǎŜŀέ. 
28 Technically and commercially mature efficiency measures, such as route and speed optimisation, improved hull and 
surface designs, and wind assistance, have all been used to increase the efficiency of the current fleet for largely economic 
reasons; these measures are however marginal relative to the ultimate net-zero target, and insufficient to substantially 
reduce emissions in the medium term without emissions-free forms of propulsion. 

https://wwwcdn.imo.org/localresources/en/KnowledgeCentre/IndexofIMOResolutions/MEPCDocuments/MEPC.203(62).pdf
https://wwwcdn.imo.org/localresources/en/KnowledgeCentre/IndexofIMOResolutions/MEPCDocuments/MEPC.203(62).pdf
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gross tonnage from 2019 onwards.29,30 It does not include any requirement to reduce 

reported emissions, but by measuring them, supports the tracking and management of 

shipping emissions. In addition, IMO sulphur content regulations were introduced in January 

2020 to enforce a maximum sulphur content of 0.5% on marine fuels.31 This effectively 

prevents shipping from using the dirtiest forms of fuel, notably some forms of Heavy Fuel Oil 

(HFO), without on-board scrubber technology. It does not, however, preclude the use of 

other widely used oil-based fuels, such as Very Low Sulphur Fuel Oil (VLSFO) and Marine 

Gas Oil (MGO). 

Since the electricity sector has a clear path towards decarbonisation and the cost of 

renewable electricity is likely to continue to fall32, the use of clean electricity to produce fuels 

has been identified as a way forward for zero-emissions shipping. Such zero-carbon fuels 

include ammonia and hydrogen and battery power generated using zero-carbon electricity 

sources such as solar, wind and nuclear. Synthetic methane/methanol are carbon based but 

can be ñcarbon-neutralò or ñnet-zero-carbonò fuels if direct air capture of CO2 is used in their 

production (Figure 2). Biofuels are also a ñnet-zero-carbonò fuel option and can be used in 

existing engines. Other fuel options include nuclear powered ships33, and sail- or sail-

assisted designs34. Few of these options, if any, are currently technologically and 

economically viable (see Section 3 for more details), and none are operating at sufficient 

scale, raising the need for supporting policies to accelerate progress towards cost parity with 

oil- and gas-based fuels. 

2.2. Setting course in time: avoiding stranded carbon assets in the shipping 

industry 

Given its significant contribution to global emissions and projected future growth, 

accelerating efforts to achieve zero-emissions shipping is urgent from a climate and 

environment perspective. The Getting to Zero coalition and UMAS estimates that enabling 

decarbonisation in line with Paris goals would require 5% of the international shipping fuel 

mix to come from zero emission fuels by 2030.35 Making progress towards decarbonisation 

is also in the long-term interests of the industry in avoiding stranded costs and assets, 

particularly as the likelihood of climate policy tightening increases. Some orders for zero-

emissions-capable vessels (primarily ammonia-ready and dual-fuel ships allowing operators 

to switch to green fuels only once market conditions allow) are starting to be placed, but the 

 

29 MEPC (2016, 28 October) wŜǎƻƭǳǘƛƻƴ a9t/ΦнтуόтлύΥ ά5ŀǘŀ ŎƻƭƭŜŎǘƛƻƴ ǎȅǎǘŜƳ ŦƻǊ ŦǳŜƭ ƻƛƭ ŎƻƴǎǳƳǇǘƛƻƴ ƻŦ ǎƘƛǇǎέ. 
https://marsig.com/data/_uploaded/downloads/MEPC.278(70).pdf  
30 There are more regulations in place (EEDI, SEEMP) and currently under discussion (EEXI and CII). 
31 t²/ όнлмфύΦ άLah нлнл wŜƎǳƭŀǘƛƻƴΦέ https://www.pwc.com/ng/en/publications/imo-2020-regulation.html  
32 CŀǊƳŜǊΣ WΦ 5ΦΣ ϧ [ŀŦƻƴŘΣ CΦ όнлмсύΦ άIƻǿ ǇǊŜŘƛŎǘŀōƭŜ ƛǎ ǘŜŎƘƴƻƭƻƎƛŎŀƭ ǇǊƻƎǊŜǎǎΚέ wŜǎŜŀǊŎƘ tƻƭƛŎȅΣ прόоύΣ сптς665. 
https://doi.org/10.1016/j.respol.2015.11.001  
33 Liang, L.H. (2020, 4 November) ά! nuclear option - aƻƭǘŜƴ {ŀƭǘ wŜŀŎǘƻǊ ǘƻ ǊŜŘǳŎŜ ǎƘƛǇǇƛƴƎΩǎ DID ŜƳƛǎǎƛƻƴǎέΦ {ŜŀǘǊŀŘŜ 
Maritime News. https://www.seatrade-maritime.com/environmental/nuclear-option-molten-salt-reactor-reduce-
shippings-ghg-emissions  
34 IŜƭƭŜƴƛŎ {ƘƛǇǇƛƴƎ bŜǿǎ όнлмфΣ нр hŎǘƻōŜǊύΦ άbƻǊǎŜǇƻǿŜǊ wƻǘƻǊ {ŀƛƭǎ /ƻƴŦƛǊƳŜŘ {ŀǾƛƴƎǎ hŦ уΦн҈ CǳŜƭ !ƴŘ !ǎǎƻŎƛŀǘŜŘ 
/hн Lƴ aŀŜǊǎƪ tŜƭƛŎŀƴ tǊƻƧŜŎǘέΦ IŜƭƭŜƴƛŎ {ƘƛǇǇƛƴƎ ƴŜǿǎΦ https://www.hellenicshippingnews.com/norsepower-rotor-sails-
confirmed-savings-of-8-2-fuel-and-associated-co2-in-maersk-pelican-project/  
35 Getting to Zero Coalition (2021) άFive percent zero emission fuels by 2030 needed for Paris-aligned shipping 
decarbonizationέΦ https://www.globalmaritimeforum.org/content/2021/03/Getting-to-Zero-Coalition_Five-percent-zero-
emission-fuels-by-2030.pdf  

https://marsig.com/data/_uploaded/downloads/MEPC.278(70).pdf
https://www.pwc.com/ng/en/publications/imo-2020-regulation.html
https://doi.org/10.1016/j.respol.2015.11.001
https://www.seatrade-maritime.com/environmental/nuclear-option-molten-salt-reactor-reduce-shippings-ghg-emissions
https://www.seatrade-maritime.com/environmental/nuclear-option-molten-salt-reactor-reduce-shippings-ghg-emissions
https://www.hellenicshippingnews.com/norsepower-rotor-sails-confirmed-savings-of-8-2-fuel-and-associated-co2-in-maersk-pelican-project/
https://www.hellenicshippingnews.com/norsepower-rotor-sails-confirmed-savings-of-8-2-fuel-and-associated-co2-in-maersk-pelican-project/
https://www.globalmaritimeforum.org/content/2021/03/Getting-to-Zero-Coalition_Five-percent-zero-emission-fuels-by-2030.pdf
https://www.globalmaritimeforum.org/content/2021/03/Getting-to-Zero-Coalition_Five-percent-zero-emission-fuels-by-2030.pdf
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industry as a whole is not yet at the point where regulatory uncertainty outweighs the costs 

of investing in relatively unproven, expensive, clean technologies. The current policy 

environment - limited regulation and support schemes - further reduces the incentive for 

individual shipping firms to act. 

At present the wider regulatory environment is not conducive to ambitious decarbonisation 

efforts. Shipping has so far been excluded both from direct obligations under the Paris 

Agreement, and from major regional carbon-pricing systems. However, while the European 

Union Emissions Trading System (ETS) has historically excluded marine transportation, the 

industry is widely expected to be included in the ETS, with formal proposals to be published 

in July 2021. These are expected to clarify whether just intra-EU emissions, or extra-EU 

emissions as well (most relevant for international long-haul shipping), will be counted. The 

UKôs draft Sixth Carbon Budget commits to reducing national emissions by 78% by 2035 

against 1990 levels, including emissions from aviation and shipping for the first time.36 The 

UK Department for Transport has also published a óclean maritime planô laying out its 

roadmap for the transition to zero-emission shipping. It does not commit to a new headline 

target, instead aligning itself with the IMO strategy of 50% emissions reductions by 2050.37  

The adoption of legally binding emission reduction targets ï either through regulation by the 

IMO or by inclusion of parts of the shipping fleet into regional carbon-pricing systems ï has 

been on the horizon for some time.38,39 However, whilst the sector is expecting future 

regulation (including becoming subject to the EU-ETS), and the IMO Initial Strategy provides 

a clear target of at least halving total annual emissions by 2050, there is still no clear outlook 

on emission pathways, carbon pricing, or other measures to reach even this, intermediate, 

goal in the transition to zero-emissions shipping.40 The absence of clear signals creates 

considerable ongoing planning and investment uncertainty that is hampering the 

development, commissioning and adoption of non-fossil fuel options.  

The multi-decadal lifetime of shipping assets aggravates this problem. Without regulatory 

support for green shipping technologies, investors face an unattractive choice. Investing in 

 

36 {ϧt Dƭƻōŀƭ tƭŀǘǘǎ όнлнмΣ нл !ǇǊƛƭύΦ ά¦Y ǘŀǊƎŜǘǎ ту҈ Ŏǳǘ ƛƴ DID ŜƳƛǎǎƛƻƴǎ ōȅ нлорΣ ǘƻ ƛƴŎƭǳŘŜ ŀǾƛŀǘƛƻƴΣ ǎƘƛǇǇƛƴƎέΦ 
https://www.spglobal.com/platts/en/market-insights/latest-news/coal/042021-uk-pm-johnson-to-back-78-cut-in-co2-
emissions-by-2035-report 
37 Department for Transport (2019) Clean Maritime Plan. 
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/815664/clean-
maritime-plan.pdf  
38 In laying out her 2020 agenda during her successful campaign for President of the European Commission, Ursula von der 
Leyen noted άL ǿƛƭƭ ǇǊƻǇƻǎŜ ǘƻ ŜȄǘŜƴŘ ǘƘŜ 9Ƴƛǎǎƛƻƴǎ ¢ǊŀŘƛƴƎ {ȅǎǘŜƳ ǘƻ ŎƻǾŜǊ ǘƘŜ ƳŀǊƛǘƛƳŜ ǎŜŎǘƻǊέΦ ¢Ƙƛǎ ǿŀǎ ǊŜǇŜŀǘŜŘ ƛƴ 
discussions around a European Green Deal and further details are expected in July 2021. See Von der Leyen, U. (2021). A 
Union that strives for more: My agenda for Europe.  https://ec.europa.eu/commission/sites/beta-political/files/political-
guidelines-next-commission_en.pdf Accessed 10 July 2020. 
39 IMO (2020) άLah !Ŏǘƛƻƴ ǘƻ ǊŜŘǳŎŜ DǊŜŜƴƘƻǳǎŜ Ǝŀǎ ŜƳƛǎǎƛƻƴǎ ŦǊƻƳ ƛƴǘŜǊƴŀǘƛƻƴŀƭ ǎƘƛǇǇƛƴƎ: Implementing the Initial IMO 
Strategy on Reduction of GHG Emissions from Shipsέ. International Maritime Organisation. 
https://sustainabledevelopment.un.org/content/documents/26620IMO_ACTION_TO_REDUCE_GHG_EMISSIONS_FROM_I
NTERNATIONAL_SHIPPING.pdf  
40 It is possible in principle to calculate a net-zero pathway in shipping by allocating a portion of the remaining global 
carbon budget to the shipping sector and converting this budget into a trajectory for emissions intensity per nautical mile, 
or per tonne-mile of freight transport, using a range of possible emissions pathways. Shipping firms would then be 
allocated shares based on current activity and projected future market share. However, the utility of this analysis depends 
on the assumed carbon budget restrictions being reflected in national and sectoral policies. 

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/815664/clean-maritime-plan.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/815664/clean-maritime-plan.pdf
https://ec.europa.eu/commission/sites/beta-political/files/political-guidelines-next-commission_en.pdf
https://ec.europa.eu/commission/sites/beta-political/files/political-guidelines-next-commission_en.pdf
https://sustainabledevelopment.un.org/content/documents/26620IMO_ACTION_TO_REDUCE_GHG_EMISSIONS_FROM_INTERNATIONAL_SHIPPING.pdf
https://sustainabledevelopment.un.org/content/documents/26620IMO_ACTION_TO_REDUCE_GHG_EMISSIONS_FROM_INTERNATIONAL_SHIPPING.pdf
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conventional technology is economically preferable in the short term but heightens stranded 

asset risks in the medium term. Meanwhile, investing in new technologies that are yet to be 

scaled commercially creates both technology and project delivery risks, and the high cost of 

the resulting technology creates market risks for investors, since the alternatives are unable 

to compete with fossil fuels. Even if parts of the shipping industry were to fall under regional 

carbon pricing systems, uncertainty around the level of future carbon prices remains. Unless 

investors take the expected carbon price over the lifetime of the vessel (rather than the 

current carbon price) into account, incentives to invest in technology development remain 

suboptimal (a phenomenon described elsewhere as ñdynamic inefficiencyò).41,42 Visibility on 

emissions reduction pathways, and support for the implementation and scaling of new 

technologies, are therefore in the interest of government, the shipping industry, and its long-

term financial backers. 

In 2019, a consortium of five shipping associations including the International Chamber of 

Shipping (ICS), which represents ship owners and operators, formally proposed an industry-

wide bunker fuel levy of US$2 per tonne to promote clean fuel use and raise modest 

research and development funding for low-carbon vessels.43 In April 2021, a similar group 

reiterated this call, and submitted a further proposal to the IMO calling for discussions on the 

use of market-based-mechanisms to be brought forward by several years.44 In a sign of 

tension between industry bodies and states in which a large number of ships are registered, 

the Marshall and Solomon Islands demanded early in 2021 that the IMO impose a universal 

levy on emissions starting at US$100 per tonne of CO2 equivalent, both as a price signal to 

stimulate decarbonisation, and a source of R&D funds.45  

There is considerable variance in ambition across individual firms. Some major shipping 

companies, such as Maersk and CMB, have pledged to have commercially viable zero-

emissions vessels operating by 2030, and to be fully carbon neutral by 2050.46,47 Engine 

producers like MAN already have approved marine fuel-gas systems for liquified hydrogen 

on the market and are currently working on ammonia engines,48 while Mitsubishi has 

 

41 Fankhauser, S. and Hepburn, C. όнлмлύ ά5ŜǎƛƎƴƛƴƎ ŎŀǊōƻƴ ƳŀǊƪŜǘsΣ ǇŀǊǘ LΥ /ŀǊōƻƴ ƳŀǊƪŜǘǎ ƛƴ ǘƛƳŜέΦ Energy Policy 38(8): 
4363-4370. https://doi.org/10.1016/j.enpol.2010.03.064 
42 del Rio, P. όƴΦŘΦύ ά¢ƘŜ ŘȅƴŀƳƛŎ ŜŦŦƛŎƛŜƴŎȅ ƻŦ 9¢{έΦ /ƻƴǎŜƧƻ {ǳǇŜǊƛƻǊ ŘŜ LƴǾŜǎǘƛƎŀŎƛƻƴŜǎ /ientíficas. 
http://www.unife.it/economia/lm.economia/insegnamenti/economia-e-politiche-ambientali/materiale-
didattico/delrio.pdf  
43 Chambers, S. (2019, 13 NovemberύΦ ά5ŜŎŀǊōƻƴƛǎŀǘƛƻƴ ƭŜǾȅ ƻƴ ōǳƴƪŜǊ ŦǳŜƭ ǳƴŘŜǊ ŘƛǎŎǳǎǎƛƻƴ ŀǘ LahΦέ {ǇƭŀǎƘ 247. 
https://splash247.com/decarbonisation-levy-on-bunker-fuel-under-discussion-at-imo/  
44 LƴǘŜǊƴŀǘƛƻƴŀƭ /ƘŀƳōŜǊ ƻŦ {ƘƛǇǇƛƴƎ όнлнмύΦ ά{ƘƛǇǇƛƴƎ ōƻŘƛŜǎ Ŏŀƭƭ ƻƴ ǿƻǊƭŘ ƭŜŀŘŜǊǎ ǘƻ ōǊƛƴƎ ŦƻǊǿŀǊŘ ŘƛǎŎǳǎǎƛƻƴǎ ƻƴ Ǝƭƻōŀƭ 
market-ōŀǎŜŘ ƳŜŀǎǳǊŜǎέΦ LƴǘŜǊƴŀǘƛƻƴŀƭ /ƘŀƳōŜǊ ƻŦ {ƘƛǇǇƛƴƎΦ https://www.ics-shipping.org/press-release/shipping-bodies-
call-on-world-leaders-to-expediate-global-market-based-measures/ 
45 ¢ƘŜ aŀǊƛǘƛƳŜ 9ȄŜŎǳǘƛǾŜ όнлнмΣ мн aŀǊŎƘύ άaŀǊǎƘŀƭƭ ŀƴŘ {ƻƭƻƳƻƴ LǎƭŀƴŘǎ 5ŜƳŀƴŘ Lah {Ŝǘ Ϸмллκ¢ƻƴ [ŜǾȅ ƻƴ 9ƳƛǎǎƛƻƴǎέΦ 
The Maritime Executive. https://maritime-executive.com/article/marshall-and-solomon-islands-demand-imo-set-100-ton-
levy-on-emissions  
46 See, for exŀƳǇƭŜΣ aŀŜǊǎƪ όнлмфύΣ ά¢ƻǿŀǊŘǎ ŀ ȊŜǊƻ-ŎŀǊōƻƴ ŦǳǘǳǊŜέΦ aŀŜǊǎƪΦ 
https://www.maersk.com/news/articles/2019/06/26/towards-a-zero-carbon-future  
47 Hellenic Shipping Newǎ όнлнлΣ нр WŀƴǳŀǊȅύΦ ά/a.Ωǎ /hн tƭŜŘƎŜΥ bŜǘ ½ŜǊƻ !ǎ CǊƻƳ нлнл ς ½ŜǊƻ Lƴ нлрлέΦ IŜƭƭŜƴƛŎ 
Shipping News. https://www.hellenicshippingnews.com/cmbs-co2-pledge-net-zero-as-from-2020-zero-in-2050/  
48 .ǊƻǿƴΣ ¢Φ όнлмфΣ нр WŀƴǳŀǊȅύΦ άa!b 9ƴŜǊƎȅ {ƻƭǳǘƛƻƴǎΥ ŀƴ ŀƳƳƻƴƛŀ ŜƴƎƛƴŜ ŦƻǊ ǘƘŜ ƳŀǊƛǘƛƳŜ ǎŜŎǘƻǊέΦ !ƳƳƻƴƛŀ 9ƴŜǊƎȅ 
Association. https://www.ammoniaenergy.org/articles/man-energy-solutions-an-ammonia-engine-for-the-maritime-
sector/  

https://doi.org/10.1016/j.enpol.2010.03.064
http://www.unife.it/economia/lm.economia/insegnamenti/economia-e-politiche-ambientali/materiale-didattico/delrio.pdf
http://www.unife.it/economia/lm.economia/insegnamenti/economia-e-politiche-ambientali/materiale-didattico/delrio.pdf
https://splash247.com/decarbonisation-levy-on-bunker-fuel-under-discussion-at-imo/
https://maritime-executive.com/article/marshall-and-solomon-islands-demand-imo-set-100-ton-levy-on-emissions
https://maritime-executive.com/article/marshall-and-solomon-islands-demand-imo-set-100-ton-levy-on-emissions
https://www.maersk.com/news/articles/2019/06/26/towards-a-zero-carbon-future
https://www.hellenicshippingnews.com/cmbs-co2-pledge-net-zero-as-from-2020-zero-in-2050/
https://www.ammoniaenergy.org/articles/man-energy-solutions-an-ammonia-engine-for-the-maritime-sector/
https://www.ammoniaenergy.org/articles/man-energy-solutions-an-ammonia-engine-for-the-maritime-sector/
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announced commercialisation of a turbine able to run on pure ammonia by 2025 that may 

ultimately see applications in shipping.49  

In a two-volume report released by the World Bank in April 2021, green ammonia and 

hydrogen are described as having the most promising balance of favourable features relative 

to other options for zero-emissions shipping.50 The report also finds that LNG is unlikely to 

play a significant role in decarbonisation, including as a transitional fuel.51 In a recent report 

published by the Environmental Defense Fund (EDF), ñSailing on Solarò, green ammonia is 

presented as the most likely candidate for net-zero-carbon shipping fuel.52 Both reports also 

caution that being able to use ammonia for rapid decarbonisation is conditional on the timely 

implementation and support of policies promoting the adoption of green ammonia-based 

technologies. A 2021 academic study concluded that meeting IMO 2050 goals would require 

ña quantum leap in energy saving technologies and alternative fuelsò which would require the 

proper incentives to facilitate,53 echoing the conclusion of Balcombe et alôs 2019 study, 

which finds that ñdecarbonisation will require stronger financial incentivesò.54 This sentiment 

was echoed by a majority of those we interviewed across all segments: shipping and energy, 

industry bodies, research institutions, financial institutions, and government and NGOs.  

In another report developed by the Global Maritime Forum and UMAS, the most effective 

decarbonisation pathways for shipping adopted ammonia as the most feasible and cost-

effective fuel to meet the IMO emissions reduction targets.55  Lloydôs Register and UMAS 

have also published recent analysis on zero-emission vessels, weighing up a range of 

scenarios, and highlighting pros and cons for all technology options.56,57,58 Finally, the IEAôs 

flagship Energy Technology Perspectives report also contains a useful overview for maritime 

shipping, including analysis on technology readiness and zero-emissions pathways.59 

 

49 Mitsubishi Power (2021, 1 March). άaƛǘǎǳōƛǎƘƛ tƻǿŜǊ /ƻƳƳŜƴŎŜǎ 5ŜǾŜƭƻǇƳŜƴǘ ƻŦ ²ƻǊƭŘϥǎ CƛǊǎǘ !ƳƳƻƴƛŀ-fired 40MW 
/ƭŀǎǎ Dŀǎ ¢ǳǊōƛƴŜ {ȅǎǘŜƳέΦ aƛǘǎǳōƛǎƘƛ tƻǿŜǊΦ https://power.mhi.com/news/20210301.html  
50 Englert, D., Losos, A., Raucci, C., and Smith, T. (2021a). The Potential of Zero-Carbon Bunker Fuels in Developing 
Countries. World Bank, Washington, DC. World Bank. https://openknowledge.worldbank.org/handle/10986/35435 . 
51 Englert, D., Losos, A., Raucci, C., and Smith, T. (2021b). The Role of LNG in the Transition Toward Low- and Zero-Carbon 
Shipping. World Bank, Washington, DC. World Bank. https://openknowledge.worldbank.org/handle/10986/35437  
52 !ǎƘΣ bΦ ŀƴŘ {ŎŀǊōƻǊƻǳƎƘΣ ¢Φ όнлмфύΦ ά{ŀƛƭƛƴƎ ƻƴ {ƻƭŀǊ: Could green ammonia decarbonise international shipping?έ 
London. Environmental Defense Fund and Ricardo Energy & Environment. 
https://europe.edf.org/file/399/download?token=agUEbKeQ  
53 Psaraftis, H.N. and Kontovas, C.A. (2021) άDecarbonization of Maritime Transport: Is There Light at the End of the 
Tunnel?έ Sustainability 13(1):237. https://doi.org/10.3390/su13010237  
54 Balcombe, P. et al (2019) άIƻǿ ǘƻ ŘŜŎŀǊōƻƴƛǎŜ ƛƴǘŜǊƴŀǘƛƻƴŀƭ ǎƘƛǇǇƛƴƎΥ hǇǘƛƻƴǎ ŦƻǊ ŦǳŜƭǎΣ ǘŜŎƘƴƻƭƻƎƛŜǎ ŀƴŘ ǇƻƭƛŎƛŜǎέΦ 
Energy Conversion and Management 182(15): 72-88. https://doi.org/10.1016/j.enconman.2018.12.080 
55 Raucci, C., Bonello, J.M., Suarez de la Fuente, S., Smith, T., and Søgaard, K. (2020) ά!ƎƎǊŜƎŀǘŜ ƛƴǾŜǎǘƳŜƴǘ ŦƻǊ ǘƘŜ 
ŘŜŎŀǊōƻƴƛǎŀǘƛƻƴ ƻŦ ǘƘŜ ǎƘƛǇǇƛƴƎ ƛƴŘǳǎǘǊȅέΦ ¦a!{Φ https://www.globalmaritimeforum.org/content/2020/01/Aggregate-
investment-for-the-decarbonisation-of-the-shipping-industry.pdf  
56 LƴǘŜǊƴŀǘƛƻƴŀƭ /ƘŀƳōŜǊ ƻŦ {ƘƛǇǇƛƴƎ όнлнмύΦ ά{ƘƛǇǇƛƴƎ ōƻŘƛŜǎ Ŏŀƭƭ ƻƴ ǿƻǊƭŘ ƭŜŀŘŜǊǎ ǘƻ ōǊƛƴƎ ŦƻǊǿŀǊŘ ŘƛǎŎǳǎǎƛƻƴǎ ƻƴ Ǝƭƻōŀƭ 
market-ōŀǎŜŘ ƳŜŀǎǳǊŜǎέΦ LƴǘŜǊƴŀǘƛƻƴŀƭ /ƘŀƳōŜǊ ƻŦ {ƘƛǇǇƛƴƎΦ https://www.ics-shipping.org/press-release/shipping-bodies-
call-on-world-leaders-to-expediate-global-market-based-measures/  
57 [ƭƻȅŘΩǎ wŜƎƛǎǘŜǊ όнлмуύ άZero-Emission Vessels 2030. How do we get there?έΦ https://www.lr.org/en-
gb/insights/articles/zev-report-article/. 
58 [ƭƻȅŘΩǎ wŜƎƛǎǘŜǊ όнлнлύ ά½ŜǊƻ-ŜƳƛǎǎƛƻƴ ǾŜǎǎŜƭǎΥ ¢Ǌŀƴǎƛǘƛƻƴ tŀǘƘǿŀȅǎέΦ https://www.lr.org/en-gb/insights/global-marine-
trends-2030/zero-emission-vessels/ 
59 IEA (2020) Energy Technology Perspectives 2020. https://www.iea.org/topics/energy-technology-perspectives  

https://power.mhi.com/news/20210301.html
https://openknowledge.worldbank.org/handle/10986/35435
https://openknowledge.worldbank.org/handle/10986/35437
https://europe.edf.org/file/399/download?token=agUEbKeQ
https://doi.org/10.3390/su13010237
https://doi.org/10.1016/j.enconman.2018.12.080
https://www.globalmaritimeforum.org/content/2020/01/Aggregate-investment-for-the-decarbonisation-of-the-shipping-industry.pdf
https://www.globalmaritimeforum.org/content/2020/01/Aggregate-investment-for-the-decarbonisation-of-the-shipping-industry.pdf
https://www.ics-shipping.org/press-release/shipping-bodies-call-on-world-leaders-to-expediate-global-market-based-measures/
https://www.ics-shipping.org/press-release/shipping-bodies-call-on-world-leaders-to-expediate-global-market-based-measures/
https://www.lr.org/en-gb/insights/articles/zev-report-article/
https://www.lr.org/en-gb/insights/articles/zev-report-article/
https://www.lr.org/en-gb/insights/global-marine-trends-2030/zero-emission-vessels/
https://www.lr.org/en-gb/insights/global-marine-trends-2030/zero-emission-vessels/
https://www.iea.org/topics/energy-technology-perspectives
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A 2020 ICS report indicated that while the shipping industry is acutely aware of the need to 

decarbonise, a technologically neutral financing approach allowing for the development of 

multiple zero-emissions solutions is favourable.60 This report looks to the UK offshore wind 

industry, which has seen substantial successes in turbine adoption, cost reduction, and 

technological innovation through the implementation of CfDs.61 This report seeks to bridge 

the financing gap between the potential producers of green fuels and the broader maritime 

industry through an approach not dissimilar to that used in the UK offshore wind industry. 

 

  

 

60 LƴǘŜǊƴŀǘƛƻƴŀƭ /ƘŀƳōŜǊ ƻŦ {ƘƛǇǇƛƴƎ όнлнлύΦ ά/ŀǘŀƭȅǎƛƴƎ ǘƘŜ ŦƻǳǊǘƘ ǇǊƻǇǳƭǎƛƻƴ ǊŜǾƻƭǳǘƛƻƴέΦ aŀǊƛǎŜŎ tǳōƭƛŎŀǘƛƻƴǎΦ 
https://www.ics-shipping.org/wp-content/uploads/2020/11/Catalysing-the-fourth-propulsion-revolution.pdf  
61 Jennings, T., Andrews Tipper, H., Daglish, J., Grubb, M. and Drummond, P. (2020). Policy, innovation and cost reduction in 
UK offshore wind. Bartlett Institute for Sustainable Resources and Carbon Trust. https://prod-drupal-
files.storage.googleapis.com/documents/resource/public/Policy-innovation-offshore-wind-report-2020.pdf  

https://www.ics-shipping.org/wp-content/uploads/2020/11/Catalysing-the-fourth-propulsion-revolution.pdf
https://prod-drupal-files.storage.googleapis.com/documents/resource/public/Policy-innovation-offshore-wind-report-2020.pdf
https://prod-drupal-files.storage.googleapis.com/documents/resource/public/Policy-innovation-offshore-wind-report-2020.pdf
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3. Zero-emissions shipping technology options 

The shipping industryôs current fuel profile remains almost exclusively dominated by 

emission-intensive fossil fuels. The most common marine fuels (HFO, VLSFO and MGO62) 

are all used in internal combustion engines (ICEs). More recently, the use of liquified natural 

gas (LNG), offering GHG emission reductions of up to ~20%63 has been increasing.64 

Switching to less polluting fossil fuels is not, however, is unlikely to achieve the IMO goal of 

50% GHG emissions reductions, and extremely unlikely to enable zero-emissions shipping 

by 2050.  

This menu of alternatives includes technologies at different stages of maturity in innovation 

and implementation. All zero-emissions fuels can be characterised as either zero-carbon or 

net-zero-carbon (Figure 2). Zero-carbon fuels include ammonia and hydrogen (in 

compressed form for use in internal combustion engines or stored in fuel cells) and battery 

power given they are generated using zero-carbon electricity sources such as solar, wind, 

and nuclear. Other zero-carbon fuel options include nuclear powered ships65, and sail- or 

sail-assisted designs66, are feasible in principle, although nuclear powered ships are likely to 

face technological, regulatory, and political barriers not faced by other net-zero-carbon 

options, and sails would be expected to only operate alongside a complementary means of 

propulsion.  

Net-zero-carbon fuels contain carbon but do not increase the total anthropogenic carbon 

balance in the atmosphere. Examples include synthetic fuels (synfuels) such as 

methane/methanol where direct air capture of CO2 is used in their production, and biofuels 

which are attractive since they can be used in existing engines. However, synfuels are 

expensive considered and biofuels may not scale well in the long run due to the pressures 

they could place on arable land needed for food production.  

 

 

62 Speirs, J., Balcombe, P., Blomerus, P. Stettler, M., Brandon, N. and Hawkes, A. (2019) ά/ŀƴ ƴŀǘǳǊŀƭ Ǝŀǎ ǊŜŘǳŎŜ ŜƳƛǎǎƛƻƴǎ 
ŦǊƻƳ ¢ǊŀƴǎǇƻǊǘΚ IŜŀǾȅ ƎƻƻŘ ǾŜƘƛŎƭŜǎ ŀƴŘ ǎƘƛǇǇƛƴƎέ Sustainable Gas Institute, Imperial College London. 
https://www.imperial.ac.uk/sustainable-gas-institute/research-themes/white-paper-series/white-paper-4-can-natural-gas-
reduce-emissions-from-transport/   
63 This refers to direct emissions from combustion. Depending on the extraction, refining and supply of LNG, total process 
emissions may be more or less than those for standard fuels. 
64 DNV.GL (2019) ά9ƴŜǊƎȅ ¢Ǌŀƴǎƛǘƛƻƴ hǳǘƭƻƻƪ нлмфέ DNV.GL. https://eto.dnv.com/2019/index.html  
65 [ƛŀƴƎΣ [ΦIΦ όнлнлΣ п bƻǾŜƳōŜǊύ ά! ƴǳŎƭŜŀǊ ƻǇǘƛƻƴ - aƻƭǘŜƴ {ŀƭǘ wŜŀŎǘƻǊ ǘƻ ǊŜŘǳŎŜ ǎƘƛǇǇƛƴƎΩǎ DID ŜƳƛǎǎƛƻƴǎέΦ {ŜŀǘǊŀŘŜ 
Maritime News. https://www.seatrade-maritime.com/environmental/nuclear-option-molten-salt-reactor-reduce-
shippings-ghg-emissions  
66 Hellenic ShƛǇǇƛƴƎ bŜǿǎ όнлмфΣ нр hŎǘƻōŜǊύΦ άbƻǊǎŜǇƻǿŜǊ wƻǘƻǊ {ŀƛƭǎ /ƻƴŦƛǊƳŜŘ {ŀǾƛƴƎǎ hŦ уΦн҈ CǳŜƭ !ƴŘ !ǎǎƻŎƛŀǘŜŘ 
/hн Lƴ aŀŜǊǎƪ tŜƭƛŎŀƴ tǊƻƧŜŎǘέΦ IŜƭƭŜƴƛŎ {ƘƛǇǇƛƴƎ ƴŜǿǎΦ https://www.hellenicshippingnews.com/norsepower-rotor-sails-
confirmed-savings-of-8-2-fuel-and-associated-co2-in-maersk-pelican-project/  

https://www.imperial.ac.uk/sustainable-gas-institute/research-themes/white-paper-series/white-paper-4-can-natural-gas-reduce-emissions-from-transport/
https://www.imperial.ac.uk/sustainable-gas-institute/research-themes/white-paper-series/white-paper-4-can-natural-gas-reduce-emissions-from-transport/
https://eto.dnv.com/2019/index.html
https://www.seatrade-maritime.com/environmental/nuclear-option-molten-salt-reactor-reduce-shippings-ghg-emissions
https://www.seatrade-maritime.com/environmental/nuclear-option-molten-salt-reactor-reduce-shippings-ghg-emissions
https://www.hellenicshippingnews.com/norsepower-rotor-sails-confirmed-savings-of-8-2-fuel-and-associated-co2-in-maersk-pelican-project/
https://www.hellenicshippingnews.com/norsepower-rotor-sails-confirmed-savings-of-8-2-fuel-and-associated-co2-in-maersk-pelican-project/
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Figure 2: Carbon-based vs non-carbon-based fuels. Note that production of hydrogen-based fuels from 
methane will likely require offsets on top of Carbon Capture and Storage (CCS) to ensure carbon neutrality. 
Adapted from ETH Zurich (2019) Towards net zero ς comparison of zero-carbon 

Energy density, safety, and volume requirements limit the range of potential net-zero-carbon 

fuels suitable for shipping. Six key approaches or combinations thereof are conceivable for 

application in different industry segments:  

¶ Direct use of renewable electricity through batteries (for smaller ships and shorter 

distances). 

¶ Indirect use of renewable electricity through carbon-based synthetic fuels 

(methanol/methane) with CO2 sourced from atmospheric capture or from the 

combustion of biomass/biogas. 

¶ Indirect use of renewable electricity through non-carbon-based synthetic fuels 

produced through electrolysis (hydrogen/ammonia); 67 

¶ Bioenergy-derived carbon-based biofuels. 

¶ Nuclear-powered shipping or using nuclear energy to generate clean fuels such as 

hydrogen or ammonia 

¶ Carbon-based fuels with 100% carbon capture and storage (CCS) 

Figure 3 compares International Energy Agency (IEA) estimates of the total ownership cost 

of different fuels, including supporting infrastructure, for a new ship including an estimate for 

a nuclear fuelled ship provided in Appendix A2. Based on cost alone (measured in TCO 

terms), ammonia appears the most promising option. The analysis also suggests that 

ammonia is the cheapest net-zero-carbon option on a TCO basis; and that the storage costs 

of hydrogen are very high. The nuclear fuel option is for a ship powered by a nuclear reactor. 

An alternative that might be more cost-competitive is to produce ammonia by extending the 

life of existing nuclear power plants, which can have a very low cost of electricity since their 

capital costs have already largely been recovered (discussed in more detail in Appendix A2). 

The cost of synthetic fuels using direct air capture to offset CO2 emitted in combustion 

represents the largest cost uncertainty.  

 

67 We do not consider hydrogen produced from landfill gas with steam reformation, as it is not scalable to the required 
volumes. 
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Even for ammonia a significant cost gap remains between the two fossil fuel options (VLSFO 

and LNG) and the net-zero-carbon ones, as shown in Figure 3. VLSFO requires almost no 

infrastructure costs, while LNG has similar infrastructure costs but negligible storage costs 

and the lowest fuel cost of all currently available options. 

 

Figure 3: Current total cost of ownership of fuel and powertrain alternatives for large bulk carrier ships. ICE = 
Internal Combustion Engine, FC = Fuel Cell. Sources: IEA (2019)68 

While decarbonisation of the maritime industry will likely be achieved through the 

development of numerous technologies simultaneously, including batteries and hydrogen, 

ammonia was identified in most reports and by interviewees as the top contender for the 

decarbonisation of international shipping. Other solutions including fuel cells and batteries, 

nuclear, and to a lesser extent sail or wind-assist, and carbon capture and storage (CCS), 

which may play a role in the decarbonisation of the cruise, short-haul, and ferry segments.69 

3.1. Batteries 

Batteries are electrochemical systems that store electric power with very high 

responsiveness. They are technically attractive both because they represent a direct use of 

electricity, which is more efficient in terms of propulsion than other technologies, and 

because if the electricity source is renewable, they have the potential to be zero-carbon. 

Battery power is an established, commercially viable technology, already relatively cheap 

with still-declining costs. For short-distance vessels, battery-electric power has already 

demonstrated a positive business case and is being deployed in certain niche markets such 

 

68 IEA (2019) άCurrent and future total cost of ownership of fuel/powertrain alternatives in a bulk carrier shipέΦ 
International Energy Agency, Paris. https://www.iea.org/data-and-statistics/charts/current-and-future-total-cost-of-
ownership-of-fuel-powertrain-alternatives-in-a-bulk-carrier-ship  
69 De Beukelaer, C. (2020, 5 November). ά{ŀƛƭ ŎŀǊƎƻΥ /ƘŀǊǘƛƴƎ ŀ ƴŜǿ ǇŀǘƘ ŦƻǊ ŜƳƛǎǎƛƻƴ-ŦǊŜŜ ǎƘƛǇǇƛƴƎΚέ ¦b/¢!5 ¢ǊŀƴǎǇƻǊǘ 
and Trade Facilitation Newsletter No. 88. https://unctad.org/news/sail-cargo-charting-new-path-emission-free-shipping 
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as short-distance ferries, tug, and work boats. Near full-electric vessels are increasingly 

being used in the Scandinavian short-haul ferry market.9 

However, battery propulsion has its limitations: Lithium-Ion batteries have around 1/30th of 

the volumetric energy density of MGO (see Figure 4), effectively ruling out any full-battery 

system on deep-sea vessels based on weight and space requirements. Since most shipping 

emissions come from deep-sea vessels and they are the focus of this report, batteries are 

not discussed further as a decarbonisation option.  

 

 

Figure 4: Relative volumetric energy density of shipping fuel alternatives 

3.2. Biofuels 

Alongside batteries, biofuels are the only other currently commercially available alternative 

for zero-emissions shipping.12 Biofuels are made from organic feedstock such as oils, 

sugars, or waste, and include HVO (hydrogenated vegetable oil), BTL (biomass-to-liquids), 

bioethanol, biodiesel and LBG (liquefied biogas, mainly methane). Biofuels can be 

considered carbon-neutral where enough CO2-equivalent is sequestered in production to 

offset emissions from combustion.70 This ignores net emissions from land use change, which 

can be significant for fuel crops, and the possibility significant environmental damage such 

as biodiversity loss. Studies looking at lifecycle-emissions from manufacturing biofuel further 

challenge the assumption of inherent carbon-neutrality.71  

 

70 {ǾŀƴōŜǊƎΣ aΦ 9ƭƭƛǎΣ WΦΣ [ǳƴŘƎǊŜƴΣ WΦ ŀƴŘ [ŀƴŘŅƭǾΣ LΦ όнлмуύ άwŜƴŜǿŀōƭŜ ƳŜǘƘŀƴƻƭ ŀǎ ŀ ŦǳŜƭ ŦƻǊ ǘƘŜ ǎƘƛǇǇƛƴƎ ƛƴŘǳǎǘǊȅΣέ 
Renewable and Sustainable Energy Reviews 94:1217-1228. 
71 DeCicco et al. (2016)Υ ά/ŀǊōƻƴ ōŀƭŀƴŎŜ ŜŦŦŜŎǘǎ ƻŦ ¦Φ{Φ ōƛƻŦǳŜƭ ǇǊƻŘǳŎǘƛƻƴ ŀƴŘ ǳǎŜέ. Climatic Change 138>667-680. 
https://link.springer.com/content/pdf/10.1007%2Fs10584-016-1764-4.pdf  

https://link.springer.com/content/pdf/10.1007%2Fs10584-016-1764-4.pdf
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Biofuels are logistically attractive because, as with road transport, they can be easily 

integrated into existing systems without significant modifications. As they are compatible with 

existing engines, onboard systems, and bunkering infrastructure72 they form part of the 

óbridging philosophyô73 of decarbonised shipping, which holds that it is optimal to invest in the 

most decarbonisation-flexible solutions in the short term. So far, high costs have limited the 

uptake of biofuels, but several large-scale demonstrations projects are active, including the 

CMA CGM White Shark container vessel (bunkered with biofuel in 2019)74; the Van Oord 

and Shell marine biofuel pilot (HAM 316)75; and the Norwegian Hurtigruten and Biokraft 

commitment to supply biogas at scale by 202776.   

Well-founded scalability concerns limit the role of biofuels in the longer term. There is 

already steep competition for land between agriculture and fuel-crop production. The many 

other useful applications of biofuels (including in road transport, aviation, and industry) 

intensify this competition. A 2019 Sustainable Shipping Initiative inquiry concluded that 

ñthere remains no clear consensus on whether there is sufficient sustainable biomass for 

shipping as well as other sectorsò, ña biomass-based decarbonisation pathway for shipping 

comes with considerable supply risksò and that purpose-grown crops would need to be 

ñcertified using leading sustainability standards and [é] sourced within regions with strong 

land governance, carbon and biodiversity credentialsò to be considered sustainable in the 

first place.77 While water-efficient plants grown on non-agricultural land78 may loosen these 

constraints somewhat, we do not currently consider biofuels a viable long-term and large-

scale solution for decarbonising shipping.  

3.3. Fossil fuels with carbon capture and storage 

An option with support from several stakeholders interviewed for this report is the use of 

hydrogen-based shipping fuels produced from fossil fuels coupled with carbon capture and 

storage (CCS). This involves using fossil fuels to convert water to hydrogen (electrolysis) 

and then using CCS to pull the CO2 out of the exhaust generated by burning the fossil fuel 

use and injecting it into subsurface geological formations for permanent storage. Fuels 

produced in this manner are referred to as óblueô hydrogen and óblueô ammonia. They are 

mostly considered interim measures, designed to help decarbonise the shipping industry in 

 

72 Ash, N., Sikora, I. and Richelle, B. όнлмфύ ά9ƭŜŎǘǊƻŦǳŜƭǎ ŦƻǊ ǎƘƛǇǇƛƴƎΥ Iƻǿ ǎȅƴǘƘŜǘƛŎ ŦǳŜƭǎ ŦǊƻƳ ǊŜƴŜǿŀōƭŜ ŜƭŜŎǘǊƛŎƛǘȅ ŎƻǳƭŘ 
ǳƴƭƻŎƪ ǎǳǎǘŀƛƴŀōƭŜ ƛƴǾŜǎǘƳŜƴǘ ƛƴ ŎƻǳƴǘǊƛŜǎ ƭƛƪŜ /ƘƛƭŜέΦ 9ƴǾƛǊƻƴƳŜƴǘŀƭ 5ŜŦŜƴǎŜ CǳƴŘ ŀƴŘ wƛŎŀǊŘƻ 9ƴŜǊgy & Environment. 
https://www.edfeurope.org/file/519/download?token=3VSQ5LR6  
73 5b±ΦD[Υ όнлмфύ ά9ƴŜǊƎȅ ¢Ǌŀƴǎƛǘƛƻƴ hǳǘƭƻƻƪ нлмфέΦ 
74 .ƛƻŜƴŜǊƎȅ LƴǘŜǊƴŀǘƛƻƴŀƭ όнлмфΣ нр aŀǊŎƘύ ά/a! /Da ²ƘƛǘŜ {ƘŀǊƪ ōǳƴƪŜǊǎ ƎǊŜŜƴ ƳŀǊƛƴŜ ōƛƻŦǳŜƭ ƻƛƭ ƛƴ wƻǘǘŜǊŘŀƳ ǘǊƛŀƭέΦ 
Bioenergy International. https://bioenergyinternational.com/storage-logistics/cma-cgm-white-shark-bunkers-with-green-
marine-biofuel-oil-in-rotterdam-trial Accessed 30 July 2020. 
75 ±ŀƴ hƻǊŘ όнлмфΣ мф {ŜǇǘŜƳōŜǊύ ά±ŀƴ hƻǊŘ ŀƴŘ {ƘŜƭƭ ǘƻƎŜǘƘŜǊ ƛƴ ōƛƻŦǳŜƭ Ǉƛƭƻǘ ŦƻǊ ǾŜǎǎŜƭǎέΦ ±ŀƴ hƻǊŘΦ 
https://www.vanoord.com/news/2019-van-oord-and-shell-together-biofuel-pilot-vessels. Accessed 30 July 2020. 
76 .ƛƻƪǊŀŦǘ όнлмфΣ нп aŀȅύΦ άIǳǊǘƛƎǊǳǘŜƴ ǇŀǊǘƴŜǊǎ with Biokraft in record-ōǊŜŀƪƛƴƎ ōƛƻƎŀǎ ŘŜŀƭέΦ  .ƛƻƪǊŀŦǘΦ 
https://www.biokraft.no/press-release-hurtigruten-partners-with-biokraft-in-record-breaking-biogas-deal/ Accessed 30 
July 2020. 
77 Sustainable Shipping Initiative (2019). ά¢ƘŜ ǊƻƭŜ ƻŦ ǎǳǎǘŀƛƴŀōƭŜ ōƛƻŦǳŜƭǎ ƛƴ ǘƘŜ ŘŜŎŀǊōƻƴƛǎŀǘƛƻƴ ƻŦ ǎƘƛǇǇƛƴƎέ. Sustainable 
Shipping Initiative. https://www.ssi2040.org/wp-content/uploads/2019/12/SSI-The-Role-of-Sustainable-Biofuels-in-the-
Decarbonisation-of-Shipping-Full-report.pdf   
78 See, for exampleΣ aŀǎƻƴΣ aΦ όнлнлΣ мл aŀǊŎƘύ ά!ǘ ǘƘŜ DƭŀǎƎƻǿ ŎƭƛƳŀǘŜ ŎƻƴŦŜǊŜƴŎŜΣ ǘƘŜ ¦Y ŎƻǳƭŘ ƪƛŎƪǎǘŀǊǘ ŀ ƎǊŜŜƴ ǘŜŎƘ 
ǊŜǾƻƭǳǘƛƻƴέΦ The Guardian. https://www.theguardian.com/commentisfree/2020/mar/10/glasgow-climate-conference-uk-
green-tech-revolution-cop26  

https://www.edfeurope.org/file/519/download?token=3VSQ5LR6
https://bioenergyinternational.com/storage-logistics/cma-cgm-white-shark-bunkers-with-green-marine-biofuel-oil-in-rotterdam-trial
https://bioenergyinternational.com/storage-logistics/cma-cgm-white-shark-bunkers-with-green-marine-biofuel-oil-in-rotterdam-trial
https://www.vanoord.com/news/2019-van-oord-and-shell-together-biofuel-pilot-vessels
https://www.biokraft.no/press-release-hurtigruten-partners-with-biokraft-in-record-breaking-biogas-deal/
https://www.ssi2040.org/wp-content/uploads/2019/12/SSI-The-Role-of-Sustainable-Biofuels-in-the-Decarbonisation-of-Shipping-Full-report.pdf
https://www.ssi2040.org/wp-content/uploads/2019/12/SSI-The-Role-of-Sustainable-Biofuels-in-the-Decarbonisation-of-Shipping-Full-report.pdf
https://www.theguardian.com/commentisfree/2020/mar/10/glasgow-climate-conference-uk-green-tech-revolution-cop26
https://www.theguardian.com/commentisfree/2020/mar/10/glasgow-climate-conference-uk-green-tech-revolution-cop26
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the nearer term and facilitate a move to truly ógreenô alternatives, buying time for green fuel 

production to grow to sufficient scale to compete economically with conventional fuels. 

Several problems have been associated with such an approach including upstream 

emissions from the production of fossil fuels generally not being captured, the difficulty of 

fully capturing carbon emissions from combustion, and the potential for further investment in 

gas & CCS infrastructure diverting investment away from genuine net-zero-carbon energy 

technologies (i.e., solar and wind) that have much greater potential for medium-and long-

term cost declines. 

A similar option that is technically feasible but not seriously considered by the shipping 

industry is for carbon-based fossil fuels to continue as the main source of propulsion energy, 

coupled with their emissions being offset by some form of negative emissions technologies 

(NET). NETs normally involve pulling CO2 from the atmosphere and injecting it into 

subsurface geological formations for permanent storage, as with CCS, but other carbon 

offsetting options have been explored including enhanced weathering and nature-based 

sequestration. We have mentioned this option here for completeness but there are 

significant drawbacks associated with this solution, notwithstanding that such negative 

emissions technologies are currently extremely expensive (approx. $600/ton of carbon79) 

and have yet to be tested at scale. 

3.4. Synthetic carbon-based electro-fuels 

Synthetic electro-fuels (ñsynfuelsò henceforth) can be carbon- or hydrogen-based. Carbon-

based synfuels include a wide range of synthetic hydrocarbons produced from hydrogen and 

carbon oxides and are made using several different chemical processes.80 These include 

synthetic methane, methanol, and diesel (often referred to as e-methane, e-methanol, etc)81. 

ñGreenò synfuels conventionally refer to fuels produced using renewable electricity, and 

whereby enough CO2 is captured from the atmosphere to offset emissions from 

combustion.82  

Like biofuels, e-fuels can generally be directly substituted for conventional petroleum-derived 

hydrocarbons. Their volume and energy density are comparable to conventional fuels, and 

they can make use of existing bunkering infrastructure. Successful engine conversion from 

MGO to (conventional) methanol has been demonstrated in a dual-fuel medium speed 

engine application on the ñStena Germanicaò, in operation since 201583, although it is not 

clear how widely other ship and engine types can be viably retrofitted this way.  

 

79 Tollefson, J. (2018) Sucking carbon dioxide from air is cheaper than scientists thought, Nature News, 07 June 2018, 
https://www.nature.com/articles/d41586-018-05357-w  
80!ǎƘΣ {ƛƪƻǊŀΣ ŀƴŘ wƛŎƘŜƭƭŜ όнлмфύ ά9ƭŜŎǘǊƻŦǳŜƭǎ ŦƻǊ ǎƘƛǇǇƛƴƎέΦ 
81 Hänggi, S., Elbert, P., Bütler,T., Cabalzar,U., Teske, S., Bach, C., Onder, C., (2019). άA review of synthetic fuels for 
passenger vehiclesέΦ Energy Reports 5: 555-569. https://doi.org/10.1016/j.egyr.2019.04.007 
82 The Royal Society (2019) άPolicy Briefing: Sustainable synthetic carbon-based fuels for tǊŀƴǎǇƻǊǘέ. The Royal Society. 
https://royalsociety.org/-/media/policy/projects/synthetic-fuels/synthetic-fuels-briefing.pdf  
83 Stefenson, P (2016)Φ άaŜǘƘŀƴƻƭΥ ¢ƘŜ ƳŀǊƛƴŜ ŦǳŜƭ ƻŦ ǘƘŜ ŦǳǘǳǊŜΦ ¦ǇŘŀǘŜǎ ŦǊƻƳ ǘƘŜ {ǘŜƴŀ DŜǊƳŀƴƛŎŀέ  
http://www.methanol.org/wp-content/uploads/2016/07/Updates-from-Stena-Germanica-Per-Stefenson.pdf Accessed 30 
July 2020. 

https://www.nature.com/articles/d41586-018-05357-w
https://doi.org/10.1016/j.egyr.2019.04.007
https://royalsociety.org/-/media/policy/projects/synthetic-fuels/synthetic-fuels-briefing.pdf
http://www.methanol.org/wp-content/uploads/2016/07/Updates-from-Stena-Germanica-Per-Stefenson.pdf
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The major obstacle to synfuelsô use for large-scale shipping decarbonisation is that carbon-

based synfuels generally need to include direct air capture to be carbon neutral, which is 

currently only provided at high cost by a handful of companies. Consequently, methane and 

methanol synfuels, and direct air capture of CO2 are not yet available in sufficient 

commercial quantities or at competitive prices.  

3.5. Green hydrogen 

Unlike carbon-based synfuels, hydrogen does not emit any CO2 when combusted to 

generate power. Green hydrogen production from water (through electrolysis powered by 

renewable electricity) uses commercially mature technologies that have been proven at 

scale.84 The one-step production process makes it less energy-intensive to produce than 

synfuels or ammonia and gives it a cost advantage over ammonia and synfuels on an 

energy content basis. Each MWh of energy stored as hydrogen requires around 16% less 

input energy than ammonia, and 60-70% less than e-methanol.  

The main obstacle for hydrogen is storage and transportation. One representative of the 

shipping and energy sector suggested that ñtransporting hydrogen destroys the business 

case for itò. Even liquified or bound to an organic carrier (as LOHC), hydrogen has lower 

volumetric energy densities than ammonia and carbon-based synfuels (by a factor of 2-4; 

see Figure 4). Liquid hydrogen requires cryogenic storage, greatly increasing the costs of 

on-board and onshore storage (see Appendix A3). Hydrogen is also highly flammable, and 

safe storage is cost-intensive. Storage demands also reduce the overall process efficiency 

on an energy basis. and there is no existing distribution and bunkering infrastructure.  

Like all fuels produced using renewable electricity, green hydrogen can be produced without 

generating additional GHG emissions. This does not account for the embodied carbon in 

renewable electricity generation equipment and infrastructure, however, which can vary 

considerably depending on the context. 

3.6. Green ammonia  

Green ammonia has been identified as a promising long-term net-zero-carbon fuel in the 

shipping sector.85 Ammonia is produced from hydrogen combined with atmospheric nitrogen 

through the energy-intensive Haber-Bosch process. Although ammonia is already widely 

produced and traded for use in fertiliser and other industrial applications, it is predominantly 

produced using hydrogen derived from fossil fuels (ógrey ammoniaô).  

Ammonia has more than double the volumetric energy density of liquid hydrogen and can be 

stored in liquid form, at atmospheric pressures and relatively normal temperatures (see 

Figure 4). It poses a much lower fire risk than hydrogen and hydrocarbon fuels. Although it is 

highly toxic and corrosive, established standards for safe handling, storage, and transport of 

ammonia in bulk already exist. It is less energy- and cost-intensive to store and transport 

than hydrogen; and, since ammonia supply chains already exist, is supported by an existing 

 

84 !ǎƘΣ {ƛƪƻǊŀΣ ŀƴŘ wƛŎƘŜƭƭŜ όнлмфύ ά9ƭŜŎǘǊƻŦǳŜƭǎ ŦƻǊ ǎƘƛǇǇƛƴƎέΦ 
85 5Ŝ ±ǊƛŜǎΣ bΦ όнлмфύΦ ά{ŀŦŜ ŀƴŘ ŜŦŦŜŎǘƛǾŜ ŀǇǇƭƛŎŀǘƛƻƴ ƻŦ ŀƳƳƻƴƛŀ ŀǎ ŀ ƳŀǊƛƴŜ ŦǳŜƭέΦ ¢¦ 5ŜƭŦǘΦ 
http://resolver.tudelft.nl/uuid:be8cbe0a-28ec-4bd9-8ad0-648de04649b8. 

http://resolver.tudelft.nl/uuid:be8cbe0a-28ec-4bd9-8ad0-648de04649b8
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global logistical infrastructure. Despite its two-stage production process, therefore, ammonia 

provides a potentially faster route to decarbonisation than hydrogen. One interviewee 

remarked that ñammonia is the best vector for exporting hydrogenò and that that it is the 

ñmost promising due to the scalable marketò. Another representative of the shipping industry 

concluded that ñthe hydrogen future we see is actually an ammonia futureò, a sentiment 

echoed by many interviewees. 

Ammonia is not very compatible with existing bunkering infrastructure and cannot be burned 

in existing internal combustion engines without modifications. Fully ammonia-burning 

engines or fuel cells are estimated to be commercially viable within 3-5 years.86 Ammoniaôs 

high auto-ignition temperature means it requires co-firing with a ópilotô fuel in both 

compression and spark ignition engines. This function could be served by breaking down or 

ócrackingô the ammonia to produce hydrogen using cracking equipment onboard the ship. 

Green ammonia shipping fuels can be virtually carbon-free on a lifecycle basis if there is no 

embodied carbon in the infrastructure required to produce the energy 87. Although ammonia 

is not as dense as synfuels, its energy production efficiency, at 50-60%, is greater than for 

synfuels (around 40%), meaning that less renewable input is required per unit of fuel.31 

Several green ammonia projects are at development and pilot stages, both in fuel 

production, and its use in ships. The Yara Pilbara plant in Australia uses renewable 

electricity to produce carbon-neutral ammonia,88 while MAN Energy Solutions is expected to 

build an ammonia engine for use by 2022,89 and an Equinor and Eidesvik offshore project 

aims to test ammonia fuel cells on deep sea sailing by 2024.90 

3.7. Nuclear 

Nuclear energy provides two options for zero-emissions shipping. Firstly, as a zero-carbon 

energy source for producing green fuels such as hydrogen/ammonia and synfuels, and 

secondly as a direct source of energy for propulsion onboard ships. The key benefit of nuclear 

is that once a reactor is built it can have a long lifetime with relatively low operating costs, 

enabling low-cost generation of clean fuels, or propulsion for vessels that never need 

refuelling. However, while maritime nuclear propulsion is technologically mature, the adoption 

of nuclear reactors onboard civilian, commercial shipping vessels poses several unique and 

significant challenges. The capital costs associated with the implementation of generators are 

substantial while the risks pertaining to safety, environment, disposal, public perception, and 

regulation are substantial. 

 

86 9¢I ½ǸǊƛŎƘΣ !ƳǇƭƛŦƛŜǊ όнлмфύΥ ά¢ƻǿŀǊŘǎ ƴŜǘ-zero. Innovating for a carbon-free future of shipping in the North and Baltic 
ǎŜŀέΦ 
87 If the production of the solar panels and wind farms uses fossil fuel-based energy, ǘƘŜƴ ǘƘŜǊŜ ǿƛƭƭ ōŜ ΨŜƳōƻŘƛŜŘ 
ŜƳƛǎǎƛƻƴǎΩ, but in the future even this energy can come from renewable sources. 
88 .ǊƻǿƴΣ ¢Φ όнлнлΣ ф !ǇǊƛƭύΦ άDǊŜŜƴ ŀƳƳƻƴƛŀ Ǉƭŀƴǘǎ ǿƛƴ ŦƛƴŀƴŎƛƴƎ ƛƴ !ǳǎǘǊŀƭƛŀ ŀƴŘ bŜǿ ½ŜŀƭŀƴŘέΦ Ammonia Energy 
Association. https://www.ammoniaenergy.org/articles/green-ammonia-plants-win-financing-in-australia-and-new-
zealand/. Accessed 30 July 2020. 
89 .ǊƻǿƴΣ ¢Φ όнлмфύΦ άa!b 9ƴŜǊƎȅ {ƻƭǳǘƛƻƴǎΥ ŀƴ ŀƳƳƻƴƛŀ ŜƴƎƛƴŜ ŦƻǊ ǘƘŜ ƳŀǊƛǘƛƳŜ ǎŜŎǘƻǊέΦ 
90 9ǉǳƛƴƻǊ όнлнлΣ но WŀƴǳŀǊȅύΦ ά¢ƘŜ ǿƻǊƭŘΩǎ ŦƛǊǎǘ ŎŀǊōƻƴ-free ammonia-ŦǳŜƭƭŜŘ ǎǳǇǇƭȅ ǾŜǎǎŜƭ ƻƴ ǘƘŜ ŘǊŀǿƛƴƎ ōƻŀǊŘέΦ 
Equinor. https://www.equinor.com/en/news/2020-01-23-viking-energy.html. Accessed 30 July 2020. 

https://www.ammoniaenergy.org/articles/green-ammonia-plants-win-financing-in-australia-and-new-zealand/
https://www.ammoniaenergy.org/articles/green-ammonia-plants-win-financing-in-australia-and-new-zealand/
https://www.equinor.com/en/news/2020-01-23-viking-energy.html
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Nuclear technology appears to be in a state of flux with many of the earlier reactors built for 

commercial purposes either retired or nearing the end of their lifetime (i.e., typically ~30 years), 

but with a potentially positive future given climate change concerns.91 While a number of 

advanced economies with nuclear energy are experiencing near-term closure of a large 

number of nuclear plants (the IEA found that 25% of existing nuclear capacity in advanced 

economies is expected to be shut down by 2025)92, life-extension to 80 and even 100-years 

of lifetime are feasible.93 A few countries have chosen not to build any new reactors, notably 

Japan and Germany, but the Asian nuclear industry is in rapid growth, with Chinaôs recently 

doubling its nuclear capacity during their 13th Five-Year Plan period from 2016 to 2020.94  

To account for the full scope of nuclear options and the evolving nature of the industry, the 

following scenarios were considered when evaluating the viability of nuclear energy for green 

shipping:  

1. Current nuclear reactor technology as a source of indirect energy for production of 

hydrogen and/or ammonia 

2. New nuclear reactor technology as a source of indirect energy for production of 

hydrogen and/or ammonia  

3. Current nuclear reactor technology used as a direct source of energy for steam 

propulsion within a ship 

4. New nuclear reactor technology (small modular reactors) used as a direct source of 

energy for steam propulsion 

The most viable option at present for the nuclear energy in international shipping appears to 

be scenario 1 - the production of hydrogen or ammonia from existing nuclear plants. A certain 

subset of current reactor technologies could be used as a cost-effective source of indirect 

energy for production of hydrogen and/or ammonia. Specifically, nuclear plants that have 

operated for more than 30-years of operation, in certain markets, which are capable of 

supplying energy for as low as $25/MWh, making them close to producing hydrogen at a cost 

competitive with fossil fuels.95  

New nuclear plants, scenario 2, including plants that have operated for less than 30 years 

generally have a much higher energy cost (i.e., >$50/MWh and up) and are currently not cost-

competitive with renewable energy unless they can be dedicated to purely generating clean 

fuels. It should be noted that the direct or indirect production of hydrogen or ammonia from 

nuclear energy is not currently a commercial activity, with only some states exploring 

technological development (see Appendix A2). Early research in the US suggested that 

 

91 International Atomic Energy Agency (2021) ά{ŀŦŜ [ƻƴƎ ¢ŜǊƳ hǇŜǊŀǘƛƻƴ ƻŦ bǳŎƭŜŀǊ tƻǿŜǊ tƭŀƴǘǎΦέ 
https://www.iaea.org/publications/7871/safe-long-term-operation-of-nuclear-power-plants.  
92 L9! όнлмфύ άbǳŎƭŜŀǊ tƻǿŜǊ ƛƴ ŀ /ƭŜŀƴ 9ƴŜǊƎȅ {ȅǎǘŜƳέΦ https://www.iea.org/reports/nuclear-power-in-a-clean-energy-
system  
93 .ŀƴŘȅƪΣ aΦ όнлнмύ άHow long can a nuclear plant run? Regulators consider 100 yearsέΦ ¦ǘƛƭƛǘȅ 5ƛǾŜΦ 
https://www.utilitydive.com/news/how-long-can-a-nuclear-plant-run-regulators-consider-100-years/597294/  
94 Conca, J. (2021). ά/Ƙƛƴŀ ²ƛƭƭ [ŜŀŘ the World in Nuclear Energy, along with All Other Energy Sources, Sooner than You 
¢ƘƛƴƪΦέ Forbes Magazine, April 23, 2021. https://www.forbes.com/sites/jamesconca/2021/04/23/china-will-lead-the-
world-in-nuclear-energy-along-with-all-other-energy-sources-sooner-than-you-think/. 
95 .ŀƪƛǊƻǾΣ aΦΣ !Φ /ǎŜǊƘŀǘƛΣ ¸Φ 5ƻǳΣ 9ǎǉǳƛǾŜƭ 9ǎǘǊŀŘŀΣ {Φ IŜǊŎōŜǊƎΣ WΦ WΦ YǿƻƴΣ ¿Φ ¢ƻƳǑƛŏ Ŝǘ ŀƭΦ (2018) "Economic Assessment of 
the Long Term Operation of Nuclear Power Plants: Approaches and Experience.". IAEA Nuclear Energy Series. https://www-
pub.iaea.org/MTCD/Publications/PDF/PUB1813_web.pdf  

https://www.iaea.org/publications/7871/safe-long-term-operation-of-nuclear-power-plants
https://www.iea.org/reports/nuclear-power-in-a-clean-energy-system
https://www.iea.org/reports/nuclear-power-in-a-clean-energy-system
https://www.utilitydive.com/news/how-long-can-a-nuclear-plant-run-regulators-consider-100-years/597294/
https://www-pub.iaea.org/MTCD/Publications/PDF/PUB1813_web.pdf
https://www-pub.iaea.org/MTCD/Publications/PDF/PUB1813_web.pdf
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nuclear generation of hydrogen / ammonia might only be competitive in certain applications.96 

More recent research has pointed to the fact that advanced nuclear technologies are also 

capable of providing high quality steam to newer generations of electrolysers (i.e., Solid-Oxide 

Electrolysis Cell (SOEC) technology) potentially supporting higher rates of efficiency in 

hydrogen and ammonia production. A 2020 IRENA analysis found that once the costs of 

electrolyser technology fall to $130 kW/hr (USD) at 5 TW installed capacity, hydrogen costs 

could be less than $5/kg, competitive with fossil fuel-based hydrogen production (see 

Appendix A2). However, engineering risks remains with relying on new nuclear for clean fuel 

production given that renewables have achieved a much more convincing learning rate 

compared to nuclear over the last two decades.97 

Nuclear technology ships (scenario 3) are reasonably prevalent today, in the form of nuclear-

powered submarines for military application, with an estimated 150 in operation today.98 There 

have been four commercial nuclear surface vessels, one in which remains in operation today, 

the Russian Sevmorput. However, as noted in a 2019 assessment from Imperial College 

London and University of London, ñthis ship experiences restrictions in which ports it can visit, 

due to civilian evacuation plans and fears at docks.ò99 Other commercial ships built using 

existing nuclear technology have been retired due to similar restrictions and failure to achieve 

economic parity with conventional fuels. 

 

Advanced nuclear technology ships operate more safely, efficiently and, once the technology 

is implemented at scale, are expected to have reduced capital costs. As such, they could be 

a commercially viable prospect for decarbonising shipping. Ships powered with advanced 

nuclear technology (scenario 4) are currently still only in a research and development phase 

with newer small modular reactors not likely to achieve cost parity with alternatives, such as 

ammonia-powered ships, until at least 2030 (i.e., in comparison to scenarios 1 and 2 above). 

Nonetheless, it is reasonable to assume that advanced nuclear technology could be beneficial 

in commercial shipping in the future. 

While the technical realization and deployment of advanced small modular reactors for nuclear 

powered ships unfolds, the regulatory path for operation must also be navigated. Due to 

political and environmental concerns, nuclear vessels often are left with a limited number of 

ports that they may call upon.100 Widescale adoption of reactors aboard commercial vessels 

would require updates to the IMO Code of Safety for Merchant Nuclear Ships and International 

Atomic Energy agency agreements consistent with international norms and politics 

surrounding the distribution of nuclear fuels and technologies.101 The rapid adoption of 

 

96 Keuter, D. (2010), "Nuclear H2 productionςa utility perspective.", Fourth Information Exchange Meeting Oakbrook, 
Illinois, USA 14-16 April 2009. p289-298 https://read.oecd-ilibrary.org/nuclear-energy/nuclear-production-of-
hydrogen_9789264087156-en  
97 Way, R., Mealy, P. & Farmer, J. D. Estimating the costs of energy transition scenarios using probabilistic 
forecasting methods. (2020), https://www.inet.ox.ac.uk/publications/no-2021-01-estimating-the-costs-of-
energy-transition-scenarios-using-probabilistic-forecasting-methods/  
98 ²ƻǊƭŘ bǳŎƭŜŀǊ !ǎǎƻŎƛŀǘƛƻƴ όнлнмύ άNuclear-Powered ShipsέΦ https://world-nuclear.org/information-library/non-power-
nuclear-applications/transport/nuclear-powered-ships.aspx  
99 Balcombe Ŝǘ ŀƭ όнлмфύ άHow to decarbonise international shippingέΦ  
100 Halim, R. A., Kirstein, L., Merk, O., Martinez, L.M. (2018). "Decarbonization Pathways for International Maritime 
Transport: A Model-Based Policy Impact Assessment" Sustainability 10(7): 2243. https://doi.org/10.3390/su10072243 
101 Ibid. 

https://read.oecd-ilibrary.org/nuclear-energy/nuclear-production-of-hydrogen_9789264087156-en
https://read.oecd-ilibrary.org/nuclear-energy/nuclear-production-of-hydrogen_9789264087156-en
https://www.inet.ox.ac.uk/publications/no-2021-01-estimating-the-costs-of-energy-transition-scenarios-using-probabilistic-forecasting-methods/
https://www.inet.ox.ac.uk/publications/no-2021-01-estimating-the-costs-of-energy-transition-scenarios-using-probabilistic-forecasting-methods/
https://world-nuclear.org/information-library/non-power-nuclear-applications/transport/nuclear-powered-ships.aspx
https://world-nuclear.org/information-library/non-power-nuclear-applications/transport/nuclear-powered-ships.aspx
https://doi.org/10.3390/su10072243
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nuclear-based fuels as a means of meeting decarbonisation targets would require rapid 

international agreements and treaty amendments that would almost certainly prevent 

meaningful adoption before 2030. As a result of the international politics of nuclear energy and 

its applications, nuclear shipping may be best managed through bespoke bilateral agreements 

where political will already exists.102 

In terms of funding nuclear technologies through contracts for difference, clean fuels produced 

by nuclear energy could enter into both a fuel-only or total cost of ownership CfD format. As a 

nuclear-powered ship would require a very specific build and does not require refuelling over 

its lifetime, only a total cost of ownership format of a CfD would work (see section 6 for more 

details).  

3.8. Wind and Sail 

In addition to nuclear, wind propulsion technologies have been proposed and utilised on a 

small-scale basis to improve energy efficiency and reduce emissions in the shipping sector. 

Wind technologies are estimated to reduce fuel consumption in the range of 10-30% with 

CO2 abatement reductions in the range of 10-60% dependent on the wind technologies.103 

A variety of wind technologies exist serving multiple functions at various stages of 

development ranging in levels of maturity.104 Sails, both soft and rigid as well as kites and 

rotors offer an intermittent supply of propulsion requiring the pairing with other technologies 

while turbines and rotors support electric propulsion or battery recharge.105  

Development and installation costs vary drastically based on technology type and will require 

pairing with other net-zero-carbon fuel solutions to meet the energy demands of modern 

shipping vessels.106  

  

 

102 Ibid. 
103 Ibid. 
104 ClearSeas 2020. άBack to the Future: Wind Power and the Decarbonisation of Shipping.έ Accessed 29 March 2021. 
https://clearseas.org/en/blog/back-to-the-future-wind-power-and-the-decarbonization-of-shipping/  
105 Halim, Ronald A.; Kirstein, Lucie; Merk, Olaf; Martinez, Luis M. (2018). "Decarbonization Pathways for International 
Maritime Transport: A Model-Based Policy Impact Assessment" Sustainability 10, no. 7: 2243. 
https://doi.org/10.3390/su10072243 
106 Bonduelle, A., Métivier, S., and Rynikiewicz, C. (2015). ά{ŀƛƭ ƛƴǘƻ ŀ ǎǳǎǘŀƛƴŀōƭŜ ŦǳǘǳǊŜΥ wƻŀŘƳŀǇ ŦƻǊ {ŀƛƭ ¢ǊŀƴǎǇƻǊǘέΦ 
http://www.nsrsail.eu/wp-content/uploads/2015/12/Roadmap-SAIL-Transport-WEB-Bonduelle-WP4.pdf. Accessed 29 
March 2021. 

https://clearseas.org/en/blog/back-to-the-future-wind-power-and-the-decarbonization-of-shipping/
https://doi.org/10.3390/su10072243
http://www.nsrsail.eu/wp-content/uploads/2015/12/Roadmap-SAIL-Transport-WEB-Bonduelle-WP4.pdf
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4. Supporting the adoption of zero-emissions 

solutions in shipping 

Even as the cost of alternative fuels declines and the technical feasibility of their use rises, 

major challenges remain. The shipping industry is used to capital-intensive, long-lifetime 

investments, but it is also intensely competitive.107 Although ships themselves are essentially 

regulated by a single body, the IMO, the vast complexity of ownership, leasing, financing, 

and operation structures complicate efforts to coordinate decarbonisation investments 

effectively.  

Barriers standing in the way of a fast adoption of green shipping technologies can be broken 

down into three main categories ï economic, technological, and environmental ï all of which 

will need to be effectively addressed by regulatory and market-based instruments for net-

zero-carbon fuels to succeed. The UK government commissioned a report on barriers to 

commercial deployment of emission reduction options, which is a useful complement to the 

analysis presented here108. 

4.1 Economic barriers 

All net-zero-carbon shipping fuel alternatives described in Section 3 are currently more 

expensive than conventional VLSFO and MGO fuels (see Figure 5). HFO, a refinery 

residual, generally trades below the Brent crude oil price and remains the most widely used 

engine fuel on ships.109 Annex VI of the IMO MARPOL Convention introduced sulphur 

content regulation in 2005, leading to gradual, ongoing replacement of HFO by MGO and 

other higher quality alternatives requiring minimal operational changes.110 The reduction in 

sulphur content limits to 0.5% mandated by IMO 2020 is accelerating this shift.111 MGO has 

historically traded around 20% above the Brent crude oil price112 and, with IMO 2020 in 

place, is the most appropriate benchmark price against which net-zero-carbon fuels should 

be assessed.  

 

107 Monacelli, N. (2018) άLƳǇǊƻǾƛƴƎ ƳŀǊƛǘƛƳŜ ǘǊŀƴǎǇƻǊǘŀǘƛƻƴ ǎŜŎǳǊƛǘȅ ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ ƛƴŘǳǎǘǊȅ ŎƻƴǎƻƭƛŘŀǘƛƻƴέ. Homeland 
Security Affairs 14. https://www.hsaj.org/articles/14257.  
108 Fitzpatrick, N. et al (нлмфύΦ άwŜŘǳŎƛƴƎ ǘƘŜ aŀǊƛǘƛƳŜ {ŜŎǘƻǊΩǎ /ƻƴǘǊƛōǳǘƛƻƴ ǘƻ /ƭƛƳŀǘŜ /ƘŀƴƎŜ ŀƴŘ !ƛǊ tƻƭƭǳǘƛƻƴέΦ ¦Y 
Department for Transport. 
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/815671/identificatio
n-market-failures-other-barriers-of-commercial-deployment-of-emission-reduction-options.pdf  
109 Lah όнлнлύ άLah нлнл ς ŎǳǘǘƛƴƎ ǎǳƭǇƘǳǊ ƻȄƛŘŜ ŜƳƛǎǎƛƻƴǎέΦ LƴǘŜǊƴŀǘƛƻƴŀƭ aŀǊƛǘƛƳŜ Organisation. 
http://www.imo.org/en/mediacentre/hottopics/pages/sulphur-2020.aspx Accessed 27 July 2020. 
110 Billing, E., Fitzgibbon, T. and Shankar, A. (2018) άLah нлнл ŀƴŘ ǘƘŜ ƻǳǘƭƻƻƪ ŦƻǊ ƳŀǊƛƴŜ ŦǳŜƭǎέ. McKinsey & Company. 
https://www.mckinsey.com/~/media/McKinsey/Industries/Oil%20and%20Gas/Our%20Insights/IMO%202020%20and%20t
he%20outlook%20for%20marine%20fuels/IMO-2020-and-the-outlook-for-marine-fuels.pdf   
111 IMO (2019) άFrequently Asked Questions: The 2020 global sulphur lƛƳƛǘέ  
http://www.imo.org/en/MediaCentre/HotTopics/GHG/Documents/2020%20sulphur%20limit%20FAQ%202019.pdf. 
Accessed 27 July 2020. 
112 DNV.GL. (2018) ά!ǎǎŜǎǎƳŜƴǘ ƻŦ ǎŜƭŜŎǘŜŘ ŀƭǘŜǊƴŀǘƛǾŜ ŦǳŜƭǎ ŀƴŘ ǘŜŎƘƴƻƭƻƎƛŜǎέ. DNV-GL Maritime.  
https://sustainableworldports.org/wp-content/uploads/DNV-GL_2018_Assessment-of-selected-alternative-fuels-and-tech-
report.pdf    

https://www.hsaj.org/articles/14257
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/815671/identification-market-failures-other-barriers-of-commercial-deployment-of-emission-reduction-options.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/815671/identification-market-failures-other-barriers-of-commercial-deployment-of-emission-reduction-options.pdf
http://www.imo.org/en/mediacentre/hottopics/pages/sulphur-2020.aspx
https://www.mckinsey.com/~/media/McKinsey/Industries/Oil%20and%20Gas/Our%20Insights/IMO%202020%20and%20the%20outlook%20for%20marine%20fuels/IMO-2020-and-the-outlook-for-marine-fuels.pdf
https://www.mckinsey.com/~/media/McKinsey/Industries/Oil%20and%20Gas/Our%20Insights/IMO%202020%20and%20the%20outlook%20for%20marine%20fuels/IMO-2020-and-the-outlook-for-marine-fuels.pdf
http://www.imo.org/en/MediaCentre/HotTopics/GHG/Documents/2020%20sulphur%20limit%20FAQ%202019.pdf
https://sustainableworldports.org/wp-content/uploads/DNV-GL_2018_Assessment-of-selected-alternative-fuels-and-tech-report.pdf
https://sustainableworldports.org/wp-content/uploads/DNV-GL_2018_Assessment-of-selected-alternative-fuels-and-tech-report.pdf
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Figure 5: Cost estimates for different brown and green shipping fuels 
 

The cost drivers for net-zero-carbon fuels vary by fuel type and are divided into a marginal 

fuel production cost differential, and upfront investment requirements. 

For green hydrogen, both the fuel cost differential and upfront investments are cost drivers. 

Whilst green hydrogen is the cheapest fuel to produce on an energy-content basis, it is much 

less energy-dense and carries additional requirements on board a ship in terms of bunkering 

infrastructure and transport. To be used, hydrogen needs to either be liquified (requiring 

energy-intensive cryogenic storage) or bound to organic carriers (LOHC). Even in liquid or 

organic form, hydrogen is still less energy-dense than the alternatives, requiring fuel tanks 

on board to be 4-6 times larger than on conventional vessels (Figure 4). Additional costs are 

incurred in onshore transport and bunkering. If used in fuel cells to provide electric 

propulsion, hydrogen has the potential to lower operating costs, but competitiveness remains 

some way off.  

For synthetic carbon-based fuels and liquid ammonia, the fuel itself is the main cost driver. 

Whereas carbon-based synfuels can be employed with few changes to bunkering systems 

and ship engines, liquid ammonia requires changes to handle its corrosive properties (see 

Appendix A3). Ammonia used in fuel cells, like hydrogen, has the potential to lower 

operating costs in the longer-term. 

 

 



 

33 

 

 

Figure 6: Relative cost drivers for different net-zero-carbon fuel options. 

 

Fuel-cost ranges are highly uncertain, since they depend on the cost of electricity, 

electrolyser technology, methane synthesis technology, carbon capture technology, 

transportation, and bunkering cost, with the relative importance of each depending on the 

fuel. Costs for green hydrogen, green ammonia and green synthetic methane vary 

substantially across studies. The lower bounds of future cost estimates generally reflect 

(widely expected) declines in the cost of renewable electricity, as well as more uncertain cost 

declines for electrolyser capacity. Upper bounds on future costs of traditional fuels are driven 

by carbon prices or equivalent regulation.  

By surveying a range of studies on the current costs of alternative fuels, we estimate green 

hydrogen energy costs at around $147/MWh58, green ammonia at $181/MWh59, and green 

synthetic methane costs of around $244/MWh60, compared to $40-70/MWh for MGO from 

2015-2020 (see Figure 5). Costs for green hydrogen are forecasted to drop rapidly in the 

next ten years. Price estimates for 2030 range from 30% (IEA) to 60% (Hydrogen Council) 

lower than today in real terms, bringing it into a similar range to MGO with no carbon price 

on a fuel-only basis113. Green ammonia is expected to see similar declines using similar key 

technologies (e.g., electrolysers),114, although by less given the additional steps required. 

On a total cost basis, green hydrogen is likely to remain more expensive than MGO and 

green ammonia, given the greater need for upfront investment and opportunity costs from 

lost storage space. Estimates including crew, engine, storage, fuel, and opportunity cost 

could see hydrogen around 30% more expensive than ammonia solutions.115 

 

113 IRENA (2019) Renewable Power Generation Costs in 2018. International Renewable Energy Agency, Abu Dhabi. 
https://www.irena.org/-/media/Files/IRENA/%20Agency/Publication/2019/May/IRENA_Renewable-Power-Generations-
Costs-in-2018.pdf  
114 Cesaro, Z., Ives, M., Nayak-Luke, R., Mason, M. & Bañares-Alcántara, R. όнлнмύ άAmmonia to power: Forecasting the 
levelized cost of electricity from green ammonia in large-scale power plants.έ Applied Energy 282, 116009. 
https://doi.org/10.1016/j.apenergy.2020.116009  
115 9¢I ½ǸǊƛŎƘΣ !ƳǇƭƛŦƛŜǊ όнлмфύΥ ά¢ƻǿŀǊŘǎ ƴŜǘ-zero. Innovating for a carbon-free future of shipping in the North and Baltic 
SeaέΦ 
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https://doi.org/10.1016/j.apenergy.2020.116009


 

34 

 

Regardless of ultimate fuel choice, the adoption of net-zero-carbon fuels in shipping will 

raise costs for operators, although industry professionals suggest demand for shipping is 

sufficiently inelastic that this will have little effect on demand, and that the primary concern 

expressed in stakeholder interviews was with the maintenance of a level playing field in the 

transition from one set of fuels to another. A complication for the widespread adoption of 

green ammonia and hydrogen, and to a lesser extent synfuels, is the absence of 

standardised certification processes, regulatory standards, and large-scale fuel suppliers. 

Until these fuels are competitively priced, cohesive standards are essential to support a 

market. This in turn requires industry or regulatory agreement on standards for blue, grey, 

and green hydrogen, ammonia, and e-fuels such that buyers can be confident in fuels 

meeting low- or net-zero-carbon criteria. The international nature of the fuel supply and 

bunkering industry is likely to further complicate certification efforts. 

Decarbonised shipping also has implications for geopolitics and trade. The sensitivity of net-

zero-fuels to electricity prices incentivises production near high-resource renewable energy 

sites. While this does not pose a problem for low-volume production (the UK can, for 

example, site hydrogen-producing electrolysers near North Sea offshore wind resources), 

space and load factor constraints will emerge as the fuel supply market expands and 

becomes more competitive. Regulatory or market instruments for net-zero shipping should 

encourage cost-effective production of net-zero-carbon fuels, with potential implications for 

existing shipping corridors, which may adapt to allow refuelling or bunkering in locations 

where these fuels are cheapest. 

A final challenge ï and potentially an opportunity ï is the structure of the shipping industry 

itself. The many stakeholders in a shipôs construction and operational activity mean its 

interaction with different sovereign and corporate entities is diverse. The container segment 

is highly concentrated among large firms and has a higher proportion of owner-operators, 

while ownership structures in the bulk and tanker segments are more fragmented. The 

vested interests of dominant shipowners and operators, and oil majors supplying shipping 

fuels (particularly large LNG suppliers looking to sell into shipping markets), can slow 

progress, but equally, commitments by a small number of large firms, particularly in the 

container segment, can accelerate investment in net-zero-carbon fuel supply and 

infrastructure and generate positive externalities by lowering cost for smaller players. 

Concentration of marine traffic through a relatively small number of major ports presents 

similar opportunities for policies and instruments adopted by a small number of individual 

governments or ports to have an outsize impact on industry trends.  

4.2 Technological barriers 

Renewable electricity-powered electrolysis is a key technology for all synthetic fuels, as 

green hydrogen is required for both green ammonia and synthetic methane production. 

Whilst hydrogen is an established feedstock, only around 4% of global hydrogen supply is 

produced via electrolysis.116 Most existing capacity is based on chlor-alkali (ALK) 

 

116 IRENA (2018)Υ άHydrogen from renewable power: Technology outlook for the energy transitionέ. International 
Renewable Energy Agency, Abu Dhabi. https://irena.org/-
/media/Files/IRENA/Agency/Publication/2018/Sep/IRENA_Hydrogen_from_renewable_power_2018.pdf  

https://irena.org/-/media/Files/IRENA/Agency/Publication/2018/Sep/IRENA_Hydrogen_from_renewable_power_2018.pdf
https://irena.org/-/media/Files/IRENA/Agency/Publication/2018/Sep/IRENA_Hydrogen_from_renewable_power_2018.pdf
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electrolysers, but prototypes and demonstration projects of solid oxide electrolyser cells 

(COEC) and proton exchange membranes (PEM) are being explored.  

ALK technology has been in use for decades (albeit in small volumes). PEM electrolysers 

have become commercially available in recent years and are gaining market traction117 due 

to their flexibility and smaller lifecycle footprint. Flexible operation and higher efficiencies at 

lower load factors are helpful in working with intermittent renewable electricity supply. While 

further improvements are widely expected, more research and larger-scale operation are 

required to fully understand the scope for further cost and material declines, higher 

efficiencies, and higher load factor flexibilities.  

The step from green hydrogen to green ammonia ï nitrogen fixation through a Haber-Bosch 

process ï has been technologically mature for more than a century, with existing research 

focusing on agile Haber-Bosch processes (e.g., at the Thyssen-Krupp Port Lincoln Pilot 

project in Australia) to optimise use with intermittent electricity supply. The production of 

green synthetic methane (and other, carbon-based e-fuels) from green hydrogen involves 

two additional processes, neither of which is established at scale: direct capture of 

atmospheric CO2
118 and large-scale methane synthesis. Learning curves here are more 

difficult to predict than for electrolysers, due to the nascent nature of the technologies and 

the lack of deployment to scale.  

A range of demand-side technologies are also required in ship engine design, on-board 

storage, on-board safety, bunkering and onshore transport. Green hydrogen and ammonia 

can be burned in ICEs and fuel cells. As the shipping industry predominantly uses large 

diesel engines, ICEs are an easier initial entry point for new fuels. MAN Energy Solutions, a 

major ship engine designer, is developing ammonia ICEs.119 Ammonia has a narrow 

flammability range with combustion conditions becoming more unstable at very low and high 

engine speeds. Increased usage will no doubt promote solutions including the use of 

hydrogen as a ignition fuel.120 Hydrogen, in contrast to ammonia, is highly flammable, 

potentially creating safety problems on board. In the medium term, hydrogen and ammonia 

fuel cells have the potential to reduce overall energy use and operating costs through 

electric propulsion (offsetting the additional energy conversions required with the far greater 

efficiency of electric motors). ETH Zürich and Amplifier anticipate commercialisation within 5-

10 years.121 

4.3 Environmental and Safety barriers 

Environmental impact and safety are critical issues for marine fuels. Spills and leakages of 

oil, and of hazardous and noxious substances (HNS), pose potentially catastrophic 

environmental risks with long-term effects, while fires, explosions and exposure to toxins 

 

117 Ibid. 
118 Two companies currently provide commercial direct air-capture (Carbon Engineering in Canada, and Climeworks in 
Switzerland), at a cost of approximately US$ 600 per tonne of CO2 https://www.nature.com/articles/d41586-018-05357-w   
119 .ǊƻǿƴΣ ¢Φ όнлмфύΦ άa!b 9ƴŜǊƎȅ {ƻƭǳǘƛƻƴǎΥ ŀƴ ŀƳƳƻƴƛŀ ŜƴƎƛƴŜ ŦƻǊ ǘƘŜ ƳŀǊƛǘƛƳŜ ǎŜŎǘƻǊέΦ 
120 Comotti, M.; Frigo, S. (2015) άHydrogen Generation System for AmmoniaςHydrogen Fuelled Internal Combustion 
Enginesέ. International Journal of Hydrogen Energy 40(33):10673-10686. https://doi.org/10.1016/j.ijhydene.2015.06.080 
121 9¢I ½ǸǊƛŎƘΣ !ƳǇƭƛŦƛŜǊ όнлмфύΥ ά¢ƻǿŀǊŘǎ ƴŜǘ-zero. Innovating for a carbon-free future of shipping in the North and Baltic 
ǎŜŀέΦ 
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pose risks to those handling fuels.122 The last decade has seen ten marine fuel spills 

exceeding 700 tonnes.123 Measures for reducing the risk of these occurrences, such as the 

double hulling of ships, are well established. By contrast, there is a relative 

underdevelopment of safety standards for other HNS, including ammonia, despite similar 

levels of attributable accidents between such chemicals as cargo and oil-based fuels.124    

While standards exist for the transport and treatment of all of the net-zero-carbon fuels under 

consideration, each carries distinct environmental and safety concerns (see Technical 

Appendix A2 for more information). The IMOôs International Code of Safety for Ship Using 

Gases or Other Low-flashpoint Fuels (IGF) and International Code for the Construction and 

Equipment of Ships Carrying Liquefied Gases in Bulk (IGC)125 apply to all gaseous and low 

flashpoint fuels. The IGF has detailed provisions for natural gas in liquid or compressed form 

(LNG, CNG), with regulations for methanol and low-flashpoint diesel fuels under 

development. Ships installing other low-flashpoint fuel systems are required to demonstrate 

compliance with the IGF Code. Neither hydrogen nor ammonia use, or storage are yet 

covered by the IGF, although rules are under development and are expected to feature in its 

next amendment.126,127  

¶ Hydrogen is highly flammable and must be stored either under pressure (800 bar), 

or at -253°C in cryogenic tanks. Both are potentially dangerous: pressurised gas can 

explode when heated, and cryogenic storage can cause burns or injuries. Hydrogen 

is not-toxic, however, and spills of liquified or compressed hydrogen are not thought 

to have serious environmental consequences. Regulation typically limits the 

distribution of hydrogen on land128, and the proportion of hydrogen that can be 

deployed in natural gas pipeline systems. There are published guidelines129 on the 

use of cryogenic tanks (also used for LNG), but knowledge and legal gaps remain in 

hydrogen fuel safety standards, especially measures to reduce the severity and 

likelihood of fires and explosions130.  

 

122 See Appendix for a more detailed summary of Hazard Statements from the UN Globally Harmonised System of 
Classification and Labelling of Chemicals (GHS) for a range of potential shipping fuels. 
123 ITOPF (2020) Oil Tanker Spill Statistics 2019. ITOPF, London. 
https://www.itopf.org/fileadmin/data/Documents/Company_Lit/Oil_Spill_Stats_brochure_2020_for_web.pdf   
124 IŅƪƪƛƴŜƴΣ WΦΣ ϧ tƻǎǘƛΣ !Φ όнлмрύΦ άtƻǊǘ ŀŎŎƛŘŜƴǘǎ ƛƴǾƻƭǾƛƴƎ ƘŀȊŀǊŘƻǳǎ ǎǳōǎǘŀƴŎŜǎ ōŀǎŜŘ ƻƴ C!/¢{ ŘŀǘŀōŀǎŜ ŀƴŀƭȅǎƛǎΦέ LƴΥ 
Proceedings of the 38th AMOP Technical Seminar on Environmental Contamination and Response. 
125 For further information on the IMO IGF Code, see https://www.imo.org/en/OurWork/Safety/Pages/IGF-Code.aspx.  
126 9¢I ½ǸǊƛŎƘΣ !ƳǇƭƛŦƛŜǊ όнлмфύΥ ά¢ƻǿŀǊŘǎ ƴŜǘ-zero. Innovating for a carbon-free future of shipping in the North and Baltic 
ǎŜŀέΦ p.15. 
127 5b±ΦD[ όнлмфύ ά9ƴŜǊƎȅ ¢Ǌŀƴǎƛǘƛƻƴ hǳǘƭƻƻƪ нлмфέΦ 
128 For example, international regulation (ADR) forbids road transport in certain tunnels. 
129 From the EIGA, the ISO, the IMO and CEN. 
130 For example, adequate ventilation, explosion venting and suppression, isolation, containment, blast walls and sensing 
and means to relieve pressure in closed systems will need to be installed. For further detail on hydrogen safety issues, see 
tǊƛǘŎƘŀǊŘΣ 5ΦYΦΣ wƻȅƭŜΣ aΦ ŀƴŘ ²ƛƭƭƻǳƎƘōȅΣ 5Φ όнллфύ άLƴǎǘŀƭƭŀǘƛƻƴ ǇŜǊƳƛǘǘƛƴƎ ƎǳƛŘŀƴŎŜ for hydrogen and fuel cell stationary 
ŀǇǇƭƛŎŀǘƛƻƴǎΥ ¦Y ǾŜǊǎƛƻƴέΦ IŜŀƭǘƘ ŀƴŘ {ŀŦŜǘȅ 9ȄŜŎǳǘƛǾŜΦ https://www.hse.gov.uk/research/rrpdf/rr715.pdf. For further 
detail on safety issues in using ammonia as a shipping fuel, see De Vries (2019)Φ ά{ŀŦŜ ŀƴŘ ŜŦŦŜŎǘƛǾŜ ŀǇǇƭƛŎŀǘƛƻƴ ƻŦ ŀƳƳƻƴƛŀ 
ŀǎ ŀ ƳŀǊƛƴŜ ŦǳŜƭέΦ  

https://www.itopf.org/fileadmin/data/Documents/Company_Lit/Oil_Spill_Stats_brochure_2020_for_web.pdf
https://www.imo.org/en/OurWork/Safety/Pages/IGF-Code.aspx
https://www.hse.gov.uk/research/rrpdf/rr715.pdf
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¶ Ammonia can be stored at -33°C and is less flammable than conventional oils, but is 

acutely toxic and corrosive, making it a high-risk chemical to transport.131 It can 

severely damage skin, eyes and lungs and exposure for 10 mins at 2,700 ppm can 

be lethal. A spill would have severe environmental consequences, killing most 

aquatic organisms in close proximity, with long lasting effects including 

eutrophication.132 Although regulatory infrastructure for safe transportation, handling 

and storage of ammonia exists, including exposure limits and protective equipment 

requirements for those handling it, it cannot currently be used as marine fuel under 

the IGC code. Limiting exposure to the environment and handlers would require ultra-

safe designs of tanks, continuous ventilation systems, and flares to burn leakages133. 

¶ Methanol is mildly corrosive, and toxic at high concentrations. However, a methanol 

fuel spill would have less environmental impact than ammonia134, and it is not 

classified as a marine pollutant by the IMO, meaning it can be carried in tanks along 

the length of the hull, unlike conventional fuels135,136,137,138. The flashpoint (minimum 

ignition temperature) falls below the minimum for marine fuels in the IMO Safety of 

Life at Sea Convention (SOLAS), meaning risk assessment or evaluation must be 

carried out for each use of methanol, demonstrating fire safety equivalent to 

conventional marine fuels. 

¶ Methane is similar to LNG (as its largest chemical component) and poses similar 

hazards when cryogenically stored.139 Methane is not toxic but leakages (fugitive 

emissions, also known as ómethane slipô) into the atmosphere, including from 

upstream processes, can substantially reduce its climate benefits. The global 

warming potential of methane is 28 times higher than CO2 on a 100-year basis or 84 

times higher on a 20 year basis140. 

The cost of transport and insurance of different fuels is a partial proxy for the implied 

expense and risk associated with doing so and reflects the relative challenges associated 

with each potential fuel.141 The differences in costs for different fuels as a percentage of their 

 

131 Ammonia ranks 7th in the IMO list of top 20 chemicals likely to pose the highest risk of being involved in an HNS 
incident. See ITOPF (2012). TIP 17: Response To Marine Chemical Incidents. ITOPF Technical Information Paper, 17. 
https://www.itopf.org/knowledge-resources/documents-guides/technical-information-papers/;  Karakavuz, A., Tokgoz, 
B.E., Zaloom, V., Marquez, A., 2020. "Risk assessment of commonly transported chemicals in the Port of Houston," 
International Journal of Critical Infrastructures, Inderscience Enterprises Ltd, vol. 16(1), pages 38-52. 
132 !ǎƘ ŀƴŘ {ŎŀǊōƻǊƻǳƎƘ όнлмфύ ά{ŀƛƭƛƴƎ ƻƴ {ƻƭŀǊέΦ 
133 5Ŝ ±ǊƛŜǎ όнлмфύΦ ά{ŀŦŜ ŀƴŘ ŜŦŦŜŎǘƛǾŜ ŀǇǇƭƛŎŀǘƛƻƴ ƻŦ ŀƳƳƻƴƛŀ ŀǎ ŀ ƳŀǊƛƴŜ ŦǳŜƭέΦ 
134 Methanol is dangerous to humans, but humans are uniquely sensitive to methanol poisoning. 
135 BrynolŦΣ {Φ όнлмпύΦ ά9ƴǾƛǊƻƴƳŜƴǘŀƭ !ǎǎŜǎǎƳŜƴǘ ƻŦ tǊŜǎŜƴǘ ŀƴŘ CǳǘǳǊŜ aŀǊƛƴŜ CǳŜƭǎΦέ /ƘŀƭƳŜǊǎ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ ¢ŜŎƘƴƻƭƻƎȅΦ 
https://core.ac.uk/reader/198036870 
136 IRENA (2019) Hydrogen: A Renewable Energy Perspective. International Renewable Energy Agency. 
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2019/Sep/IRENA_Hydrogen_2019.pdf 
137 ITOPF (2012). TIP 17: Response To Marine Chemical Incident 
138 {ǾŀƴōŜǊƎ Ŝǘ ŀƭ όнлмуύ άwŜƴŜǿŀōƭŜ ƳŜǘƘŀƴƻƭ ŀǎ ŀ ŦǳŜƭ ŦƻǊ ǘƘŜ ǎƘƛǇǇƛƴƎ ƛƴŘǳǎǘǊȅέΦ 
139 5b±ΦD[Φ όнлмуύ ά!ǎǎŜǎǎƳŜƴǘ ƻŦ ǎŜƭŜŎǘŜŘ ŀƭǘŜǊƴŀǘƛǾŜ ŦǳŜƭǎ ŀƴŘ ǘŜŎƘƴƻƭƻƎƛŜǎέΦ  
140 The official GWP value for methane has changed between successive iterations of the IPCC Assessment Reports, with 
AR4 reporting 25 and AR6 reporting 28. https://www.ghgprotocol.org/sites/default/files/ghgp/Global-Warming-Potential-
Values%20%28Feb%2016%202016%29_1.pdf  
141 The OECD data on CIF-FOB (Cost, Insurance and Freight ς Free on Board) ratios are an indirect measure of 
transportation costs expressed as a percentage of the merchandise trade flow that have been estimated by an economic 

 

https://www.itopf.org/knowledge-resources/documents-guides/technical-information-papers/
https://core.ac.uk/reader/198036870
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2019/Sep/IRENA_Hydrogen_2019.pdf
https://www.ghgprotocol.org/sites/default/files/ghgp/Global-Warming-Potential-Values%20%28Feb%2016%202016%29_1.pdf
https://www.ghgprotocol.org/sites/default/files/ghgp/Global-Warming-Potential-Values%20%28Feb%2016%202016%29_1.pdf























































































































































































