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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 6 entract-for-differenced(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 i 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 w o r [Iladgéss container shipping line),
announcing zero-carbon targets. Calls for policy support in this effort are increasing.
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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, withthe IMOpr edi ct i ng that the
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 i 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.
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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 seenthe 6 s t price&koévéind-
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.
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ES 3: The UKkoffshorewind strike prices from 3 successive roundSf@ireverse auctions compared to current
baseload electricity price. Adapted from Grubb, M., Drummond, P., 2018, UK Industrial Electricity Prices:
Competitiveness in a Le@arbon World

This report investigates the design and implementation of CfD mechanisms for
international shipping to suppadhepurppseefsushect or 6 s
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

entitytomeet t he difference between the market price

d

priced), and the O6strike priced required for its

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



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

Net-zero-carbon fuels
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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 iFuel-onlyo 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 nothelpp r o mo t
f u ghighdy capital-intensive options like nuclear-powered or wind-assisted ships.

2) A firotal Cost of Ownershipd 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,t he report concludes with draft AHeads
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. Itis our hope that readers take from this analysis
the belief that a zero-emissions shipping future is an economically viable possibility.



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 Mexico!. The shipping industry, under the guidance of

the International Maritime Organisation (IMO), is not yet aligned with these goals. The | MO®& s
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. T h e | MQGIAGStrategy fori a |
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 decarbonisation® of international shipping ( h e n ¢ ezkro-entisionss hi pfHi ng o
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 (NHs) generated from electrolysers powered by renewable energy;
synthetic carbon-based electro-fuels such as methanol (CH3OH) or methane (CH,)
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 Brief2020. UNEP: Net SNB LJ SR3ISa LINRBGARS |y w2LISyAy3Q G2 O0tz2a$8 2N
https://www.carbonbrief.org/unepnet-zero-pledgesprovide-an-openingto-closegrowingemissionsgap

2]MO @018 Initial IMO GHG Strateghttps://www.imo.org/en/MediaCentre/HotTopics/Pages/Reduciggeenhousegas
emissionsfrom-ships.aspx

3W/ I ND2YQ A& dzi SgfeenkobeBas endissiorhaRDUBHIMIO GHS stidy found that carbon dioxide

accounted for 98% ajreenhouse gas emissions from shipping, although upstr@aaoperatingemissionof methane,

nitrous oxide, hydrofluorocarbongerfluorocarbons, sulphur hexafluoride, and nitrogen trifluoride can also be significant.

4 This terminology isonsistentwith Getting to Zero coalitio description ofT SN2 O Nb 2 V. It BofuBesBré & 2 dzZND S a
emissiors fuels derived from zer@arbon electricity and carbon capture and storagadfuels derived from biomass in

whichemissions from combustion are partially or fullys&ffin the production processn all of these casethere are still

net positive upstream greenhouse gas emissionsost circumstanced his meanshe resultingfuels are nostrictly Wy S {

T SNB Q 2oyivake bagigntess combined with qualifying offsetshich should only be useslibject to strict criteria

For futher details on definitios, ee{ YAGKZ ¢ ® onHnamp0d W5STFAYALGAZ2Y 2F T SNEB OFINbD2Y
ForddzA RI yOS 2y 2FFaSi( dzasSs 4SS ! yAOSNERAGE 2F hEFT2NR O6HAHANO Y
https://www.smithschool.ox.ac.uk/publications/reports/Oxfof@ffsettingPrinciples2020. pdf
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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 oOr ef eandtheddes t pricébiecpuitedl 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, t h e nfi ¢ a ¢ t @yoidsvaltamenbn problem with removing subsidies
once they have served their purpose. A CfD can also include a competitve 6 r ev er s e
element whereby suppliers bid against each other to establish the 6 wi n stiike gice, 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 supportthese ct or 6 s d e c Bhe fuposé of ;uthisahemes 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:

9 atransparent and effective reference and strike price.

9 arobust payment settlement framework able to manage the international dimension
of shipping contracts.

9 acredible enforcement mechanism for CfD obligations.

9 an appropriate balance between competition, economic efficiency, technology
neutrality, and practical feasibility.

1 aclearly 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 worldd s g o v e tothimite nt s
the extent and impact of climate change. The Ag r e e me n t énwitios of keepénd 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.°

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.

Whilethei ndustryds super vi sthelMO, las ahyounaed 2050 e gul at or
decarbonisation targets, and some major shipping firms, notably, Maersk ( t he wor I dés | a
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 goals®. 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

5Lt/ / Oo6mnmyOY aDf26lf 2FNYAYy3 2F modpc/ ® 'y Lt/ / {LISOAIFT wSL
industrial levels and related global greenhouse gas emission pathways, in the context of strengthening the global response

tothe threatofd A YIF 0 S OKIy3S3y adaAadlAyloftS RSGSt2LISYyGs YR STF2NIa
6|TF (2020Future Maritime Trade Flows: Summary and Conclusi®fsRoundtable Reports, No. 178, OECD Publishing,
Paris.https://www.itf -oecd.org/sites/default/files/docs/futuremaritime-trade-flows. pdf
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most.” The coming decade will therefore prove crucial in developing, piloting, scaling, and
commercially incentivising the uptake of zero-emissions vessels.

Marine transportation® accounts for an estimated 2.9% of global greenhouse gas (GHG)
emissions®Y, Even accounting for the COVID-19 pandemic, shipping emissions may

increase significantly from this (already high) baseline by 2050. The IMO6s Fourt h GHG
Study predicts that under a range of plausible scenarios,t h e s eatat emissioss could

sit at 90-130% of 2008 emissions by 2050.! Around 80% of global trade by volume took

place by sea in 2018,? 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 CO, emissions from shipping® 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,t he wor | dd& s
largest ports (all in China) controlled 19.5% of the 793 million TOE in global container freight

handled by ports in 2018.1* Over 60% of world container port throughput was estimated to

have gone through Asia in 2019.° The top ten ports globally controlled 31% of freight, and

the top 20, 44%.°* The Asia-Nor t h Amer i ca trade route was the
followed by the Asia-Northern Europe and Asia-Mediterranean route.!’ Five container ship

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

[ £ 2 @ R (RA(2000%1FASENESsion Vessels: Transition Pathwayisps://www.Ir.org/en-gb/insights/globalmarine-
trends-2030/zercemissionvessels/

8 Marine transpotation includesdomestic and internationatargecarrying and norcargo commercial shippinand fishing
vessels.

9 International Maritime Orgasation (200 Y¥ourdhGreenhouse Gas Stu@@2C. International Maritime organisatign
London:
https://wwwcdn.imo.org/localresources/en/OurWork/Environment/Documents/Fourth%20IMO%20GHG%20Study%20202
0%20%20Full%20report%20and%20annexes.pdf

09 ¢1 %BNNROKI ! YLX A FzZerB. Mihodating fodaicatbeited fAtdrd oNdRipping/is the Nantand Baltic

& S Ihtéps://fe8dce754c2a415bbfed-e52bf945¢03f filesusr.com/ugd/0a94a7_47fc75affb6e41768a6¢3e5f3a970039.pdf
111MO (2020)Y FodarthGreenhouse Gas StudyZDé

12ZUNCTAD (201&eview of Maritime Transport 2018nited Nations, New Yorkttps://unctad.org/system/files/official
document/rmt2018_en.pdf(p. 23).

B5h+dD] O6HAMPU GI9YSNHE ¢NIYyaAldA2Y hdzif 221 HAMDE D

¥ dziK2NEQ OF f Odzt | G A 2 yCauncil (R02&T8pR50 Rofld CotdiderPorts K A LILIA y 3
(http://www.worldshipping.org/aboutthe-industry/globaltrade/top-50-world-containerports); and UNCTA[R020)
UNCTADStat Databagkttps://unctadstat.unctad.org/wds/TableViewer/tableView.aspx?Reportld=13321

1ISUNCTAD (202®eview of Maritime Transport 202®.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.

17World Shipping Council (202Apout the Industry: Trade Routdstp://www.worldshipping.org/aboutthe-
industry/globaltrade/trade-routes

18 UNCTAD (2020) ReviefMaritime Transport 2018

12


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

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.*® In 2000, the ten largest container companies enjoyed
a market share of 12%; by mid-2019, this figure was 82%.2° 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.?

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

| MO6s I nternational Convention for thean®r eventi c
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.??> 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, usee 6shor
p o w eusetcleaner fossil fuels, and to capture some CO; emissions through onboard

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

The voluntary financial sector-l e d &6 P o s e i d,dangeting therantaipet shigpihg

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

| MO6s GHG emi ssi oandto nevisetherr targetsrand gx@ectations over time

in response to technological and policy change.?>.1 n Oct ober 2020, the 06Sea
was launched as an equivalent for the bulk charter segment.?*

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

19/ KI NI | YLJ2 ¢ AAnhiysisoMhe marketrcangentration of the container shipping markets St SOG SR A aadzSa¢ d
Web of Conferences $81005).https://doi.org/10.1051/shsconf/20185801005

200 4FGSNE [PLDHaMMESH p/ WD S Y i M1 ( ARed ArfovBllogistiog. 3 (G2 'y hfA3I2LRf E
https://www.redarrowlogistics.com/shipping/isarketconcentrationleadingto-an-oligopoly/

21UNCTAD (202®eview of Maritime Transport 2020nited Nations, New York. https://unctad.org/systeit@$/officiat
document/rmt2020_en.pdf (p.37)

2\Valker,T.R.Adebambo 0.5 I f & dHAMPO Aa9YDPANRYYSY (i InShempad S.QedNorld2 F al NAY S
Seas: An Environmental Evaluatio®f 2d.Academic Prespp. 505530. https://doi.org/10.1016/B9780-12-805052

1.000309

Bt 2A48AR2Y t NAYOALX S& ¢ thitps/wivbposeidahpsincildsRrg/abSut/fwid-weaigkttatd ¢ ©

208 /JFNB2 /KIEINIGSNI OHAnuMOD a!o62dziy ! 3Ff26lFf FNIYSG2N] F2N I
https://www.seacargocharter.org/about/

BLah OHAMYyZ Mo !LINRfO da!b o02Reée FR2LJia OftAYFGS OKFy3aS &aidNTF G
https://www.imo.org/en/MediaCentre/PresBriefings/Pages/06 GHGinitialstrategy.aspx
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1 Implementation of further phases of the Energy Efficiency Design Index (EEDI),
introduced in 201125, 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 years?, its emissions impact is slow to materialise and
relatively marginal.?®

1 Reduction of CO, emissions intensity (per6 t r a n s p)dy dt least@0%kbg 2030
on average, pursuing efforts to each 70%, against a 2008 baseline

1 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 CO;
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.

CO, Emissions - GHG emissions from shipping? Projected emissions (lower range)?
Mt > IPCC 1.5°C pathway ¥ Projected emissions (upper range)?
3,000
2,500

2,000

1,465

’ \\\\\\\\\\\\\\ %
&\\\\\\\\\:}122(:;\\\\\\\\ m&

1,500

962

1,000

1,124
500 1,081 5
0
2012 2018 2035 2050

1. Total emissions from shipping in IMO 4% GHG Study (2020]
2. Lower range (SSP4, RCP 6.0) of long-term Paris-aligned scenarios, in which the land-based energy transition is consistent with the Paris Agreement and GDP growth is in line with recent projections.
3. Upper range (55P2, RCP 2.6) of long-term Paris-aligned scenarios.

Figurel: Qurrentand projected C&emissions from shippingr longterm scenarios in which GDP growth
tracks recent projections, andthe laod- a SR Sy SNHe& (N} yaAdA2y A& O2yaradasSyd
compared with the requirements of an IPCC 1.5 degrees pat{®oayce: IMAth IMO GHG Study 20R0

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 CommittgRIEPC[2011, 15JulywS a2 f dzii A 2 y a@éndnemstotliec H O Y &

Annex of theProtocol of 1997 to Amend the Inteaitional Convention for the Prevention of PollutionicShips, 1973. As

Modified by the Protocol of 1978 Relating Theréto.
https://wwwcdn.imo.org/localresources/en/KnowledgeCentre/lexbfIMOResolutions/MEPCDocuments/MEPC.203(62).p

df

27ETH ZiirickR019)d ¢ 2 ¢ I NZrd. Inyidvating foracarbei NS S TFdzidzNB 2F aKALILAy3a Ay GKS b
28 Technically and commercially mature efficiency measures, such as route and speed optimisation, improved hull and

surface designs, and wind assistance, hell/been used to increase the efficiency of the current fleet for largely economic

reasons; these measures are however marginal relative to the ultimateerettarget, and insufficient to substantially

reduce emissions in the medium term without emissidree forms of propulsion.
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gross tonnage from 2019 onwards.?%%° 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.3! 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 fall*2, 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
canbef c ar-rbewnt r @ah-@eroc @ r b o n ddiréctiag tapture of CO- is used in their
production (Figure 2). Biofuelsa r e a | szwro-a a fi hfeehoption and can be used in
existing engines. Other fuel options include nuclear powered ships®3, and sail- or sail-
assisted designs®*. 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.%> 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

2MEPC (206,280ctober'wS a2t dziA2y a9t/ ®duTyo6TnoyY a5Fd4F O2tfSOGAz2y &aeads
https://marsig.com/data/ _uploaded/downlads/MEPC.278(70).pdf

30 There are more regulations in pla@E€EDI, SEENI&nd currentlyunder discussiofEEXI and ¢l

Bt 2/ SHAM@L P 4L a ttpsy/vewpwevcdrd/dafe/diidicabdsime2020regulation.html

2CI NY¥SNE W 50 g [F2YyRI CP o6HAMcUOUD &l 26 LINGERHAOGI o6t S Aa G
https://doi.org/10.1016/j.respol.2015.11.001

B Liang, L.H. (2020, 4 Novembér)nuclear optionra 2 f G Sy { It G wSIF Ol 2NJ i2 NBRdzOS aKA LILIAY
Maritime News https://www.seatrademaritime.com/environmental/nucleapbption-molten-saltreactorreduce

shippingsghgemissions

3] Sttt SYAO {KALWLMAY3I bSs6a oHAMPEI Hp hOG20SNDP® db2NESLIR 6SNI w2
/' hu Ly al SNBR]l t St AQFyYy t hNBsg88vMhéldnicdhiSpingndms sod/ndrdédoldndargais vy S 6 & &
confirmedsavingsof-8-2-fuel-and-associateeco2-in-maerskpelicarproject/

35 Getting to Zero Coalition (202dfrive percent zeremission fuels by 2030 needed for Paaiigned shipping

decarbonizatioa lkttps://www.globalmaritimeforum.org/cont@t/2021/03/Getting-to-ZeroCoalition Fivepercentzero
emissionfuelsby-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

UK6s draft Sixth Carbon Budget commits to reduci
against 1990 levels, including emissions from aviation and shipping for the first time.3¢ The

UK Department for Transport has also publishedadlcean mar i ti me plandé | ayi
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.%"

The adoption of legally binding emission reduction targets 1 either through regulation by the
IMO or by inclusion of parts of the shipping fleet into regional carbon-pricing systems i has
been on the horizon for some time.3¥3° 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.*® 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

¥f{ gt Df2olf tfldGdiad 6HAHUMIET HA !LINRAfOD® a'!'yY GFENBSGa Tyr Odzi A\
https://www.spglobal.com/platts/en/marketinsights/latestnews/coal/04202 iuk-pm-johnsonto-back78-cut-in-co2-
emissionsby-2035report

37 Department for Transport (201@lean Maritime Plan
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/815664/clean

maritime-plan.pdf

38In laying out her 2020 agendturing hersuccessful campaidor President of theEuropean Commissipblrsula von der

Leyennotedi L gAff LINRBLR&S (2 SEGSYR (GKS 9YA&aA2Yy&a ¢N}IRAYy3I {&ads
disaissions around a European Grdeealandfurther details areexpectedin July 2021SeeVon der Leyen, U. (2021.

Union that strives for more: My agenda for Eurojpétps://ec.europa.eu/commission/sites/betaolitical/files/politicat
guidelinesnextcommission_en.pdiAccessed 10 July 2020.

B¥IMO (2020 Lah ! OlGA2y (2 NBRdzZOS DNBSyK2dz S ImBlenentiSgithe Mifiah 1B & FTNBY )
Strategy on Reduction of GHG Emissions from &Higternational Maritime Organisation.
https://sustainabledevelopment.un.org/content/documents/26620IMO_ACTION_TO_REDUCE_GHG EMISSIONS_FROM_|
NTERNATIONAL_SHIPPING.pdf

40t is possible in principle to calculatenat-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 tonnemile of freight transport, using a ran@é 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 natiandlsectoral policies.
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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 asi d y n a mi ¢ i € Vidibility one n c y
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.

o
N—r

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.*® 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.** 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 CO, equivalent, both as a price signal to
stimulate decarbonisation, and a source of R&D funds.*

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 2050.4647 Engine
producers like MAN already have approved marine fuel-gas systems for liquified hydrogen
on the market and are currently working on ammonia engines,*® while Mitsubishi has

41 FankhauserS. andHepburn CO H nmMAa 0 a5 S5 a A 3yl yEI Kl NB 2 y/ Y NDEhebgy PAHidYR8S G & Ay (GAY
43634370.https://doi.org/10.1016/j.enpol.2010.03 .64

2delRio,P6 Yy PRP0 G ¢ KS ReylYAO STFFTAOASyOe gmificast { £ / 2yasSea2 { dzLISN.
http://www.unife.it/economia/lm.economial/insegnamenti/economia-politiche-ambientali/materiale

didattico/delrio.pdf

43Chamlers, S. (2019, 13 Novemliedd G5 SOF Nb2y A al GA2y tS@e 2y 0da3A1 SNJ FdzSt dzy RS
https://splash247.com/decarbonisaticlevy-on-bunkerfuel-underdiscussiorat-imo/

BLYGSNYFGAZ2YEE J KFEYOSNI 2F {KALWAY3I O0HAHUHMO® G{ KALWAY3I 062RAS:
marketd A SR YSI adzNBaé & Ly G S Nyttbsiimndwids-$hipping.orgrpdeSsiidageBhippifeiotidsIA y 3 &
callon-world-leadersto-expediateglobatmarketbasedmeasures/

“¢KS al NARGAYS 9ESOdziADGS 6nHnumI mu al NOKO dal NEKFff FyR {2f:
The Maritime Exeutive. https://maritime-executive.com/article/marshatndsolomonislandsdemandimo-set100-ton-

levy-on-emissions

46See, forek YLI S5 al SNA] O HOWPDR ya F i dMEBE o all SWE |1 ¢
https://www.maersk.com/news/articles/2019/06/26/towards-zero-carbonfuture

47Hellenic ShippingNe&v 6 H N H N X Hp Wl ydzZ NEBOD® a/ a. X3AS/INBH Ltyf SIRDPSHIE ob § B 15N
Shipping Newshttps://www.hellenicshippingnews.com/cmbso2-pledgenet-zero-asfrom-2020zeroin-2050/

. NRGYSI ¢ OHAM®DPE Hp WIHydd NEOSDP dal!b 9YSNHRO {R2YWAVRY AYYy $NHE
Associationhttps://www.ammoniaenergy.org/articles/masnergysolutionsan-ammoniaenginefor-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.*°

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.®® The report also finds that LNG is unlikely to

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

published by the Environmental Defense Fund (EDF), ASailing on Solsar o, gr
presented as the most likely candidate for net-zero-carbon shipping fuel.5? 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

fla quantum | eap in enandyakbeingtitieehhoébgodewhi c
proper incentives to facilitate,>® echoing the conclusion of Balcombeetald s 2019 st udy,
which findst hat fidecar bonisation wil/| r>eTdpis Semtiments t r on g e |

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.*® L1 oydés Regi ster and
have also published recent analysis on zero-emission vessels, weighing up a range of

scenarios, and highlighting pros and cons for all technology options.®*’*Fi nal | y, the | E
flagship Energy Technology Perspectives report also contains a useful overview for maritime

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

48 Mitsubishi Power (2021, 1Marclg.a A G 8 dz0 A KA t 26 SNJ / 2YYSy 0Sa 5 Si@DMWIYSy i 27
/fFaa DIFa ¢d2NDAYS ({tgsliwet hi.can/ibdsf?02408®K Atmit 2 ¢ S NID

50 Englert,D.,LososA.,RaucciC, and Smith, T.(2021a). The Potential of Zer@arbon Bunker Fuels in Developing

Countries. World Bank, Washington, DC. World Blttis://openknowledge.worldbank.org/handle/10986/335 .

51Englert, D., Losos, A., Raucci, C., and Smith, T. (202&HRole of LNG in the Transition Towardlamwd ZereCarbon

Shipping World Bank, Washington, DC. World Bdriips://openknowledge.worldbank.org/handle/10986/35437

2] 3KX bd FyR { OF Nb 2 NP dzaGdd gtedn ammonia dpcarbonise inteknatibnal 3hipping? { 2 £ | NJ
London. Environmaal Defense Fund and Ricardo Energy & Environment.
https://europe.edf.org/file/399/download?token=agUEbKeQ

53 Psaraftis, H.N. and Kontovas, C.A. (2@REcarbonization oMaritime Transport: Is There Light at the End of the

Tunnel2 Sustainability 1@):2237.https://doi.org/10.3390/su13010237

54Balcombe, P.etal (2018) 26 (2 RSOI Nb2yAaS AYyARNFUzSAEBY|l 6§ SOAKY2ARFTHEA h LI
Energy Conversion and Management 182(15)88https://doi.org/10.1016/j.enconman.2018.12.080

55 Raucci, C., Bonello, J.M., Suarez de la Fuente, S., $mi#hdSggaard, K2020)a ! 33NB 3 G4§S Ay @dSadySyid T2
RSOIFINb2yAalGAz2zy 27F (i kfps/avicd ddbdmardimefoyliR.drd/doMNanté2@20/01Aqafedate
investmentfor-the-decarbonisatiorof-the-shippingindustry.pdf

SLYGSNYFGA2YyFE / KFYOSNI 2F {KALILIAY3I OHAHMOD G{ KALIWAY3A 02RAS:
marketo A SR YSI adzNBa¢ @ Lyl S Nytthsimawidss$hipging drorpdeSshidagehippikgdodidisIA y 3 @
callon-world-leadersto-expediateglobatmarketbasedmeasures/

S[ £ 28 RQA w SZfoEnisSioll Véssels @080 Haiv do wethere? [tps://www.Ir.org/en-
gb/insights/articles/zeweport-article/.

B[ f 28 RQa wSEHASNPEMIAA R yH WG A a St a Yhitps:Mdww. i drglleh-Goyinsights/didbantadng ¢ @
trends-2030/zereemissionvessels/

59|EA (2020) Energy Technology Perspectives 20@%.://www.iea.org/topics/energytechnologyperspectives

18


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

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.®® 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.®* 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.

OLYGSNYlFGA2yFE /J KFEYOSNI 2F {KALILIMAY3I O6HAaHAnOD &/ FGrfeaayda (GKS
https://www.ics-shipping.org/wpcontent/uploads/2020/11/Catalysinthe-fourth-propulsionrevolution.pdf

61 Jennings, T., Andrews Tipper, H., DaglishGrubb, M. and Drummond, P. (20Edlicy, innovation and cost reduction in

UK offshore windBartlett Institute for Sustainable Resources and Carbon Thttgss://prod-drupal
files.storage.googleapis.com/documents/resource/public/Polimyovationoffshorewind-report-2020 pdf
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3. Zero-emissions shipping technology options

The shipping industryods current fuel yprofile ren
emission-intensive fossil fuels. The most common marine fuels (HFO, VLSFO and MGQO®?)

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%°3 has been increasing.5*

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 ships®®, and sail- or
sail-assisted designs®®, 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 CO; 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) y | (idzNJ £ 3+ & NBRdzOS
FNRY ¢NI YyALEZNIK | S| gé Skrigable GaS IKstit@d, ISperidl Goleged énlionILIA y 3 &
https://www.imperial.ac.uk/sustainabl@asinstitute/researchthemes/white-paperseries/white paper4-cannaturatgas
reduceemissionsrom-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.

64DNV.GI(2019)d 9 Y SNHE & I did fy'# A DNVESYAtas#/eto.dnv.com/2019/index.htm

S AFYIZ [Pl & OHAHNI n -ab2fAB06 SN ! w §/1dDE BNING 2 LNB\RAFOS & KA LILIA Y
Maritime News https://www.seatrademaritime.com/environmental/nucleanption-molten-saltreactorreduce

shippingsghgemissions

66HellenicSh LILIA Y3 bSga onHnmdpX Hp hOG20SNID ab2NBESLRZ2GSNI w2iG2NI { I A
/' hn Ly al SNA]1 tStAOlIyYy t hBsg8Bvdihéldnicdhipingnws.todh/ndgrdédondindargails v S ¢ & @
confirmedsavingsof-8-2-fuel-and-associateeco2-in-maerskpelicanproject/
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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:

91 Direct use of renewable electricity through batteries (for smaller ships and shorter
distances).

9 Indirect use of renewable electricity through carbon-based synthetic fuels
(methanol/methane) with CO, sourced from atmospheric capture or from the
combustion of biomass/biogas.

9 Indirect use of renewable electricity through non-carbon-based synthetic fuels
produced through electrolysis (hydrogen/ammonia); ¢’

1 Bioenergy-derived carbon-based biofuels.

1 Nuclear-powered shipping or using nuclear energy to generate clean fuels such as
hydrogen or ammonia

9 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 CO, emitted in combustion
represents the largest cost uncertainty.

67We do not consider hydrogen produced from landfill gas witlasteeformation, 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.

ICE Hydrogen ICE Ammonia FC Hydrogen Synthetic fuels

N W b OO O N ®
o O O O o o o

Total cost of ownership (USD$/km)
[EEN
o

o

LNG

m Base ship m Fuel cell / engine Storage

VLSFO

Infrastructure m Fossil fuel m Delivered hydrogen / ammonia

m Synthetic fuel (best case)  ® Synthetic fuel (air capture)

Figure3: Current total cost of ownership of fuel and powertrain alternatives for large bulk carriex KDip=
Internal Combustion Engine, FC = Fuel Selirce: IEA (2019%

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.®®

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 |EA(2019)6Current and future total cost of ownership of fuel/powertrain alternatives in a bulk carrieg sthp

International Energy Agengciarishttps://www.iea.org/data-and-statistics/charts/currentand-future-total-costof-
ownershipof-fuel-powertrain-alternativesin-a-bulk-carrier-ship

69 De Beukelaer, ©2020, 5 Novemberft { F Af OF NE2Y / KI NI ARWNSS &  ayKSASLILUAF yUTKK £F 2! NI / StY1 AGa &
and Trade Facilitation Newsletter No. 88tps://unctad.org/news/sailcargechartingnew-path-emissionfree-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.®

However, battery propulsion has its limitations: Lithium-lon batteries have around 1/30™ 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.

[l Volume increase relative to MGO Storage | Storage

(based on volumetric energy density) pressure | temperat
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1.  DeVries (2019) “Safe and effective applications of ammonia as marine fuel” (2019)
2. Rivard, Trudeau, and Zaghib (2019) “Hydrogen Storage for Mobility: A Review.” Materials 12(12). https://europepmc.org/article/PMC/6630991
3.  Clean Energy Institute Washington (2020) Lithium-lon Battery. https://www.cei.washington.edu/education/science-of-solar/battery-technology/

Figured: 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.? 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 CO»-equivalent is sequestered in production to
offset emissions from combustion.” 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.”*

70{ G y6SNHZ ad 9ffArAax WX [dzyRAINBYZI Wb YR [FYRNEBZT LD O0HAM
Renewable and Sustainable Energy Revidv$2171228.

1DeCiccoetal2016)Y &/ I Nb2y ol fFyO0S S¥FSO0a. Cehntic Clinfig®136>66BF. dzSt LINE RdzO
https://link.springer.com/content/pdf/101007%2Fs1058816-17644.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 infrastructure’® they form part of the

6br i dgi ng " pfldcdrbmrisedsshippidg, 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)"%; 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

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

shipping as well as other sectors 0 g biofass-based decarbonisation pathway for shipping

comes with considerable supply risks0 a n d t h agtownpcrops pvaukl aeed to be
fcertified using | eading sust ai magibns With strpngst andar o
l and governance, carbon and bdemdisustamableintheg cr edent
first place.”” While water-efficient plants grown on non-agricultural land’® 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 CO- 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 referredt o a sbhg dF o g e n 6anmubniad They are
mostly considered interim measures, designed to help decarbonise the shipping industry in

72Ash, N., Sikora, I. and RichellegBi n M0 a9 f SOGNR FdzSta FT2NJ AKALILAY3AY 126 adyidk
dzyt 201 adzallAylrotS Ay@dSadySyd Ay O2dz/dNRSgy&EMroBmentK Af S£€d 9y
https://www.edfeurope.org/file/519/download?token=3VSQ5LR6

B5hbx®D[Y SHAMPO G9YSNHE ¢NIYyAAGA2Y hdzif 221 HAMPE D

4 A28SySNHE LYOGSNYIFOGA2YIEIKDOGAMPEF Np adzDENBE GANBSY DYl NAY S 0A:
Bioenergy Internationahttps://bioenergyinternational.com/storagéogistics/cmacgmwhite-sharkbunkerswith-green
marine-biofueloil-in-rotterdam-trial Accessed 30 July 2020.

Brly h2NR O0HaMpE mp {SLISYOSND dxFy h2NR FyYyR {KSff (2380KS!
https://www.vanoord.com/news/2019vanoord-and-shelttogether-biofuekpilot-vesselsAccessed 30 July 2020.
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https://www.biokraft.no/pressreleasehurtigruten-partnerswith-biokraft-in-record-breakingbiogasdeal/ Accessed 30
July 2020.

77 Qustainable Shipping Initiativ@19).d ¢ KS NBf S 2F &adza Gl Ayl ot S oA 2 Budlibable Ay GKS R
Shipping Initiativehttps://www.ssi2040.org/wpcontent/uploads/2019/12/SSTheRoleof-SustainableBiofuelsin-the-
Decarboiisationof-ShippingFultreport.pdf
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greentechrevolutioncop26
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the nearer term and facilitate a move totruly 6 gr e e n 6 g buyirg timedar greerefsel
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 CO; 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 carbon’)
and have yet to be tested at scale.

3.4. Synthetic carbon-based electro-fuels

Synthetic electro-fuels (fsynfuelsd  h e n ¢ eah leercarblon- 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.®° These include
synthetic methane, methanol, and diesel (often referred to as e-methane, e-methanol, etc)s.
i Gr esynfuels conventionally refer to fuels produced using renewable electricity, and
whereby enough CO: is captured from the atmosphere to offset emissions from
combustion.®

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 applicati on o,,5inopehaton $inBa 2615%, altkoegh iniamot ¢ a o
clear how widely other ship and engine types can be viably retrofitted this way.

9 Tollefson, J2018 Sucking carbon dioxide from air is cheaper than scientists thtpdatureNews 07 June 2018,
https://www.nature.com/articles/d41586018-05357w

8 AKX {A12N}X YR WAOKSttS onHnmpd a9t SOGNRTdzSta FT2NJ aKALILIRY
81HanggiS.,Elbert,P.,Butler,T.,Cabalzat)., Teske S., Bch, C, Onder, G.(2019. ¢A review of synthetic fuels for

passenger vehiclésBEnergy ReportS: 555569. https://doi.org/10.1016/j.eqyr.2019.04.007

82 TheRoyal Societ{2019)dPolicy BriefingSustainable synthetic carbdrased fuels forNJ y & LTaeNRIbyal Society.
https://royalsociety.orgi/media/policy/projects/synthetiefuels/syntheticfuels-briefing. pdf

83Stefenson, P (2016) G aSGKFy2fY ¢KS YINARYS FdzSt 2F GKS FdzidzNBd ! LIRF G ¢
http://www.methanol.org/wp-content/uploads/2016/07/Updatedrom-StenaGermanicaPerStefenson.pdfccessed 30

July 2020.
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The major obstaclet o sy nf uel s-&caleshipping decarbdnizatian e 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 CO; 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 CO, 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.®* 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 suggestedt hat Atransporting hydrogen de:c
c a s e fEwen liquifiedoor 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.8> 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 (@rey ammoniagd.

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

841 AKX {A12N}XZ YR wWAOKSttS onHnmdd a9t SOGNRTFTAzSta F2NJ aKA LI,
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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

remar ked that fAammonia is t he andktmtthapitesche or f or e x
Amost prdaumei giong he s chndtrerrdpresentative &f ehe shipping industry
concluded that #Athe hydrogen futurasentimentsee i s ac
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.8® Ammoniad s
high auto-ignition temperature means it requires co-firing witha ¢ fuellindotlo
compression and spark ignition engines. This function could be served by breaking down or
06 ¢ r a ctHeiamngpidia 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 &’. 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.3!

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,® while MAN Energy Solutions is expected to
build an ammonia engine for use by 2022,%° and an Equinor and Eidesvik offshore project
aims to test ammonia fuel cells on deep sea sailing by 2024.%°

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.

89 ¢l %BNNAROKSIZ ! YLI A FzerB. Mhobatiny fodalcafbeiteé fatrd oRdRifping idtd North and Baltic

asSleod

87 |f the production of the solar panels and wind farosesfossil fuelbasedenergy,i KSy GKSNB gAff 6S WSYo2
S Y A & 3Budnyfie fuitureeven this energy cacome from renewable sources.

8 NRGYS ¢d OHAHAYIY 2y AlFLINTE €1 Oydii ad DoNB/S yF A y |y O AyirBonid Bherdydza G NI € AT |y
Associationhttps://www.ammoniaenergy.org/articles/greeammoniaplantswin-financingin-australiaand-new-

zealand! Accessed 30 July 2020.

8 NRBgYSI ¢ OHNAMDPOUD® dGa!b 9y SNHe {2fdziAz2yay Iy FYY2YyAl Sy3aay!
09 dZAY2N) OHANHANZ HoOo WI Yy ditedl@mindnia®idzXKiSt SR NI RRIQEE &F AMKAE Di- NDy yi KS F
Equinor https://www.equinor.com/en/news/202001-23-vikingenergyhtml. Accessed 30 July 2020.

27


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

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.®® 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)%, life-extension to 80 and even 100-years

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

Japan and Germany, but the Asian nuclear industry is in rapid growth, withCh i na ésly r ecent
doubling its nuclear capacity during their 13th Five-Year Plan period from 2016 to 2020.%

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.®®

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
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nuclear generation of hydrogen / ammonia might only be competitive in certain applications.®®
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.®’

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.®® 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, i t hiitcanvidit,

p
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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.1?® 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.'® The rapid adoption of

9% Keuter, D(2010), "Nuclear H2 productioga utility perspective.'Fourth Inform#éon Exchange Meeting Oakbrook,
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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.%2

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
CO; abatement reductions in the range of 10-60% dependent on the wind technologies.'®

A variety of wind technologies exist serving multiple functions at various stages of
development ranging in levels of maturity.'% 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.%

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.1%
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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.?” 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 i economic, technological, and environmental i 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 here!®,

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.1® 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.'*® The reduction in
sulphur content limits to 0.5% mandated by IMO 2020 is accelerating this shift.!** MGO has
historically traded around 20% above the Brent crude oil price!'? and, with IMO 2020 in
place, is the most appropriate benchmark price against which net-zero-carbon fuels should
be assessed.
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Figureb: Cost estimatefor differentbrown and greershipping 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.
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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/MWh®8, green ammonia at $181/MWh%°, and green
synthetic methane costs of around $244/MWh®°, 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 basis''®. Green ammonia is expected to see similar declines using similar key
technologies (e.g., electrolysers),'4, 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.*®
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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 1 and potentially an opportunity T is the structure of the shipping industry
itself. The many stakeholdersina s hdonstéustion 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.''® Most existing capacity is based on chlor-alkali (ALK)

116|RENA2018)Y Hydrogen from renewable power: Technology outlook for the energy trangitioernational
Renewable Energy Agency, Abu Dhitips://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 traction!'’ 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 i nitrogen fixation through a Haber-Bosch
process i 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 CO,''® 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.'® 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.?° 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 Zirich and Amplifier anticipate commercialisation within 5-
10 years.'?!

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 bid.

118 Two companies currently provide commercial directaipture(Carbon Engineering in Canada, and Climeworks in

Switzerlang), at a cost of approximately USB0per tonne ofCO2https://www.nature.com/articles/d41586018-05357w

9, NRPgYyZ ¢ OHAMPOD® da!b 9ySNEHeE {2fdzideyay Iy FYY2yAl Sy3iy
120 Comotti, M.; Frigo, $2015)éHydrogen Generation System for Ammagtiydrogen Fuelled Internal Combustion

Engines. Internationaldurnal ofHydrogen Energy 4(B3):1067310686.https://doi.org/10.1016/j.ijhydene.2015.06.080

219 ¢ 1  %BNNAOKSIZ | YLI A FZer.Nhovating formacarbeited fatdrd odRifping’is the North and Baltic

ashkeéeo

35


https://www.nature.com/articles/d41586-018-05357-w
https://doi.org/10.1016/j.ijhydene.2015.06.080

pose risks to those handling fuels.'?? The last decade has seen ten marine fuel spills
exceeding 700 tonnes.'? 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.*?*

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). T h e Irtekh@&tional 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)'? 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

1 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 land*?8, and the proportion of hydrogen that can be
deployed in natural gas pipeline systems. There are published guidelines?® 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 explosions®°.

122See Appendix for a modetailed 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 TOPK2020)0il Tanker Spill Statistics 20180OPF, London.
https://www.itopf.org/fileadmin/data/Documents/Company_Lit/Oil_Spill_Stats brochure 2020 for web.pdf

24 N1 1AYSYyszZ Wos NI 2BQQERSWiI dumm@diddxny3d KIT | NR2dza &dzmaidl yOS.
Proceedings of the 38th AMOP Technical Seminar on Environmental Contamination and Response.

125 For further information ontie IMO IGF Code e https://www.imo.org/en/OurWork/Safety/Pages/IGEode.aspx
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128 For example, international regulation (ADR) forbids road transiparértain tunnels.

129From the EIGA, the 1SO, the IMO and CEN

130 For example, adequate ventilation, explosion venting and suppressidatigsy containment, blast walls and sensing

and means to relieve pressure in closed systems will need to be instadieturther detail on hydrogen safety issues, see
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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.*3! 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
aguatic organisms in close proximity, with long lasting effects including
eutrophication.*®? 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 leakages®:.

1 Methanol is mildly corrosive, and toxic at high concentrations. However, a methanol
fuel spill would have less environmental impact than ammonia®®*, 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 fuels!**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.

1 Methane is similar to LNG (as its largest chemical component) and poses similar
hazards when cryogenically stored.’*® Methane is not toxic but leakages (fugitive
emissions, al so kmedavwmm naes sd i p6) i, indudingfrdme at mospher
upstream processes, can substantially reduce its climate benefits. The global
warming potential of methane is 28 times higher than CO, on a 100-year basis or 84
times higher on a 20 year basis'*.

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.}*! The differences in costs for different fuels as a percentage of their

131 Ammonia ranks %7 in the IMO list of top 20 chemicals likely to pose the highest risk of being involved in an HNS

incident. SeelTOPF (2012J.IP 17: Response To Marine Chemical Inciddi@®F Technical Information Paper, 17.
https://www.itopf.org/knowledgeresources/documentguides/technicainformation-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 Enterprisesdltd,6(1), pages 382.
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134 Methanolis dangerous to humanbut humans are uniquely sensitive to methanol poisoning.

1BBrynofF = { @ 6HAMNODP G9YPANRYYSyGlt !aasSaavySyid 2F tNBaSyd | yR
https://core.ac.uk/reader/198036870

136 |RENA (2019 ydrogen: A Renewable Energy Perspedtiternational Renewable Energy Agency.
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/208ep/IRENA_Hydrogen_2019.pdf

137|TOPF (2012). TIP 17: Response To Marine Chemical Incident

13 G yoSNB SG Ft o6wnmyo awSySglotS YSGKFy2f a | Fdz8t F2NJ
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140 Theofficial GWRvaluefor methane has changkbetween successivigerations of the IPCC Assessment Repavith

ARA4 reporting 25 and ARG reporting B8&ps://www.ghgprotocol.org/sites/default/files/ghgp/GlobalVarmingPotentiat
Values%20%28Feb%2016%202016%29 1.pdf

141The OECData on CIHOB (Cost, Insurance and Freigkree 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
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