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About this analysis
This analysis on the innovation needs for the decarbonization of shipgérizgeen conducted gn
behalf of the Danish Maritime Authority and will be used to guide the work of the international
Zero-EmissionShipping Mission under the auspices of Missionolation. The Shipping Mis
sion is celed by Denmarkthe United StatedNorway, Global Maritime Forum artle Maersk
Mc-KinneyMgiller Center for Zero Carbon Shipping.

The aim of the analysis is to uncover and structure the innovations needed acrosstbkam
in orderto achieve commercially viable zeemission shippingrhese innovation needs are also
referred to agnovation gaps in the following text.

Innovation is key to the transition to zereemission fuels in international shipping

Today, international shipping accounts for 3 percebheglobal emission of greenhouse gases
(GHG). With global trade expeetito growfurtherin the 2% century, theshippingindustry will
have an increasing need for eneaqyd continue to increasesitemission of GHG, if steps to
decarbonize international shippibg the use of zeremission fuels are not taken.

Decarbonization is a particular challenge for the shipping industry. The industry is truly, global
relying on the supply and availability ffels in every major port. Hence, the decarbonization of
theindustry must encompass the full value chain of shipping, including production, transporta-
tion, bunkering andhe use of zereemission fuelslt is a particular challenge for international
shippng to decarbonize througfor instanceelectrification due tothe long distances and heavy
loadstranspored

Both policy measures and further innovations are some of the tools that are neededtmizecar
international shippingRegulation that requiresr incentivizes the use of green fuels will be

needed as they caensure broad uptake of the fudlsnovationis requiredto addressome of

the core issues thabnstitute obstacles to tlaoplicability anduptake of green fuels:irstly,

green fuelsare less price competitiand energy intensive comparedassil fuels meaninghe

introduction of green fuels will likelincreasehe wstof shipping Thiswill havec | ear - * knoc Kk
on’ effects for the i ndulanbvationcaimgrdvethe effitiercye ct or s,
and scalability ofjreen fuetechnologiesind thereby improve tireprice competitivenessddi-

tionally, the complex technical isea around the production, bunkering and usgreén,zero

emission fuelsnustalsobe addressed through innovatiéor instancethe hazardous properties

of some of the green fugisesentisks andchallenges to thesafetransport and storagadwill

require new technologies and systeflso, the lack of standards bbththe progrties and han-

dling of the fuels mayecessitatéurther innovations anthternational tandardghatcan help set

the direction fothe technologies and approachest needo be adopted

As summarized in this document and detailgtherin a technical annex report, green fuel tech-
nologies have undergone considerable development already, but there are still significant obsta-
cles andinnovation needs to be addressed to support the decarbonization of international ship-

ping.

The four main conclusions of the study

Firstly, it is concluded thahe needed technologies across the value chain are to a large extent
technologically availalelto support the transition towards zenmission shipping but they are

in most instancesot marketready. The technological readiness of fuel technoldgiassessed

as moderate to higlwvhile the commercial readinessgsneraly low. Innovation, together with
other markesupporting measures, are needed to acceleratedidinesof technologies and
supportthe commercializatiorof these technologies



Secondlyit is concluded that thie is no clear green alternative fuel to fossil marine fuels at this
stage, so technology neutrality is called for in innovation policies. All green fuels ass¢issed
three electricitybased fuels, and the three biofuelgve limitations and challengewhich need

to be addressed.here isthusno single way forward for the decarbonization of international
shipping. For the foreseeable futuiteis important to favor a technology neutral approach in
innovation. In the long ternone or morduels may emerge asommercially viableputfor now,

the industry should take advantage of the different optionasidering specific circumstances
and needs.

Thirdly, it is concluded thatystemic, crosgutting innovations andneasures are essential to
addessng thegaps that affect all fuel types and suppaythe further development and scaling
of green fuel technologie$hree crossutting gapsinnovationsand measuresre pointed to:

a. Demonstration: There is a lack of knowledge around the applicability and performance of
thegreen fuel value chains in reik operation. Hence, integrated test and demonstration in
‘'gr een Idscsuggesteddiy experts, to seamlessly gather knowledge on pederma
and operation, which can guide innovation a
enable realife testing across the entire value chain of zeadon shipping, enoapassing
fuel production, transportation, storage, bunkering, and vessetiopsra

b. Standards There is durther needor approachediataddress safety management and fuel
quality concerns. This gap points to the need for supporting megsypagticular the devel-
opmentof newinternational standardsogether with the revish of existing oneghat can
underpin further innovation. The idea is that the introduction of newensedstandards
could provide consistency and certainty to the market around the quality and safety of the
production, bunkering and usegreenfuels generating a clearer framework for innovation.

c. Scaling andsupply: There is a lack of supply dfoth renewable energy arttie efficient
technologies needed to produce the necessary volume of green fuels, especially electricity
based fuels. This gecalls for a combination of innovation and market measkxgertsalso
stress the need for the scalgol supply of renewable energy to support the production of
sustainable feedstock and fu€lfis should be tackled through innovations to improve the
efficiency of equipment used to produce renewable energythamaghthe identification of
production sites

Fourthly, it is concluded thatuel-specific innovatios are needed in all three parts of the value
chain fuel production, bunkering infrastructure and vesg®rations The innovatios needed
have the general aim of improving the cost efficiency, performandsustainability of the fuel
value chains.

d. Concerninduel production, the gaps concern tihégh cost and energy intensiveness of cur-
rent electrolysis technologigl®r instanceused in the production @reen hydrogeithere-
fore, innovation needs concern the energy efficiency of current technologies and the need to
explore alternative approachésrthermore, the needsg.include green desalination tech-
nologies for countries with poor water supply necessargreen hydrogeproduction, lig-
uefaction technologies needed to support cryogenic storageesf hydrogerair separation
to obtain nirogen from air to producgreen ammoniaand carbon capture methods necessary
for emethanol productionVith regardsto biomass fueldurther innovation is needed ¢ag.
improve access to a wider range of feedstock sougises that supply is percedd as limited
and subject to likely price increases in the long term.

'Green corridor refers to the ‘greening of a fuel v
supporting production, bunkering and vessel operations for an individual green fuel.



e. Concerningounkering infrastructure , key gaps relate to the need to transport the fuels to
ports efficiently and at scalevhile guaranteig safe and efficient bunkering. Specifically,
innovations are called fohataddress the difficulties in transportiggeen hydrogesafely
andnew innovative solutions are neededléal withsafety and maintenance concerns.

f. Concerningvessel designs ahfuel storage systemsadapionsto enable the safe carriage
of larger quantities of alternative fuels with lower energy deimsitgededAnd new propul-
sion and emission control approacheél be necessarto ensure good performance and mit-
igate negatie environmental impact€ommon gaps include commercially available green
pilot fuels and zer@mission auxiliary engines. An innovation push forward is needed to se-
cure that entire vessel propulsion systems can meet zero carbon targets.

About the study: A Delphi survey methodology has been used to develop and verify conclu-
sions

The results and conclusiookthis analysidavebeen arrived at by using a Delphethodology
cf. box 1lbelow. Three international expert panetsmposed ohcademisand industry members
from Europethe Americas and Asia each coeéparts of the value chain of international ship-
ping andverified the readiness and gaps of the relevant technologies. Furthetineopanels
identified the needed innovation. In total, d@Bovation and commercialization proposaisre
providedvia the Delphi processhe focusof the Delphi proceswasspecifically onsix green
fuels Three electricitybased fuelsgreenhydrogen green ammoniand e-methanol andthree
biofuels drop-in-diesel(HVO), biogas and Dimethyl ether (DMBE)Ve consider green fuels as
those which can be produced and used without emittingo€those thatare produced from
biomass and thus relea8é; in the context of thenatural carbon cycle.

In the following four sections each of the main conclusions of the study are elaborated further. In
the technical annex report the detailed results from the Delphi process are reported.

Box 1: Delphi procedure has been used to assess technologies and develop innovation

To support the study, three expert panels were established with a total of 31 members from academia and
industry in Europe, Asia and Americas. Each panel covered one part of the value chain (fuel production,
bunkering infrastructure and vessel operations) and assessed the readiness and innovations needed re-
garding the technologies of six selected green fuels; three electricity-based fuels: green hydrogen, green
ammonia and e-methanol, and three biofuels: drop-in diesel, biogas and Dimethyl ether (DME).

A two-step Delphi process was facilitated with each of the three panels. In the first Delphi round an as-
sessment of the readiness of individual technologies was conducted and proposals for innovations and
other measures were suggested by the panel members. For the second Delphi round the assessment,
innovations and measures were consolidated and updated. The assessments, innovations and measures
were confirmed, and the importance of the innovations and measures rated.

Based on the Delphi process Oxford Research and Maritime DTU summarized the findings in this docu-
ment and technical report.

Altogether, 131 assessments of individual technologies were made and updated. In total, 275 proposals
for innovation and other measures were received and reviewed.




1. The readiness of fuel technologies

Based on the input from the Delphi panels corcluded that the needed technologesoss the
value chain are tdemonstrateal large extent technologically reattysupportthe transitiorto-
wards zereemission shippingTheexpertassessmesshow that the technoyiesare moderately
to highlyready

However the commercial readiness of the technologies average considerably loweurkher
innovationis needed tanprovetheprice competitivenesgnergyefficiency,and productivityof
the fuel technologieso that the preconditions for the uptake in the market are in placeover,
there arealso markesupporting measuremgcessary to suppdhedeployment and uptalam-
mercially.

In table 1 the assessment of the technological and commercial readiness of the range of technol-
ogies for each fuel type and value chain part is summazédchnology Readiness Level index

(TRL) with a scale ranging from4 and a Commercial Readinesdén (CRI) with a scale from

1 to 6 has been used to assess the technologies, &. box

The average scores of the technologies are used as an indication of the overall readiness of the six
fuels. As isclearin table 1 average scores for technojogeadiness are high rangirfgpom 7.1

(for vessel operations) to(for bunkering) The commercial readiness in general is lower rang-

ing, from 19 to 24. This reflects that theompetitiveness of the fuels needs to be imprpved
through innovation andufthermarketsupportingmeasuresto support commercial deployment

and uptake. We summarize the assessments for each value chain part in the following.

Table 1: Technology readiness measured by average TRL-score and commercial readiness measured by average
CRI-score of technologies, by value chain part and fuel type

Fuel Bunkering Vessel Average by fuel
production infrastructure operations
Green hydrogen . . . . . . . .
Green ammonia 8.2 2.8 8.0 2.0 5.7 1.3 7.0 1.9
E-methanol 9.0 2.0 9.0 25 7.1 2.0 7.6 2.1
Biodiesel 9.0 2.0 9.0 3.0 9.0 3.2 9.0 2.9
Biogas 9.0 2.0 9.0 3.0 9.0 2.8 9.0 2.8
DME 5.8 1.8 8.5 1.5 7.4 15 7.1 1.6
Average by value 7.9 2.4 8.2 2.2 7.1 1.9
chain




Box 2: Technology Readiness Level (TRL) and Commercial Readiness Index (CRI) approaches

Two indices have been used to assess the technological and commercial readiness of the technologies
across the three parts of the value chain. The Technology Readiness level (TRL) approach has been
used to assess the technological readiness. To assess the commercial readiness, the Commercial Read-
iness Index (CRI) has been used. The two can both be used separately and combined. The combination
allows for a better understanding of what is required for the actual uptake and commercial use of the
technologies to happen.

As is clear from the scores in table 1, the technological readiness is not enough for securing a commercial
uptake, as there may be a high TRL level but a low CRI level. Moreover, as will become clear, further
technological development and innovations may be needed even though the technological readiness is
at a high level. The reason for this is that high TRL scores do not necessarily imply that a technology is
sufficiently efficient and competitive in the marketplace. That a high technological level is not enough to
secure a commercial uptake is illustrated in the figure below.

Technology Readiness Level (TRL)

The TRL scale spans from 1-9. A score of 1 indicating that only the basic principles of a given technol-
ogy/system have been observed. A TRL score of 9 indicates that a technology/system has been proven
in an operational environment. The TRL scale is a globally accepted benchmarking tool for assessing
technologies across various sectors. Since its introductioni n t h & thereOh@ve Been various editions
and revisions to the scale. The most common scale being used today is the nine-point scale, which is
used in this study.

Commercial Readiness Index (CRI)

The Commercial Readiness Index (CRI) provides a commercialization readiness scale from 1 to 6. A
score of 1 indicates that the technology/system is only a hypothetical commercial proposition. A score of
6 indicates that the technology/system can be classified as a bankable asset. The CRI is designed to be
used in combination with the TRL, as it is not possible to assess the commercial uncertainty through the
TRL.

The interlinkage between the two indices

TRL CRI
Technology Readiness Level Commercial Readiness Level

Bankable assetclass
Market competition and widespread development

Multiple commercial applications

[ IR )

Commercial scale up

Actual system proven in operational environment | 9
— — — | 2| Commercial trial, small scale
System complete and qualified | 8

System prototype demonstration in operational environment
Technology pilot demonstrated in relevant environment

Technology validated in relevant environment

Experimental proof of concept

Technology concept formulated

7
6
5
Technology validated in laboratory | 4
S
2
1— — | 1| Hypothetical commercial proposition

Basic principles observed

Sources: ARENA (2014) Presentation of and guidelines for use of the Commercial Readiness Index; ARENA (2019), Technology Read-
iness Level; De Jager, David (2017). Commercial Readiness Index Assessment i Using the method as a tool in renewable energy policy
design (RE-CRI); IEA RETD TCP (2017), Commercial Readiness Index Assessment i Using the method as a tool in renewable energy
policy design (RE-CRI), IEA Renewable Energy Technology Deployment Technology Collaboration Programme (IEA RETD TCP),
Utrecht, 2017; Manki ns, Joshlevelsilad 9wbh.i tfieT epcahpneorloto gy r eadi ne




Technologies for fuel production

In relation to fuel productionhe assessmeswf the technologieselated to each individual fuel
confirmed by the Delphi panethow ttat, as a generalizationthe current averageadinesgor

this part of the value chain seems promisiigen the current Technological Readiness Level
(TRL score 7.9)For examplegreenfuels such agreen hydrogergreen ammoniaand emeth-
anol(TRL 7.0) haveenteedoperational demonstrations, anddiesel and biogad'RL 9.0) are
already sold commerciallylthoughtheyare not useavidely by the maritime sectdor several
reasonsincluding therelative cost tdossilbased marine fueind uncertainty around efficiency
and ongoing engine maintenanaenong othersAnother possibléuel, DME (TRL 7.0), is not
used at all by the maritime industgnd there are some doubts about its feasibiligyghsome
academics consider that it hastential. However, one should be cautious when interpreting the
TRL results.While the Delphi panel suggested that fuel production technologies are at a high
level of technologicateadinessit was also stressed thattherinnovation is neededor exam-

ple, to lower material costs and to redtlee amount oénergyneeded for fuel productiohese

two aspects should help to lowtdie overallcosts offuel production. With respect to biofuels,
further innovatioris needed to address timeited availability of biomasdeedstockfor instance

by diversifying possible sources

podMoreover theaverageCommercial Readiness Indsgore for fuel productio(CRI score 2.4)
indicates that significant gaps remain. This is especially true vatiardso the current scale of

the presentboperations and the limited extent of the proposed planning activities and investment
in renewable energy and production sits.we will return to belowthere are important cres
cutting gaps related to tlaailability and scaling ofenewable energyhis isboth an innovation

issue ané commerciéization isste.

Technologies for lunkering infrastructure

The possibilities around bunkering, agaireassessed to be promising from a narteghnolog-

ical perspective (TRL 8.2). This is partly due to the fact that all fuels are transported, stored and
bunkered as commodities (but not as fugth different handling and safety issiidseading the

way ae bunkering systems formethanol and biofueléTRL 9.0), considering that similar ap-
proaches can be ustagthose formarine fossil fuelalbeit with relatively minor modifications.

While not unfeasible, bunkering systems for griegrogerandgreen ammonia(TRL 7.0), how-
ever,are notyet readyand demanélurtherdevelopmentYet, generally the commercial readiness
position shows that all alternative fuels are hardly bunkered, if at all, in some cases, indicating
that there is hesitancy around fuel adoption and persisting knowledge gaps around how to supply
these fuels safely (CR.2).

Technologies for vessel operations
With respect to vessel operations, the technological readiness is slightly lower than other parts of
the value chain (TRL.I). However, there is variation in the scores betwaiéfarent fuel types.

For examplesome engines already availablethe marketan usee-methanol and biofueld@RL
9), though these are dual fuel solutions that also alewmse of fossil fuels It should be noted
that operatorscurrentlyusinge-methanol and biofuelare doing e as part of commercial tests,
and further information and experience is needeshsure thatheycan be usedith confidence.

Green ammoniangine TRL 8.0) andgreen hydrogefuels cells(TRL 7.0), on the othehand,
are lagging and have yet to be fullgvelopedalthoughtheyare expected in the coming years
At the same time, green pilot fuels and auxiliary eng(ii€L 5.0) have not received the same
innovation focus and are viewedlasngat the midpoint an the TRL scale. While improvements
could be made, theechnologes needed to control emissions frommethanol and biofuedre



relatively strond TRL 9), although solutions to address nitrous oxide emissions dgreen am-
monia(TRL 5.0) are needed.

However, thecommercial use ofesset designed for green fuels is IQ@RI 1.9).Nevertheless
somepromising activities are underwafor exampleg-methanol and biofuel shipse being
tested in commercial settinggndgreen ammoniandgreerhydrogernvessels, in particular chem-
ical carriers, are undergoing demonstratidhis will provide the needed information for fine
tuning the technologies and heligplaythe possibilities of using thesessels.

Yet, to supporuptake improving vessel designs émablemore efficient performance ametter
storage of alternative fuelgassuggestedvioreover, a key gap is the knowledge needed to oper-
ate ships that run on green fuels, so that fuel storage and propulsion systems aarndieeah
with confidence, and risksan bemanaged.

In table 1the average score for the green fuel technologies for each part of the value abath
as anindication of thereadines®f the fuel technologies\ summary of thenain technological
gapsis presentedh more detail in secti@B and 4As mentioned, please note thia® TRL scores
need to be treated with caution. While tealogies such as thosised for fuel production are at
a late stage of developmeat indicaed by the high TRL scores, the Delphi panebstsstressed
that further innovation is needed. This is because rapid-gpatrequiredto address the energy
needs of the maritime sectdro strengthen the business case for phessthe technologies
need to be cheaptw buy,and morecostefficient to operate sothatthe cost ofgreen fuelss
reduced.

2. Six alternative fuel pathways, but no clear solution at this stage
As mentionedthe scopef the research was @ero carbon fuels. The fuels in question either do
not emit CQ or their emissions cabe considered as part of the natwarbon cycle.

We find thatat this stagehere is no clearcompetitivealternativeto marine fossil fuel@among
the six fuels assessedl green fuels have limitatiorend challenges. Therefore, thexaosingle
way forwardfor the decarbdzation ofinternational shippingUltimately, it couldvery wellbe
the casén the futureghatseveral green fuels asglopted by different parts of thearitime sectar
and allthusneedng further developmentio explore their potentiaHence, forthe foreseeable
future it is important tdavor atechnology neutral approach

The fuels reviewed in th study compriséwo core pathways, each with their own benefits and
challengesOne pathway comprisedectricity-based fuels.e., green hydrogemreenammonia
and emethanol. Using renewable energy, thesealirmanufacturedising greerhydrogenas a
basecomponent. The other pathway concesasond generatiobiofuelssuch as drojin bio-
diesel, biogas and Dimethyl ethH&ME). They are alproduced in biorefiaries using biomass
like energy crops or food waste

As illustrated in table with examplesall fuels have limitations.These limitations constitute
some of thassues thaheal to be addresseahainly through innovatiog but alsoby means of
other suppoive initiatives



Table 2: All fuels have limitations, and more innovation is needed

Type Fuel ‘ Risk to users Feedstock Storage Emissions
Green hydro- | Very high, highly Demand can only be | High storage volume | NOx and other particle
gen flammable met with a major roll | needed and low temper- | emissions (internal com-
out of electricity pro- | ature bustion engines)
" ducing facilities. Does not emit CO2
< Green ammo- | Very high, corrosive itci)(l)irsanrc]ievggdtfcl)uctgg High volume N20 and NOx emissions
= nia and toxic substance managed
2 ' Does not emit COz
3 E-methanol High, toxic, corrosive Liquid at room tempera- | Lower CO2 and low emis-
=) and poisonous ture, although more | sions of sulphur, particu-
= storage is needed due | lates and NOx.
g to lower energy density
] Requires a form of GHG
accounting to be consid-
ered as carbon neutral as
the CO feedstock is from
an industrial source.
Biodiesel Moderate Issues around con- | Can use existing stor- | Reduced CO2 emissions,
sistent supply of bio- | age, though it has a | but sequestered via new
materials at the ap- | lower energy density crops etc.
" Biogas High, highly flamma- propriate scale Can use existing LNG | Reduced CO: emissions,
Ko} ble storage, however it has | however sequestered via
= a lower energy density | new crops etc.
3 than LNG
g DME High, highly flamma- Low energy content, re- | Reduces NOx and CO:
° ble quiring more storage, | emissions to below guide-
o but better than others line amounts.
CO:2 emissions from DME
produced from biomass
can be considered as part
of the natural carbon cycle.

From an emissions perspective, electridifsed fuels seem advantageous, considering that green
hydrogenandgreen ammonido not emit CQ However, enethanoluses wast€0;, as a feed-

stock input andhusemits CO;, although in much lower volumes comparednarine fossil fuels.

This mears that it offers good transition potential, but further thinking is negifiéds to play a

role as part of a zercarbon futurgperhaps by using GHG accounting methddereovet new
technologies are needed to address GHG emissions from burning green ammonia fuel, namely
nitrous oxide.

However, while greehydrogerhas clear potential for other sectors, its low energy density means
that thereaare practical challengés adopting this fuel for the maritime secgtespecially in inter-
national shipping with long distancé&areen hydrogeneeds to be stored cryogenicatgquiring
significant energy inputs and onboard storage space, substantially reducing the amount of cargo
that may be carried. Whilgreen ammoniaffers a better alternative concerning its energy den-
sity, it is both toxic and corrosive, thus posing a significant threat to human and environmental
health Furthermorewhen burnedgreen ammoniamits nitrous gride, sothe development o

solution for controlling this successfuily needed.

Considering the expected demand from different sectorapared to electricitpased fuels,
there is some uncertainty around the sustainahbleply offeedstocki.e., biomassto produce
biofuels. Therefore while biofuels can play a role, it needs todiecoveredo what extent, and
in what way, for the maritime industry.

At the same time, biofle emit CQ, which redu@stheir appealHowever,theimpact of these

emissions can be consider@part of a GHG life cycle perspectivdoreover existing systems

for biofuel production, bunkering and vessel operationsem@yandalreadyused commercially,

reducing the technological barriers to transitidthile offering some clear emissions benefits,

the known performance of DME is limit¢dough, andthei n du st r y hagsr iypest’ twi t'hg
the idea of transitioning to this fuel.



Unavoidably, these limitations add to the complexity aroundnibst suitablduel(s) to pro-
pose as the viable way forwastechnology neutrahnovation approach therefore needed
to further explore and develop these optiddswever, in the short to medium term, some
signaling is required to steireindustry towards a narraw choice of fuel option(s) to clarify
the way forward.

3. Cross-cutting gaps innovationsand measures

Thee x p eassessmerdf the technologies across the vatimain for each of the sifuels has
shownthat important gaps are cresstting i.e.,they are common to all, or a group of the fuels,
across a part of the value chaior even the full value chain

Some of these am@n obstacle to innovatiowhile others are to be addressed through supportive
measures. The identified cross cutting gaps are:

1 Demonstration: Lack of knowledge around ttrealtlife applicability and performance
of greenfuels in the fullvalue chaini.e., otherwise known agyreen coridors. This re-
lates to all fuel/alue chaingnd concerns issues suctkaswledge gaps aroutideprice
competitivenesef thefuel, impact on cargo spadbg efficiency and safety of bunkering,
the performance of engines eitis is important for the final development of technolo-
gies.

9 Standards: Lack of establishedsafety managemerapproachs and certification for
fuels Thesegaps point to the need fasupporting measures likke updating of existing
internationalstandardsr the implemenation of new oneghat can underpiand steer
further innovationFor example, standards specifying the need for technologig®-
cedureghatensuresafe bunkeringndusage along withquality certification demonstrat-
ing the green credentiads the fuels.

9 Scaling and supply:Lack of supply ofeedstocknamelytherenewable energgnd bi-
omasmeeded to produce the necessary volume of green Tuedsgap calls for a com-
bination ofinnovation and market measurtesreducematerial costs, improve the effi-
ciency of solar and wind systerend ultimately lower the price of renewable energy
further. It also demands innovation to strengthen the supply of biomass.

These gaps call faifferent types of measures, includisgpporting measures like standathat
can addresthe absence of approaches to safety manageandrdteer development of technolo-
gies Therefore the measures addressing thesscuttinggaps are nogxclusivelyrequiringin-
novatiors. Thiscontrasts withthe gaps related to the specific fugihich we will discuss in the
last section. Theséuel-specific gaps generally warrant the introduction of innovation to
strengthen their performance, efficienapd price competitiveness.

In addressing these gaps, croafting measureareneededo provide global solutions to support
the development of the green fuels reviewHte measuresncludeintegrated demonstratian

real operatioracross the full value chafe.g in green corridors)the developmentfestandards

on quality, safety an@GHG accountingand scaling of renewable energy supply for green fuel
production cf. figure 2.



Figure 2: Three key cross-cutting innovations and measures

Integrated Standards on fsec::stng;(f

demonstration quality, safety

supply for
green fuel
production

across the full and carbon
value chain accounting

The threameasuregarediscussed in the following subsections.

Cross-cutting gaps, innovations and measure. Integrated demonstration on real ships
across green corridors, i.e. the complete value chain

There is a significant information gap around the operatiapplicability and performance of
green fuelsThis isparticularlythe cas®ver long durations in eatlife commercial settingvith
other technologiesnd regardthe entire value chain.

Information and transparency are needed to understand how these valueatf@imsgngdmore
specifically,what further innovations and technological filmaing are needed to address items
such as théevel of capital investmerdndoperational and maintenance costs, considering also
the cost impact of théisplacement of cargo space due to additional fuel storage.

Demonstratioron real ships can contribute to the neeidéarmation amul transparencywhile at
the sameime supporting further innovation, such as fituming of the technologies to enhance
thar performanceand applicability as well adearning how these technologies wailongside
otherexistingtechnologiese.g. onboard IT systenasd energy efficiency technologies

Moreover, there seems to be a lack of coordination and information sharing across the value chain
betweerdifferent actors waiting failechnologies andharket signals from other parts of the value

chain e.g. fuel producers are calling for engine manufacuto introduce new types of engines,
vessels operators mandate that bunkering infrastructure needs to change, and ports are calling for
better fuel supply etc.

A solutioncould becoordinated demonstrationonréal f e shi ps acr ®dhe ' gree
entire value chainThiswould help address knowledge gaps, support development of new solu-

tions and address questions around costs and technical challenges. The idea is that the organisa-
tions providing the value chain demonstration (fuel prodydael transporters, ports, vessel and

engine manufacturers and operators) would provide leadership by illustrating the business case

and technological readinestusing green fueldJlitimately, the value chain demonstrationge.

for a specific route, couldupport theransitioning from the test and demonstration phase to a

fully mature business operation, therefirye-tuning technologies and encouraging others to

adopt.

The gaps andhnovationneedspointing to thedemand forintegrated demonstration of green
corridors are summarized in figude

10



Figure 3: Cross-cutting gaps, innovationsa n d

chains

measures: Integrated

demonstration

Integrated
demonstration

across the full
value chain

Gaps related to the lack of knowledge or existing
evidence

The cost efficiency of fuel production needs to be
verified.

The scalability of green fuels must be proven

The cost implications of reduced storage space
must be examined

Systems to store and bunker dangerous fuels
need to be tested sufficiently.

Safe on-board use methods need testing and
establishing.

The performance of zero carbon engines, pilot
fuels and auxiliary engines should be shown.

Systems to eliminate emission slips need
innovation and demonstration

The integrated operation of a green corridor

needs validation

Summary of proposed innovations

« Integrated demonstration across each part of the

value chain, including fuel production, transportation,
storage, bunkering, vessel operations

« Demonstration of actual commercial activities rather

than tests e.g., demonstration between two or more
ports, over a sustained time period

+ Sharing of information on performance e.g. fuel price,

fuel use, extent of storage, time needed for
bunkering, amount of refueling, cost for transporting
materials, engine maintenance etc.

Cross-cutting gaps, innovationsand measures. Standards on quality, safety andGHG ac-

counting

A core crosscutting aspect that is missing from each part of the value chbatterknowledge
andrecognizedpproaches to secure the necessary quality of green fuels, safety of bunkering and
vessel operations, and al&tG accountingNew standard®r revisions to existingpnesoffer

potential in addressing these gaps.

These gaps call for other types of measbmndinnovation butwill at the same timsupport
and drive forward innovatioby guiding andencouraging the takap of the needetéchnologies

i.e.for thisreasonst andar ds typically defi nEhd

ar e

IMO is the main standardizatiorodly for the maritime sector.

For example, with thantroductionor revisionof standards, general safety anchigcal require-
ments can be definegbecifially to the alternative fuelproviding guidance to both manufactur-
ers and userd his should support demand in thearketplacdor the relevant specific solutions

developedy manufacturers

New internationalstandardsind revisions to existing onds bettercover new fueland other
zeroemission technologiegan be defined and implemented to address these Bapaulti-
mately these would need to be supported and enfamddrexisting or newegulation and

supported byenalties for nortompliance.

With respect to safety standards, these provide guidance and certainty on requirements for the
necessary innovative solutions and approaches neelded bunkeringand operang vessels.
Ultimately, they would contribute to maintaining safe working environments for port staff and

of

crew, as well as addressing safety concerns of local residents near to ports. The standards would

indicate the necessary features of the technologiedede as well as working methods and

maintenance protocols.

Although rot aninnovation experts have pointed the need for supporting measures related to
certification of green fueldn order botho reduce the possibility of fraumhd enabl®perators
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to calculate andlemonstrate their carbon footptiespecially in a transition periold.should be
noted that life cycle assessmapiproachescluding certificatiorarecurrently being negotiated
atthe IMO, and the end results should addresselmpsof concernin these areag\gain, these
measures are to boost demand and create better market certainty.

The gaps pointing to the need for standards for quality, safet@Bi@laccounting are summa-
rized in figure4.

Figure 4: Cross cutting gaps, innovations and measures: Standards for quality, safety and GHG accounting

Examples of gaps related to standards Summary of proposed measures

Fuel certification: There are fraud risks - ‘brown
fuels’ could be sold and used as ‘green’ - unfair + Demonstration of safety approaches for bunkering and
competition is foreseen as a problem vessel operation to inform development of standards

Design of new safety standards and training for bunkering
Safety: There are knowledge gaps around how and on-board use

new types of fuels should be appropriately
bunkered (e.g. ship to ship, land to ship) and
used on board vessels = Quality certification for fuel to be supplied by producers
and retained by vessel operators

Standards
on quality,

safety and
carbon
accounting

GHG accounting: There is a lack of
understanding on how the zero carbon targets = Carbon accounting system for the maritime sector
should be considered. It is assumed that this
relates to the full life cycle. An approach to
accounting of carbon use specific to the maritime
sector is needed

Cross-cutting gap, innovations and measures. Innovation is needed to secure higher effi-
ciency as wellas scalingof renewable energy supply for green fuel productiomnd also bio-
mass supply

Innovation is needed to strengthen the supplgssentiafeedstock namely renewable energy
and biomass.

The supply otostefficientrenewable energy is key for zezarbon fuel productiarRenewable
energy systems (solar, wind, hydropower and geothermal) are at a high level of technological
developmengiven their existing use in commercial settings.

Althoughrenewable energy systems are technologicadiyure it should be recognized that fur-
ther innovation is needed to reduce the cost of solar panels and wind tugbitteseduce capital
costs. Improvements tiieir operational efficiency would also be lefigial in reducinggreen
fuel productioncosts, along with improveenergy storage systenihe supply of renewable en-
ergy to produce green fuels is limited, representing a-awtsisg gap.This could beaddressed
mainly by innovatiors aimed atlowering the cost of wind and solar power technologies and im-
proving their efficiency in producing enerdgnproved fuel production facilities that cdgnam-
ically manage changes in the supply of renewable ergugyto weather fluctuationgere also
recanmended.

At the same time, biomass supply is considered insufficient to produce the extent of energy
needed for the maritime sector. Competition for biofuels will likely grow in the future. Innova-
tions are needed to strengthen and diversify the supply.
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Figure 5: Cross cutting gaps, innovations and measures: Renewable energy

Examples of gaps related to standards Summary of proposed measures

+ Innovation to strengthen the supply and diversity of

Insufficient capacity, scaling and supply of biomass feedstock

renewable energy and biomass

+ Scaling the availability of renewable energy supply

Renewable
energy Better dynamic energy management approaches * Innovation to reduce the costs of materials used for the
ELL considering fluctuations in weather can hamper production of renewable energy

biomass production

supply * Innovation to make solar panels and wind turbines more
The large number of solar panels and wind efficient in producing energy
turbines needed for green fuel production means
that they must become less expensive and more * Innovation to strengthen dynamic energy management
efficient at producing energy approaches

4. Fuel-specificinnovations

While crosscuttinginnovations andaneasures are needed to address broad gaps comman to all
or groups of fuels and facilitate innovationfuel specificinnovatiors and commercialization
measures are also warranted. Typically, these have the general aim of improving the cost effi-
ciency, performance as well as sustainability of the fuel value chigiesnumber of pposed
innovation and commercializationeasures bpanel membermdicate the importance of inno-
vation to address these gagk table3.

Table 3: Proposed innovation and commercialization needs by focus and value chain part
Innovation Commercialization measures  Total

Fuel production 64 50 114
Bunkering 36 10 46

Vessel operations 69 46 115
Total 169 106 275

Of the 275innovations ananeasureshat were poposed by panel membef€9 were related to
innovationneedswhile 106 were related to commercialization iss@i&é® numerical distribution

of the proposals betweehe value chain pagindicates that majority of theinnovation needs
are related to fuel producticend vessel opations,while the innovation issues akesspro-
nounced among the proposals related to bunkering issut®e following the core innovation
issues and measures are summarized for each of thevétmeechain partsAs the focus of the
study was on inovation,only selecteccommercialization measures are mentioned briefly at the
end of each sectioRlease find the full assessment in tehnicalannexReport.

Innovations for fuel production
Theinput fromthe Delphi panel highlighted that a series of specific innovations are needed to
address challenges around production of alternative fuels.

Thematically, thesenovation needaddress similar and related problems concerning the cost,
efficiency and avadlbility of the materials, processes and feedstock used to produce the green
fuels. In doing so, the intended results are to strengthen their price competitiveresss vis
marinefossilfuels improve the consistent supply of theljandease the scalgp of production

Specifically, the gaps corern thehigh msisand energyntensiveness of curreatectrolysigech-
nologies as well as other technologies.
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With respect tgreen hydrogergreen ammonianethanol and drem-diesel (HVO),a corecon-

cernis that current alkaline electrolysis methddsgreen hydrogeproductionare a costly in-
vestment and require too much energy to run, impacting both capital and operational expenditure
Electrolysis is needed to produgeeen hydrogefrom water, to be used as a standalone fuel or

as a input for other fuelsinnovation in this areeould explore alternative approachesch as

Solid Oxide Electrolysis Cells (SOEC) and other methods tldilaly to improve efficiencies.

Similarly, the Delphi panel indicated that other keghnologies and processescessary to pro-
duce electricitybased fuels need to be more energy efficient to lower operational costs. This
among othergncludes greedesalination needed for countries with poor water supply necessary
for green hydrogeproduction, liquefaction technologies needed to support cryogenic storage of
green hydrogemair separation to obtain nitrogen from air to prodyieen ammonigand cabon
capture methods necessary fanethanol production.

With respect to biomass fuels, such as dmgdiesel and biogas, further innovation is needed to
improve access to a wider range of feedstock sources given that supply is perceived as limited
and subject to likely price increases in the long term.

The gas am proposednnovationsfor fuel productiorare summarized in figure Bheaverage
score of importancef each of thennovationson a scale from 1 to iS indicated. These scores
indicated the priority that thesenovationscouldhave.
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Figure 6: Overview of key innovations for fuel production and their score of importance

Gaps Summary of proposed innovations, including assessment
of importance

) * Investment in electrolysers and other membrane
Key technologies needed for technologies (Hydrogen, ammonia, methanol and HVO
alternative fuel production are costly drop-in biodiesel production) 5

Advancement of liquefaction technology (Hydrogen

Access to sufficient feedstock is a production) 4
challenge or is costly

Development and testing of green desalination technology

Fuel
production (Hydrogen) 4
Energy use of technologies to produce = Development of air separation technology (Ammonia
alternative fuels is high production) 3

« Strengthening carbon capture methods (e-methanol) 5

The price competitiveness of alternative
fuels is high compared to maritime fossil * Identification of a wider range of sustainable biomass

fuels feedstocks (HVO biodiesel) 4

In terms of commercialization measures suggested for fuel production, the general idea is that
they would address gaps around the current scale and availabiliglofSuggestions included,
better exploitation of green investment channels and identification ofisitkgling conversion

of ports into energy producing hubs.

Innovations for storage, transport and bunkering
The Delphi panelistalso specifiedheinnovation need&r supporing the storage, transport and
bunkering of alternative fuels.

The innovatios suggested aim to address several key gapkiding the need to transport the
fuels to ports efficiently and at scalehile guaranteeing the safe and efficient bunkering of the
fuels. It was notable that safe storage at ports was not cortsadprajor issugsinceall alterna-
tive fuels are st@d as commaodities already.

Regarding the efficient transportation of the fuels, fuel pipeline infrastructure could assist in car-
rying liquid or gas fuels from production sites at the scale needed. Alternatively, green truck riet-
works could be deployedsssted by renewable refueling or recharging sites at ports. In this area,
the innovation challenges were not consideasdignificant but still necessary to ensure zero
carbon goals are met.

More specifically, innovation would be beneficial in addresshegdifficulties in transporting
green hydrogeim large volumes efficiently. Fanstancegreen hydrogenould be carried in the
form of Liquid OrganidGreenHydrogenCarriers (LOHC)whichcould bestored in conventional
storage systems awdnvertedd green hydrogeim ports or used by designated fuel gaksjuir-
ing some technological advances.

It should be stressed that for biofuels anchethanol, bunkering needs are similar to existing
marinefuels, and while some innovations are needed to ensure safety and good maintenance,
these were not considered as major technological gaps. For exdrigplecludes ensuring that
biogas can be stored safely without leakage and allowing for good maintenance of bunkering
infrastructure using alternative fuelsdonventional marine fuels

Yet, given the risks and the lack of knowledge, the bunkerirggesh ammoniandgreen hy-

drogenrequires new safety solutions. Suggested innovations included new hose systems that can
absorb shockfrom waves/tide/wind, sensors to detect leaks, controls for safety valves, double

15



piping systemsandsystems to purge or @n trapped gaseous LH2 fuel etc. Moreover, demon-
stration of differing bunkering methods (ship tapstshore to ship, refrigerated to pressurized
tanks etc.) were also called for orderto provide insights to portegardingthe possible ap-
proaches antdow the/ perform

The experts’ nprowmsondarbehkedng aresumneadzed in figure 7. The aver-
age score of importance of each of iti@ovationsare in the high endndicating thepriority that
theseinnovationsmust have.

Figure 7: Overview of key innovations for bunkering and their score of importance

Gaps Summary of proposed innovations, including assessment of
importance

+ Demonstration of ammonia and hydrogen bunkering 5

Need to scale systems for transportation + Development of Liquid Organic Hydrogen Carriers or carriage of
of fuels to sites hydrogen as ammonia 4

+ Development of pipelines or conversion of gas grid to carry hydrogen 4

Hydrogen gas is difficult to transport + Need to minimize the gas/liquid leak from valve, piping, gauges, blanks
given its low energy density and handling machinery e.g. pump, compressor (Hydrogen, Ammonia) 5

Bunkering

+ New bunkering hose system capable of absorbing shocks (Hydrogen

Existing bunkering technologies are and Ammonia) 4

suited to some fuels but there may be

rljaintenance issues (e.g., e-methanol, + System to purge or drain trapped gas in the connection system between

biofuels) the ship and bunkering system (Hydrogen and Ammonia) 4

Given the risks, current technologies are + Eliminate the risks of leakage of biogas 5

not suitable for bunkering ammonia and

hydragen « Ensure existing bunkering infrastructure is suitable for biofuels and e-
methanol 3

In terms ofcommercialzationmeasure$or bunkering, key isswncludedthe safety issues and
relatedconcernsespeciallywith dangerous fuels such geeen ammoniandgreen hydrogen
Thereforejt was suggested that local planning rules need to be assessed to learn if ports can
store such fuels at significant scales. Also, it was recommended that community engagement ac-
tions should be launchadgethewith ports, seafi@ers and local communitie® communicate

how the fuels can be managed safely and address concerns.

Innovations for ship design, storagepropulsion and emissions

Similarly, the need for greater safety, efficiency and performance were at the heaiihobtra-

tions proposed for ship design, storage and propulsion. Moreover, finding new ways of controlling
harmful emissions was also called upon.

Vessel design

As it currently standsjesigns fowvesselausinggreen hydrogeandgreen ammonifave been
approvedand trials are underway for cargo ships that use other types of alternative fuels such as
biodiesel and methanol. Y,d@b ensure similar levels of performarared maintenance of operat-

ing distancesit was feltby the panelist¢hat futher considerations could be made on hber

total vessel design could be optimized to account for the use of alternative lower density fuels
that require more storage.

Storage

Similarly, further research and innovation could be conducted on how tmipptfuel storage
systemsthrough cylinder designs adapted to théoard space availablie addition, the storage

of green hydrogeposes challenges in that high pressures and low temperatures can make metal
brittle and fatigued.

16



It was considered th@dome alternative fuels can use existing fuel distribution and storage tech-
nologies such asmethanal biodiese] biogas and DMEWhile the innovation needs are lower,
these fuels pose some maintenance and handling challenges. For example, methauslecan c
corrosion and become contaminated with chloride.

Propulsion

With regardsto propulsion, further advances are needed with respgtém ammoniandgreen
hydrogenfuels.Green hydrogefuel cells andyreen ammoniaombustion engines are expected
to enter the market in the coming yedst still require some advances in terms of performance
safety and demonstratidiefore beingsufficiently ready for the markeDevelopment of metha-

nol fuel cells were also suggedtto find greater efficiencies than those offered by existing engine
technologies.

Development of innovations feafetyneeded fobperating orgreen hydrogen and green ammo-
nia were deemed essentiacluding demonstration of a 100% lefrke pipe produdhor safefuel
distributioncensors, shut down systems, and safe handling ebfiaiases that occur when the
fuels are heated.

Common gaps across all alternative fuels inclodemercially available green pilot fuels and
zeroemissionauxiliary engines-these are regarded as being at the-poitit on the TRL scale.

A further push is required so that thetirevessel propulsion systems can meet zero carbon tar-
gets.

There are commercially available engine solutions-ime¢hanol, biafiels, and DME-but there

is uncertainty concerning their ongoing performaadeng with the steps needed to ensure good
maintenanceFor example, when running on biodiesel, engine stability may be affected due to
changing properties of the feedstock,rgowith the durability of engine seals and the risk of
water becoming embedded in the fuel system etc.

Moreover,cost effectiveretrofitting services and solutions are needed to support the conversion
of existing vessels to green fuel usage

Emissions

Further innovations to control emissions are needed to e@t€ emissiorree transition to
other fuels. Foinstance nitrous oxide emissions fromreen ammonifuel were seen as a key
challenge. One solution was to further explore the use of lean burn techndirgiers. ammonia
andmethane fronbiogasslips were also seen aslzallengehat needs to be addressed.

Concerning biodiesel, innovation to reduce ¢hebon content of biomass was seen as a possible

way to reduce Cgemissionsalongwith exhaust cleaning technologies to ensure good mainte-
nance.
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Figure 8: Overview of key innovations for ship design, storage, propulsion and emissions

Gaps Summary of proposed innovations including assessment of
importance

Low energy density fuels need more Adapting vessel designs to optimise fuel storage space

storage space

Development of storage cylinders designed to maximise storage space

] Introduction of safety equipment needed to manage hydrogen and
Propulsion systems are not ready or ammonia such as leak free pipes, censors etc.
require better demonstration

Research and innovation to address maintenance challenges around
storage and use of biofuels and e-methanol

Propulsion The are significant safety risks with
storage, storage and use of hydrogen and Further innovation of hydrogen and methanol fuel cells, and ammonia

emissions ammonia onboard vessels. engines

Demonstration of good performance of biogas, biodiesel and e-
methanol engines

Biodiesel and e-methanol pose
maintenance challenges for existing
engines

Development and testing of green pilot fuels and zero emissions
auxiliary engines for all fuels

Controlling emissions from ammonia, e-
methanol and biofuels has not been
solved enitrely

Reduced carbon content in biomass

Systems to control for methane gas and slips, and nitrous oxide

Finally, regarding possible commercialization measures for ship design, storage propulsion and
emissions, suggestions includbdse already mentioned in the section on ecosting measures.
Namely, standards for dmard safety, fuel quality anf@HG accounting and crew training on

safe use of new fuels.
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