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About the authors

The Sustainable Shipping Initiative (SSI)

The Sustainable Shipping Initiative (SSI) is a4staktieholder collective of ambitious and likeinded
leaders, driving change througinosssectoral collaboration to contribute tqQ and thrive ing a more
sustainable maritime industry. Spanning the entire shipping value chain, SSI members are
shipowners and charterers; ports; shipyards, marine product, equipment and service providers;
banks, ship finance and insurance providers; classification societies; and sustainabHgyofits

www.sustainableshipping.org

GreenFuelHub

GreenFuelHub is an independent platform and consultancgiafgd inexploringsustainable

marine fuels to help the shipping industry eliminate their greenhouse gas emissions. GreenFuelHub
offers consultancy services, including, e.g., expertise in biofuels and biofuel conversion technologies,
fuel supply chainproject management, and development.

The marine biofuel platform connects sustainable fuel producers, cargo companies, ship
manufacturers and ports, policymakers, research orgaiuns, and corporations worldwide.

www.qgreenfuelhub.com
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About this report

¢ KA& NBLRZ2NI Aa [ling&irRintd tBedoleddlslistaigablé Hiofudsin the n m
decarbonisation of shipping, and aims to dive deeper into the availabflgysiainable biofuels for
shipping, highlight the complexity of the challenge and the factors that need to be considered when
exploring this. Commissioned by SSI and authored by GreenFuelHub, the report draws on a view of
current research in the field dfiofuels, the bioeconomy, and industry reports, as well as publicly
available data on trials, and discusses a number of elements that need to be considered in the
debate surrounding biofuels as a potential emissions reduction option for shipping.

Thiscont dzRS& {{LQ& OdZNNBy (i 62NJ] 2y 0A ZefodizBitsdz ¢ KA OK 0o
Vessels: What needsto be dorieK | G F2dzy R GKIF G dal R@Brittfieh®DR o0A2FdzSt a
economically feasiblezes§ YA & aA 2y | GSNY I GAGS FT2N) 6KS aKALILIAyY3
important issues: sustainability and availability.

The question of sustainability and availability led to a 20&@iry into the potential role (if any) of
sustainable biofuels for shipping, drawing on consultations with over 100 stakeholders across and
beyond the shippingndustry and culminating in the repofthe role of sustainable biofuels in the
decarbonisation of shippinghe inquiry indiceed that sustainable biofuels are currently available

and are starting to be used within shipping, though production remains small compared to their
potential. The inquiry alsosuggested that in the shoeterm, biofuels could have a significant role to
play to accelerate early decarbonisation actjavith a potential window of opportunity for shipping

to use sustainable biofuels whilst sustainablerbéssfeedstocks are underutiliseéHowever, this
supply may be limited in the mediurand longefterm ¢ particularly given the ratcheting up of

climate ambition and thus potential demand pressure across all sectors.
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Acronyms andbbreviations

B45 Blend that contains 45% biofuel (volume basis)

B50 Blend that contains 50% biofuel (volume basis)

B100 100 % biofuel

BFO Bio Fuel Oil

CAPEX Capital Expenditure

DME Dimethyl Ether

FAME Fatty Acid Methyl Esther

FT Fischer Tropsch

GFH GreenFuelHub

GHG Greenhouse Gas

HFO Heavy Fuel OIl

HTL Hydrothermal Liquefaction

HVO Hydrotreated Vegetable Oil

IEA International Energy Agency

ICCT International Council on Clean Transportation

IMO International Maritime Organisation

IRENA International Renewable Energy Agency

LNG Liquified Natural Gas

LPG Liquid Petroleum Gas

MDO Marine Diesel Oil

MGO Marine Gas Oill

MUC Marginal,Underutilised anddontaminated

OPEX OperationalExpenditure

RSB Roundtable on Sustainable Biomaterials

SSi Sustainable Shipping Initiative

TRL Technology Readiness Level

UCco Used Cooking QOil

UCOME Used Cooking Oil Methyl Esther

WWF World Wide Fund for Nature
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The shipping industrig currentlyresponsible for approximately 3% of global greenhouseG&ks)
emissiongIMO, 2020) as well ag2.3megatonnes (Mt)of sulphur dioxideand 3.2 Mt nitrogen oxides
per year(Balcombe, et al., 2019As the industry is projectet continue growing, both in terms of
number of ships and activit{loyd's Register, n.dgmbitiousdecarbonisatiorand emission
reductionefforts need to be undertakenow to mitigate arrent emissionsand counteracfuture
emissionsas a result of increased activity.

Thelnternational Maritime OrganizatioiMO) has acurrentambitionto reducetotal GHG emissions
from shipping byt least 50% by 2050, and to reduce carbon intertsjty0% by 2050 compared to
2008 levelgIMO, 2018)Many companies and other actors in the sector, including SSI, supgrart
emission shippindpy 2050.

As ships can be operated for 20 years or moessels entering the world fledty 2030need to
already contribute to achieving thesargets.In 2020, he Fourth IMO GHG studgyredictedthat
more than 60%f emissions reduction effosty 2050 will beachieved by zero and lowarbon

alternatives(IMO, 2020)

{ KALLAY3IQE RSOIND2yAal GA2y RSYlIYyR& SELX 2NAYy3 | NI
technical and operational energy efficiency measures, improvements to resource use, and the

widespread adoption of sustainbdy zero and low carbon fuels and technologi@snsequently,

there is a gowinginterestin whichalternativefuel sourcesre likelyto impactshipping as well as

awareness in understanding bothe lifecycle emissionand sustainability consideratiorsssociated

with these fuelgIMarEST 2020)

This report focuses on sustainable biofuels for shipping, drawing on cuacademiaesearch,

industry reports, and publicly available data to outline the current industry landscape, covering

production gocessesavailable biofuelgecent and ongoing trials, the challenges around estimating

current and future available quantitieas wellast KA LILJA Yy 3 Q& NRf S Ay GKS ONRI RS
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Considerations for adoption of zero and loearbon marine fuels

Many factors influence the range of zero and low carbon fuels that may be adopted by shipping to

I OKAS@S AlGa SYAaarzya NBRdzOGA2Yy GFNBSGad ¢KSNB Aa
zero and low carbon options @huding both fuels and technologies) will need to be adopted by the

industry to differing degrees. A number of factors will influence the range of fuels to be used, as

outlined in figure 1 below, including availability and sustainability, infrastructuedl;te-wake

emissions, and regulation. One of the significant challenges wildeddvelopment at scale of

sustainably sourced fuels.

% OPEX & CAPEX  high :']) Energy Density

af\: GHG Emissions g o Infrastructure, Safety &

(Well-to-Wake) " o' Technology Readiness Level
Regulatory Policies, é} Availability, Scalability, Sustainability
=] Incentives & Investment | high & Reliability

FUTURE MARINE FUEL CONSIDERATIONS

Figurel: Wiagical hexagofior the factors that influence the adoption of low and zeasbon marine fuels by the
shipping industryHofmann, 2020)

Why is the sustainability of marine fuels important?

As the industry transitions to zero emission shipping, stakeholders across the shipping value chain
are increasingly aware of the need tottee understand the sustainability issues surrounding the
zero and low carbon marine fuels under consideration.

Managing supply chain risks of marine fuels requires an understanding of the sustainability issues

from a full lifecycle perspectivei.e., Wéll-to-g I { SQd® 5SFAYAYI GKS adzadl Ayl oA
criteria for these fuels provides supply chain assurance and helps narrow down the choices for

investment, purchase and consumptiorhe Sustainable Shipping Initiative (SSI) is working to

identify sustainability principles and criteria for zero and low carbon marine feelsd more
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Biofuels are generally recogeidt as one option for lowering GHG emissiamsectors with high

energydensityfuel demand, such as shipping and aviati@rdistinction is typically made between

YO 2y @S (digerendtiorbidfuels, whictcan be producedrom crops thatmayalso be used for

food andanimalfeedproduction(such as sugar, starch anelgetable oils) and comprise the vast
YI22NAGe 2F OdzNNBy il & (2daad3Rgenemt®foudSedsges 2009y R WI R@I y OS

The IEA defines advaed biofuels as thoséproduced from norfood crop feedstocks, which are
capable of delivering significant litg/cle GHG emissions savings compared with fossil fuel
alternatives, and which do not directly compete with food and feed crops for agriculamaldr
cause adverse sustainabilitppacts (IEA Bioenergy, 2017Advanced biofuelsay beproduced
from:

lignocellulosic materiat.g.agricultural and forestry residues,

industrial waste and residue streams,

animal manure and sewage sludge,

energyspecific noAfood crops grown on leggroductive and degraded landr in aquatic
environments(i.e.,grassesniscanthus, algae).

Sustainability considerations obiofuelsfor shipping

{ { ROQ@SAInquiry into the role of sustainable biofuelshiLIJLIA yiegdp@nisation highlighted that

othe most contentious concerns surrounding biofuels relate to their fulldifele carbon credentials

and how their use might have indirect impacts across global land management and food production
a @ a i &912049) Dedicated croghased biofuels potentially raise sustainability conceass,
production of biofuels for industry should not compete withsic societal objectives such as food
production for a growing populatio(Lloyd's Regist; UMAS, 2018)

Many sustainability considerations of biofuels relate to land esg, indirect landuse change

(ILUC), which can release considerable GHG emissions into the atmogplergport&Environment

, n.d.) land-grabbing, monoculturesjisplacement of traditional population and land uses, foregone
carbon sink potentialetc. (IRENA, 20190dditionally, GHG emissions for biofuels should be
considered on a wetb-wake basisfrom the cultivation of biomass feedstock through harvest and
transportation and upstream and downstream processing.

Biomasgelated sustainabilityegulations,standads and certification schemebased on robust
sustainability criteriacurrently exist and are being use@ertification schemesan helpensure the
sustainability of biofueland transparencyhroughoutthe production procesdNevertheless, the
different regulations, standards, and certifications can differ in terms of criteria and there is a need
for harmonisedrules andcertification schemes alaing with consistent assessment methods for
emissions and lanrdse impact 6 L w 9 b which ensume the stainability of biofuels and their
carbon benefits over fossil alternativé&/WF, 2017)

LE.g byDNV, 2020; IRENA, 2020a; IEA 2020; IRENA 2020c.
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A number of advanced biofuels options exist with potential marine applications. A selection of these,
based on a review of acadeerliterature and existing use and trialling by shipping compaiges
presented below and considers the biomass feedstock (and its availability), production process, use,
and market availability

BIOOMETHANOL/BIEDIMETHYL ETHEBRIO-DME)

Biomass €edstocksand availability Potentialbiomassfeedstockgo produce biemethanol/bio-
DMEinclude municipal solid wasi@SW) sewage sludgdalack liquor biogas from landfitand
forestry and agriculturatesiduesThere is a wide variety diomassfeedgockswith potentially
high availability.

Productionprocess Biomethanol can be produced through the gasification of biomass or
reformation of biogas to a syngas (synthesis gas). The syngas is then conditioned with hydr
which is followed by bianethanol synthesis. Bimethanolcan be further dehydrated to bio
dimethyl ether (BieDME).

Use Biomethanolis chemically identical to fossil fudérived methanobnd emethanol The
properties of BieDME are similar to liquid petroleum gas (LPG). Accgritia 2020 white paper
by International Council on Clean Transportatid®@J (Zhou et al., 2020 the use of(fossit
derived)methanol was demonstrated on ninesselsn 2019 while BieDME has been
demonstrated on ships with smaller engines.

Technology maturity and market availabilityThe technology readiness level (PldR}xhe
production process is approximativelyd8while theinfrastructurefor bio-methanol/bio-DMEis
still under developmen{Thepsithar, 2020)However, methanol bunkerg is readily available in
several ports. Aluatfuel engine or minodieselengine modifications are necessary for
implemening biomethanol/bio-DME on vessels. Bioethanol and BieODME do not auto ignite.
In dual fuel engines it requires a piftel (diesel quality) to start the ignition process.

Currently, biemethanol based on mass balance with biogas certificatagagable and volumes
are already being sold into the automotive indust®y? Mt of renewable methanol isurrently
produced annually, wstly as biemethanol (IRENA & Methanol Institute, 2021)

Other considerationsin comparison to other fuels, methanol has a relatively low volumetric
energy density compared to some fuels and would require more storage capacity on board «
vessellt has a high storage stability. Methanol is considered highly toxic.

BIOMASSTO-LIQUID FUEL (BTL FUEL) / SYNTHETIC\HBEISCHERROPSCH

Biomass €edstocks and availabilityAgricultural and forestry residues and lignocellulosic
biomass There is a wide variety diomassfeedstockswith potentially high availability.

Production processBTLfuel/synthetic fuelcan be produced via gasification of dried biomass ir
an oxygercontrolled environment with subsequeigiasconditioning and fuel synthesibrough
the FischefTropschprocess The oxygetich fuel can then be upgraded to transportation fuels.

2TRL 13: Research state; TRi54Pilotstate; TRL-G: Demonstration state; TRL 8: Fodta-kind commercial demo;
TRL 9: Fully commercial.
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Use:BTlLfuels/Synthetic fuelfiavesimilar chemical and physical properties to conventional
diesel. They can be usedrne or in blends without major engine or delivery system modificatio

Technology maturity and market availabilityfhe technology is in demonstration stage with a
technology readiness level of 6

Other considerationsAdditives are required to improvelbricity properties.

BIOMASSTO-LIQUID FUEL (BTL FUEL) VIA FABROLYSIS BlOIL

Biomass €edstocls and availability Waste and residue streams as well as lignocellulosic
materials like strawLimitedbiomassfeedstock variety with potentially medium alebility.

Productionprocess Bio-oil from fast pyrolysis is produced throughe decompositiorof biomass
in an oxygerree environment. The gas is subsequently condensed, and the product is an ox
rich biooil which needs further upgrading before bgiused asa dropin transportation fuel.

Use:Some studies (e.g., Kastsal,, 2020) state that blending heavy fuel oil (HFO) withdiidin
the case of this study case, 15 mass %) can result in a product of acceptable combustion gt

Technology maturity and market availabilityThe process is commercially available, and
production plants with &RLof 9 are operational.

Other considerationsDue to the high oxygen content, napgraded pyrolysis bioil is corrosive
and therefore can & difficult to store. This fuel also has a lower volumetric energy density
compared to fossil fuel oils, requiring more storage capacity on board.

FATTY ACID METHYL ESTERS1E BIODIESEL

Biomass éedstocksand availability FAME biodiesel igpicallyproduced from oil cropsuch as
soy and palm ailProducing biofuels from thesB@omassfeedstockpresens significant
sustainability concerns such as direct deforestation and peatland dewatering. FAME biodies
produced in this way is not considered an advanced biofuel.

Potentially advancediomassfeedstockgo produce FAME biodiesaluch asvaste cooking ib
and animal fatsas well as energy crops that can be grown on margimaderutilized, and
contaminated(MUC)lands are now being usetipids from nicroalgae can also serve as a
biomassfeedstockfor FAME biodiesel productioRAME biodiesel producedbim advanced
feedstocks may be considered an advanced biofuel.

The availability of potentially sustainablomassfeedstock like used cooking oil (UCIQ)
currentlylimited (Zhouet al.,2020 Jgrgensen & Felby, 2018)

Productionprocess FAME biodiesel is produced through transesterification of the oil with an
alcohol. This produces biodiesel and glycerol, which are separated into their final products
through a purification step.

Use FAME Ibdiesel is used as a blend in the transporttsed=AME ndiesel is miscible with
marine diesel oilNIDO).

Technology maturityand market availability FAMEbiodieselproduction is a mature technology
and biodiesel is commercially availalpleRL 9)

Other considerationsThere are existingancerrs regarding-AMEbiodiesel are its storage
stability due to oxidation and microbial growth, its relatively high cold flow plugging point as"
as corrosion and softening of fuel supply systems and storage materials.
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HYDROTHERMAL BIOCRUDE

Biomass €edstoclks and availability Waste streams, such as sewage sludge and manure, as \
as lignocellulosic feedstocks and tall dilpotential future biomass feedstock is alg@ibere is a
wide variety ofbiomassfeedstockswith potentially high avaability.

Productionprocess The hydrothermal liquefaction of wet biomasses producéssailcrudelike
product The process converts the biomass under the presence of a catalyst at high pressur:
medium temperature.

Use:HTL biecrude could be useds dropin fuels in heavy engines or further upgradst
fractionated

Technology maturity and market availabilitybemonstration plants are currently being built. Tt
technology readiness level is/6Furthermore, the existing infrastructure supplyach from fossil
fuels can be used.

Other considerationsThere are currently no marine engine performance test results availabli

HYDROTREATED VEGETABLE OIL (HVO)
(Also called renewable diesel)

Biomass €edstocksand availability Produced fromwaste streams, such as used vegetable
cooking o0ilUCO)There isimited availability obiomassfeedstock tall oil, rapeseed oilwvaste
cooking oil, and animal fats

Productionprocess HVCOcan be producedhrough processes such as hydrotreating.

Use:Renewable diesel can result in GHG emisssawings of up to 80%ompared to fossil
alternativeswhen using pure renewable diesel (B1(®@houet al.,2020) and it has better storage
stability, handling and combustion properties compared to biodi€¥hensen & Felby, 2018)
Renewable diesel based ¢tVOcan be used as a drap fuel for ship engines. Several pilot runs
have been carried out by different companies (8sefuel trials and use in the shipping sector
section.

Technology maturity and market availabilityfRenewable diesel based oivBis readiy available
on the markef(TRL 9andrenewable diesel production is a mature technology that is
commercially available and has existing infrastructure.

Other considerationsThe physical and chemical properties of renewable diesel are similar tc
marine @s oil (MGO), making suitablefor modern engines and fuel supply systems.

LIGNIN FUELS

Biomass €edstocks and availabilityLignin is a byroduct of ethanol production and a waste
stream from pulp and paper mills (craft ligni®) variety of lignocéllosic waste biomass can
potentially be usedo produce lignin fuglwhich has potentially high availability.

Production processBiofuel from lignin is produced through lignin depolymerisatibo.produce
lignin fuel, lignin is dissolved in either ethdmmw methanol (renewable) in a ratio of 50 to BOthe
presence of a catalyst. The process is called solvolysis

Use:Lignin fuel is a low flash point fuel and can be used in methanol type dual fuel engines
(Jargensen & Felby, 2018)
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Technology maturity and market availabilitySo far one company exists that converts lignin to
liquid intermediate (so called lignol) that could be upgraded in a refinery. The technology ree
level is 67.

Other considerationsThere are currently no marine engine performance test results availabl

LIQUEFIEBIOMETHANE (BIQNG)

Biomass €edstockand availability. Thebiomassfeedstockaused to produce biomethanean
include waste and residue streams (e.g., sewage sludge, organic waste and agricultural res
and wastewater via landfill degradatiohhere is a wide variety diomassfeedstockswith
potentially high availability.

Productionprocess Bio-LNGis liquefied biomethane. Biomethanie purified biogas andan be
produced from several biomass feedstocks through anaerobic digesitbrupgradingor
gasificationwith consequent catalytic methanatioi€Currently, themajority is producedthrough
anaerobicdigestion

Use:Bio-LNG can be treated just like fossil LNG, its use having been widely demonstrated, ¢
readily available on the market. Defaiel engines, fuel gas supply and storage on board of LNt
vessels can be used for BiblG. GHG emissi®savings of up to 80% are possitilelet al.,
2019; EBAst al., 2020)

Technology maturity and market availabilit NG infrastructurén some portdas TRL of 9 and
therefore ready to be usedBiomethane is commercially available on the marketvever the use
by shippingstands in competition with heavy land transport and heat production.

Other considerationsAnaerobic digestionthe process through which biogas is produced,
difficult to scale upGasification provides an alternative pathwdnut so far it is not widespread
for biogas productionFurthermore, the process to liquify the biomethane (the purified biogas
resulting from anaerobic digestion and gasification) usually takes plamniralised, large scale
conventionalliquefaction plants which are not located near biogas plants. Scaling up product
of BioLNG would thus require decentralisation and downscaling for smaller, local anaerobic
digestion plants, which can be technically and economically challenging

A further consideration in producing BIDME is the potential methane slip from the production
process. Methane is a potent greenhouse gas, and methane emissions should be avoided.
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Energy densityof biofuels

Energy density of marine fuels playsimrportant role since the storage capacity on a vesdetpite
being more flexible than oa.g.,an aircraft,is still limited. The energy density of most biofuels is
comparable to the energy density of conventional fobsised marine fuels. Figs@ and3 show the
energy densities of several biofuels, other potential zero and low carbon marine fuels, and
conventional fuels.
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Figure2: Gross gravimettiand volumetrienergy densities of biofuels (light blue) and other existing and potential
marine fuels (darigreen). Calculations are based on values fi@atersen et al., 2016; Mohan et al., 20B&mfirescu
& Dincer, 2009; NISif,d. The values for compressed hydroged ammonia have been calculated under ambient
temperature conditions. N.B. Lignin fuels are not included as data on energy dexsities currently publicly
available.
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Figure3: Gross volumetric energy densities of biofuels (light blue) and otlstingxand potential marine fuels (dark

green). Calculations are based on values fieadersen et al., 2016; Mohan et al., 20B&mfirescu & Dincer, 2009;

NIST, n.dThe values for compressed hydrogen and ammonia have been calculated under ambienttis@pera
conditions. N.B. Lignin fuels are not included as data on energy deastiigst currently publicly available.
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Productionprocesses

Eachbiofuel production proceshas different requirements regarding the quality of the biass
feedstock usedThe properties and characteristics of the resulting biofuel can vary depending on the
productionmethodand biomass feedstoaksed Furthermore, theproduction processediffer in

their biofuel yield, production economics, scalabilibyerall process sustainabilignd by or co
products.

Several biofueproduction processesra ready for commercialisation and largeale deployment
(IRENA, 2019andoperational refineries arewrently demonstrating innovative production
conceptsA selection oadvancediofuel production processes is shown in Figlirdhese processes
are able to converbiomassfeedstocks (e.g., waste and residue streams) into a biofuel that could

potentiallybe used in the shipping sector.

Potentially

% Sustainable

Figure4: Frompotentialbiomasseedstock to marine biofueRbbreviations can be found at the beginning of this

UE ] info@sustainableshipping.org
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Availability of sustainable biomass feedstock

Sustainabléiofuels production requires a sustainable bioméssdstock.The availability of these
feedstocks is difficult to estimate, and although various sources provide estimates, data on current
production and land productivity is not comprehensive. This leadsnbiguous forecasts and

varying methods to estimate future biomass production and availahikithich make it difficult to
calculate a specific and reliable figure.

Figure5 shows the potential availability of different advanced biomass feedstockeishort,

medium and long term. Final potential biofuel yield depends on the energy conversion efficiency for
each production process and biomass feedstock used. In this diagram the energy conversion
efficiency has been estimated at 50%. However, for aanmedepth study the efficiency from

biomass feedstock to well would have been taken into consideration for each process and biomass
feedstock.

m2020 w2030 2050

4538

3583

2150

1194

955

~
-
R > R
. o < =
() 9 a N
i ] = [}
AGRICULTURE (NON-FOOD FORESTRY WASTE AQUATIC (ALGAE) DEMAND SHIPPING (2019)

RELATED)

Figure5: Global advanced biomass feedstock availability in Miadues fromConcawe, (20)9UCO values are
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The current prduction of biofuels from advanced biomass feedstocks has been recently investigated
by Bokinge & Nystrm (2020)and calculated to be 6.83 Mtoe/year in 2019, with planned and idle
plantstotalling a capacity of 15 Mtoe/year. The estimations show that advanced biomass feedstock
is available for the production of biofuels, but commercialisatioprofductionplants would have to

be financed and harvesting methods for neviomassfeedstockge.g.,algae)need to be

developed.

q{LQE Hamd AYIdZANR F2dzyR GKIFIG (GKS LYGSNyradAzylt 9ySNH@& | =
(UK CCC) and the Energy Transitionsr@igsion (ETC) have all produced projections for future availability of

sustainable biofuels; although the results are not directly ciamsaparable. The UK CCC focuses on the availability of

globally tradeable biomass feedstock; whereas the IEA quantifiasavailability. UK CCC data looks forward to 2050,
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Influencing factors for sustainable biomass feedstock availability

The availability opotentially sustainable biomagsedstocks depends on several factgiRENA
202M; ETIMIoenergyn.d) including,among others

9 The heoretical bianassfeedstock production potential omarginal,underutilised and
contaminated (MUC)lands

9 Climate change affecting the areas of usable MUC lands for biomass production;

Population growth and geopolitics;

9 How much MUC land can leploited while keeping economic, logistic and environmen
concerns in mind

==

Calculating biomass feedstock availabilitthisrefore dependent on the factoiiscluded in the
methodology from the atset. When calculating biomass feedstoakailability,the resulting figure,
SAGAYFGSR ad o0A2Ylaa FSSRada201 F@FAflroAtAde
potential, an economic potential, or a sustainable implementation potemntglthe potentially
available biomass when all these dimensions are included in the methodology

Theoretical Potential Economic
Technical & Environmental

| — Constraints / Sustainability Criteria )
Social Environ-
mental
Economic Technical Potential
E:nno‘mlcchnnstra\nAts,’ e
Environ. SUstainability criteria
Potential Socio-political constraints/ SRy
Environmental, economic

mental
and social sustainabilit Environ-
Y Sacial el

Social

criteria

Cross-sector and cross-industrial
competition

Not to-scale

Figure6: From theoretical biomagsedstockpotential to sustainabléiomass feedstodknplementationpotential for
shipping Adapted from (Torén, 2011}jodnagels, 2018).

Thetheoretical potentialcontains all available biomass theoretically available for bioenergy
production, only considering limitatiorsich agsainfall, solar radiation, soil and temperature and
assuming optimal management and maximumduotivity. Thetechnical potentiabnly considers

the biomass feedstock which can be harvested and processed after technical factors, such as
accessibility, infrastructure and land use, have been applied to the theoretical potdritel.
economic potentiais thebiomass feedstockhare ofthe technical potentialvhichmeets the
requirements of financial profitability regarding tipgoductionprocesses usedkinally, he

sustainable implementation potentigdthe available biomass feedstock resulting after environment,
social, and governaeccriteria have been taken into consideration.

4MUC lands are not suitable for agricultural food production anymore.
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Further to technical, economic, sogimlitical constraints and sustainability criteria, the potential
availability of biomass for marine biofuels production depends on the demand by competing cross
sectorsand industries. Theustainable potential for shipping the share that includes all these
parameterslt becomes clear that many factongedto be taken into account in order to determine
the realpotential availability of biomass feedstocks for shippipresenting a challenge for correctly
calculate and scale all influencing factors

Sustainablebiomassfeedstockpotential for shipping

In the 2019The role of sustainable biofuels in the decarbonisatioshgdpingreport (SSI, 2019jhe
current shipping energy demarisstated aslOexajoules EJ per year projected to grow to 13 EJ
per year by 2050However,various scenariogdicate a total mane fuel demand of 16 to 25 EJ in
2050, which is equal to a biomass demari@dround 32to 50 EJ/&. In order to meet this energy
demand with biofuels, sufficiertiio resources must be availabler its production.

Figure7 illustratesa potential methodology to estimate the current available biomass feedstocks for
the shipping industryusingbiomethane as aexample. The methodologgontributed by Nanyang
TechmlogicalUniversity (NTUgssumesn unlimited amount of investment and thatll theoretical
biomassfeedstockpotential goesto only one specifigroduction process

Figure7: Availability obiomasseedstock and biofuels to the shipping industBxample: Bianethane. Values taken
from: (WBA, 2013IEA, 20205 Figure prowded by the Marine Energy and Sustainable Development Centre of
Excellence (MESD CoE) at NanyangribdahicalUniversity (NTW)

Theresulting estimatas influenced by many factors which at#ficult to predict, including those
outlined overall biomass feedstock availability. However, additional factors need to be considered
for use by the shipping sector, including:

5Assuming allof shigh y 3Qa Sy SNH& RSYIFIYR (2 0685 Y®Hifuel@fficiedchd Fowdi a | y R
all productionprocesses

6 This figure was developed as part of an onggirgliminary studyconducted by MESD CaENTUand partners.
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