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In-depth analysis 1: Future Fuels

A well-to-tank perspective

Less than 1 % of final energy consumption in global maritime transport are non-fossil fuels (Tat-
tini and McBain 2021). In the EU, the share is similar. In 2019, 69 % of fuel consumed was heavy
fuel oil (HFO) and the rest was some form of distillate oil or Marine Gas Oil (MGO) (EC 2021a).
Due to the global limit on the sulphur content in marine fuels (Regulation 14 of MARPOL Annex
VI (IMO 2016)), the share of HFO in the global fuel consumption is decreasing and the share of
low-sulphur fuel oils like MGO is increasing. The share of liquefied natural gas (LNG) is increas-
ing too - also in the EU (EC 2021a). LNG is a fossil fuel but its combustion releases less air pollu-
tants (such as sulphur oxides or nitrogen oxides) than conventional marine fuels, like HFO, and
is thus compliant with air quality regulations in so-called marine Emission Control Areas (ECAs),
as defined in MARPOL Annex VI.

The maritime transport sector significantly contributes to global GHG emissions with 2-3 % and
to EU GHG emissions with about 4 % (IMO 2020; EC 2021a). To decarbonize the sector, energy
efficiency improvements, such as slow steaming or improvements to the ship design, will not be
sufficient. The main lever to reduce GHG emissions in shipping is the switch to sustainable, alter-
native fuels, here called future fuels (DNV GL 2019). This short paper is part of a series of in-
depth analysis of future marine fuels. The findings presented are based on a literature review
and interviews with stakeholders from the maritime sector. For this paper, a range of synthetic
fuels produced with renewable energy is selected - so-called Renewable Fuels of Non-Biological
Origins (RFNBOSs). This paper further considers a range of second generation or advanced biofu-
els?, excluding first generation biofuels based on energy/food crops due to their impact on emis-
sions, land-use change and competition with food. This paper gives an overview of the different
future fuel options from a well-to-tank (WTT) perspective. Technical aspects related to onboard
storage and handling, lifecycle emissions, and competition around the supply of future fuels are
considered in separate in-depth papers.

Key take-aways

» Production process: Fuel characteristics influence the infrastructure needed in ports and
the space needed for tanks on board of ships. The production processes of hydrogen and am-
monia have higher technological maturity and efficiency than carbon-based RFNBO produc-
tion pathways. Advanced biofuels can be produced from a variety of feedstocks via different
technologies. Waste fats, oils and greases biofuel pathways are more commercialized than
biofuel pathways based on lignocellulosic feedstocks.

» Sustainability aspects and emissions from production: The supply of renewable electric-
ity and the use of a sustainable CO; source are crucial for the sustainability of RFNBOs. Ad-
vanced biofuels perform better regarding upstream emissions than first generation biofuels.

1 There is no clear definition of second generation or advanced biofuels. In this paper, these terms are used interchangeably and to
make a distinction to biofuels made from food crops with high (indirect) land-use change emissions and which might compete with
food production (first generation biofuels) (see for example Florentinus et al. (2012))



Robust sustainability criteria are needed for the production of RFNBOs and advanced biofu-

els.

Infrastructure: To date, only e- or biodiesel and e- or bio-methane would be compatible
with existing land-based infrastructure to supply fuels to maritime transport. Ammonia and
methanol benefit from a global network of producing and trading these chemicals, but there
is no suitable bunkering infrastructure yet. While hydrogen faces the most challenges re-
garding infrastructure, the supply of hydrogen as a fuel might benefit from a growing hydro-
gen economy and a respective increase in hydrogen-ready infrastructure.

Costs: Upscaling of the production processes and a decrease in renewable electricity costs
will be key to decrease the future production costs of RFNBOs. E-diesel is the most expensive
option compared to fossil MGO. The order of magnitude of the production cost ranges for
biofuels is smaller than for RFNBOs. However, cost estimates vary and depend on the ma-
turity of the production pathway and the feedstock used.



1 Fuel characteristics

Fuel characteristics are important for the distribution, storage and safety in ports and onboard
ships as well as the combustion characteristics of fuels. While Wissner and Cames (2023)2 con-
sider the fuel characteristics for the latter aspects, this paper gives a first overview of the charac-
teristics and their implications the upstream use of the fuels. Table 1 shows characteristics of the
selected future fuels compared to Marine Gas Oil (MGO) - a typical fossil marine fuel.

The volumetric and gravimetric energy density influence the storage conditions on board of
ships but also how fuels are transported to and stored in ports. The energy density in terms of
volume is lower for all alternative fuels listed in Table 1 compared to MGO. The gravimetric en-
ergy density of the e- and biodiesel is similar to fossil MGO whereas it is quite different for the
remaining fuels. Differing energy densities of future fuels can lead to additional space needed
for fuel storage onboard, shifting refuelling patterns and overall cargo space loss. However, fuel
storage systems highly depend on the design of the ship (e.g. design of the fuel tank, tank posi-
tion within/on the ship). Where energy density varies from the energy density of MGO, it also
influences investment and operational costs. 3

The storage conditions influence the infrastructure needed in ports and the space needed for
tanks on board of ships. Methanol and diesel can be stored at a normal pressure of 1 bar and at
ambient temperatures. If ammonia is stored at 1 bar, it needs to be cooled to -34 °C to stay lig-
uid. If ammonia is stored at ambient temperatures, the pressure needs to be increased to 10 bar.
Liquid hydrogen would need to be cooled to much larger extent (-253 °C) if stored at a normal
pressure. In its gaseous form, hydrogen can be stored at ambient temperatures if compressed. E-
and bio-methane could be stored in the same way as fossil LNG is already used in shipping: at a
pressure of 1 bar at-162 °C. As an indication of the effect of energy density and storage condi-
tions of future fuels, the tank volume relative to an MGO tank is given in Table 1. The tank vol-
ume is however only one aspect to consider when applying future fuels onboard of ships.4

The toxicity of each fuel is indicated in Table 1 through a colour coding and includes the toxicity
for humans as well as aquatic toxicity. The level of toxicity is important for the workers onboard
which handle the fuel and it is relevant for marine life in case of accidental releases of the fuel in
coastal or marine areas. Hydrogen is not considered toxic and there is also little concern about
handling methane. In contrast, MGO and ammonia have a high acute toxicity. Long-term toxic ef-
fects, for example in case of a spill, are likely to be more severe for MGO than for ammonia be-
cause ammonia concentrations in the water column will rapidly decrease and be assimilated by
algae (Cames et al. 2021). While methanol is not very toxic for aquatic organisms, e-/bio-diesel,
ammonia and MGO can be harmful - especially when swallowed or exposed to the skin (Cames
et al. 2023a). High toxicity of fuels requires higher or different security requirements for storage
and handling (compared to MGO) in ports and onboard and in turn increases the complexity and
costs of adopting the alternative fuel.

Flammability is the ability of a chemical to burn or ignite, causing fire or combustion. It is thus a
safety issue as extremely flammable substances require high precautions in fuel handling and
storing. Hydrogen and methane are considered extremely flammable. Hydrogen and methane
are very flammable gases, whereas diesel is not very flammable. Methanol and ammonia are less
flammable than hydrogen and methane (Cames et al. 2023a; Cames et al. 2021).

2 Wissner and Cames (2023) - In-depth analysis 2: Technical aspects of future fuels in existing fleet and newbuilds
3 Wissner and Cames (2023) - In-depth analysis 2: Technical aspects of future fuels in existing fleet and newbuilds

+Wissner and Cames (2023) - In-depth analysis 2: Technical aspects of future fuels in existing fleet and newbuilds



All future fuels could potentially be used in an internal combustion engine (ICE), but hydrogen
will likely be used in a fuel cell in mobile applications like shipping. Marine ammonia ICE are
currently being developed, but ammonia can also serve as a hydrogen carrier. In the latter case,
hydrogen can be reformed from the ammonia and also fed into a fuel cell.

The drop-in / engine compatibility in Table 1 assesses whether the fuel could already be used in
existing, commercial engines and/or whether the fuel could be blended with existing fossil fuels.
Blends hereby refer to the pre-mixing of substances and not the use of two separate fuels in the
combustion chamber (e.g. an alternative fuel is ignited with the help of a (fossil) pilot fuel). Hy-
drogen cannot be used in conventional marine engines. For ammonia, current combustion en-
gines need to be adapted as ammonia is hard to ignite (Cames et al. 2021). Ships combusting me-
thane are already existing in form of (fossil) LNG ships. Dedicated methanol engines exist but are
not very common. It will likely be possible to both blend e-diesel with fossil marine diesel or use
it in existing engines. Biodiesel, like fatty acid methyl ester (FAME), can be used in conventional
marine engines but only if blended with fossil fuel. Fischer-Tropsch biodiesel or hydrotreated
renewable diesel can also be used in existing engines without blending (Zhou et al. 2020).



Table 1 - Overview fuel characteristics

Volumetric energy
density

Gravimetric energy
density

Storage pressure
Storage tempera-
ture

Tank size

Toxicity

Flammability

Propulsion system

Drop-in/engine
compatibility

Source:

MJ/litre

MJ/kg

Bar

°C

Relative
to MGO
tank

Use in ex-
isting en-
gines or

as a blend

7.5

120

700

20

>7.6

8.5

120

-253

7.6

12.7

19

lorl0

-34 or 20

4.1

23.4

50-55

-162

2.3

15.8

20

Ambient

2.3

33

42.2

Ambient

33-34

37-44

Ambient

36.6

43

Ambient

ICE / FC

no

ICE / FC

no

ICE / FC

no

ICE

LNG engines
available

ICE

Methanol en-
gine available

ICE

yes

ICE

Yes, depending
on degree of
blending

ICE

Own compilation based on Cames et al. (2023a), Cames et al. (2021), Zhou et al. (2020), KR (2020) and ESSF (2022). Colour coding: green = low, orange = medium, red = high.



2 Production processes

2.1 RFNBOs

2.1.1 E-hydrogen

The production of hydrogen via water electrolysis is a central process for all hydrogen-based
RFNBOs. There are three forms of water electrolysis: alkaline electrolysis (AEL), proton ex-
change membrane (PEMEL) and high temperature electrolysis, also called solid oxide electroly-
sis (SOEL). AEL and PEMEL are low temperature electrolysis with process temperatures of
around 50-80 °C (Heinemann et al. 2019). While SOEL, with process temperatures of

700-1000 °C, provides potentially higher energy efficiencies of over 80 %, the technology readi-
ness level (TRL) of this electrolyzer process is lower than the TRL of low temperature electrolyz-
ers (Heinemann et al. 2019). AEL is the most wide-spread type of electrolysis for hydrogen pro-
duction and PEM electrolyzers are already commercially available. The energy efficiency of AEL
and PEMEL is about 65 % and might increase to over 75-80 % in the long-term towards 2050
(Heinemann et al. 2019; Agora Energiewende; Agora Verkehrswende; Frontier Economics
2018). In contrast to SOEL, AEL and PEMEL are more flexible. Their performance and capacity
can be adapted to fluctuating renewable energy input (Heinemann et al. 2019). For transporta-
tion or storage purposes in maritime transport, hydrogen needs either to be compressed or lig-
uefied (at-253 °C). This process step requires additional energy resulting in an overall energy
efficiency of the production process of 53-60 % today and up to 70 % in the long term (Stolz et
al. 2022; Heinemann et al. 2019; Hank et al. 2020). Compared to the other RFNBO production
processes (Table 2), the production of gaseous hydrogen has the least conversion losses. The ex-
pected improvements in electrolysis efficiency in the long term would also influence the energy
efficiency of other hydrogen-based fuels. Economies of scale will decrease costs of all RNFBO
production pathways.

As water electrolysis is the basis for all hydrogen-derived fuels or RFNBOs, water is an addi-
tional input for the process besides renewable electricity. Additional energy input for the desali-
nation of water (if no fresh water is available) are however negligible (Heinemann et al. 2019).

2.1.2 E-ammonia

The production of ammonia is a well-established process which revolutionized the use of ferti-
lizers over a century ago. Today all large-scale production relies on the provision of hydrogen by
feeding natural gas into a steam methane reformer. Hydrogen is the input for the Haber-Bosch
process. The process converts hydrogen together with nitrogen — which can be separated from
the air - to ammonia with the help of a catalyst under high pressure and temperature. Cryogenic
distillation is the most common and matured technology to retrieve nitrogen from the air (Hank
et al. 2020). The Haber-Bosch process has a high energy efficiency with 73-82 % (The Royal
Society 2020; LR; UMAS 2019). To produce e-ammonia, the hydrogen input can be generated via
water electrolysis (section 2.1.1). The overall efficiency of e-ammonia production will be deter-
mined by the increase in efficiency of water electrolysis in the long run as there are no signifi-
cant improvements in the Haber-Bosch process expected. The energy efficiency of the whole
production process is considered to be around 53 % today and potentially up to 60 % in the
long-term (Heinemann et al. 2019; Stolz et al. 2022) (Table 2).



2.1.3 E-methane

All carbon-based synthetic fuels or RFNBOs require the input of (non-fossil) CO;. As the availa-
bility of biogenic CO; sources will likely be limited, a provision of CO; from air via Direct Air Cap-
ture (DAC) is considered here (section 2.3.1). Theoretically, there is a vast potential for DAC
given its abundant presence in the atmosphere. DAC is however quite energy-intensive com-
pared to capturing CO; from (fossil) industrial point sources (Hank et al. 2020). The most ad-
vanced DAC technology is the Temperature Swing Adsorption which is just starting to be scaled
up. The TRL for DAC is therefore lower than for example cryogenic air separation of nitrogen.
The energy efficiency of carbon-based RFNBOs depends on the upscaling and subsequent energy
efficiency improvements of DAC.

In the methanation process, hydrogen and CO; are converted to methane with the help of a
chemical catalyst in the so-called Sabatier-process at 300-550 °C (Agora Energiewende; Agora
Verkehrswende; Frontier Economics 2018). Methanation is a well-known fuel synthesis process
with an efficiency of 77-80 % (Brynolf et al. 2018; Agora Energiewende; Agora Verkehrswende;
Frontier Economics 2018). However, big industrial plants do not exist (Heinemann et al. 2019).
For the global transport and the storage in ports, a liquefaction will be necessary which reduces
the overall energy efficiency of e-methane production to about 47 % today and 61 % in the long-
term (Heinemann et al. 2019; Stolz et al. 2022).

2.1.4 E-methanol

To produce e-methanol, a synthesis gas is produced out of hydrogen and CO; via the reverse wa-
ter-gas shift reaction (WGSR) at 1000 °C as a first step. As DAC, the technology readiness level of
WGSR is still rather low (Heinemann et al. 2019). The synthesis gas is then used for methanol
synthesis which is an established process with a high efficiency of about 80 % (Brynolf et al.
2018; LR; UMAS 2019). The energy efficiency of e-methanol production depends on the provi-
sion of green hydrogen and the upscaling of WGSR. Overall, the efficiency of the production pro-
cess is estimated to be between 41-45 % today and 56 % in the long term (Stolz et al. 2022;
Heinemann et al. 2019).

2.1.5 E-diesel

The actual fuel synthesis process for diesel - the Fischer-Tropsch (FT) process - is a well-estab-
lished process with efficiency of up to 79 % (Brynolf et al. 2018; Agora Energiewende; Agora
Verkehrswende; Frontier Economics 2018). Before the fuel synthesis, syngas needs to be pro-
duced via WGSR as for methanol (see above). Any efficiency increases for the whole production
process are mainly dependent on improvements in the WGSR. Depending on the desired output,
further refining steps might be needed. Compared to the other RFNBOs, the e-diesel production
pathway is considered to have the lowest energy efficiency today (37-45 %) and in the long term
(53 %) (Heinemann et al. 2019; Stolz et al. 2022).



Table 2 - Overview productions processes of RFNBOs

Fuel Production process Feedstock TRL Energy effi- Time hori-
ciency w-t-t [%] | zon

Hydrogen AEL/PEMEL, com- Water
(gaseous) pression

58-61 Today
65-70 Long-term

Hydrogen AEL/PEMEL, liquefac- | Water
(liquid) tion

53-55 Today
64 Long-term

Ammonia AEL/PEMEL, cryo- Hydrogen, ni-
genic air separation, | trogen from air

52-54 Today

Haber-Bosch 60 Long-term
Methane AEL/PEMEL, DAC, Hydrogen, CO2 Medium 46-48 Today
methanation, lique- from air
faction 61 Long-term
Methanol AEL/PEMEL, DAC, Hydrogen, CO2 Medium 41-45 Today
methanol synthesis from air
56 Long-term
Diesel AEL/PEMEL, DAC, Fi- | Hydrogen, CO> Medium 37-45 Today
scher-Tropsch from air
53 Long-term

Sources: Own compilation based on Heinemann et al. (2019) and Stolz et al. (2022).TRL is estimated based on the TRLs of
the individual process steps. It does not indicate the degree to which plants producing these RFNBOs are com-
mercially available. TRL high = TRL 7-9, TRL medium = TRL 5-7, TRL low = TRL 5 and lower.

Furthermore, the production of RFNBOs or green hydrogen will likely be produced in locations
with a high potential of renewable energy production. To supply the global maritime sector, the
fuels or fuel inputs will need to be transported globally - as fossil fuels are today - for consump-
tion or further processing. The transport will impact the energy efficiency of the fuels. Hank et al.
(2020) calculated energy efficiencies for the production process of various RFNBOs including
the subsequent transportation via ship. On average, the resulting overall efficiencies are 5 %
lower than those shown in Table 2.

Based on the process energy efficiency, it is possible to derive an estimate what renewable en-
ergy capacities will be needed in the future. Cames et al. (2023a) assume an average 50 % con-
version efficiency (WTT) for a RFNBO - which is roughly in line with the efficiency values for to-
day presented in Table 2. The energy demand of global maritime transport is given as about 11.4
to 11.6 EJ in 2020 in Cames et al. (20234, p. 60). The resulting demand for renewable energy for
producing RFNBOs for the sector is thus about 6.4 PWh. This equals the total global renewable
electricity generation. Cames et al. (2023a, p. 150) also assume the demand for renewable elec-
tricity to produce RFNBOs up until 2050 with 5.7 to 8.9 PWh depending on the energy demand
scenario. Expanding renewable energy production is therefore crucial for the supply of future
fuels.



2.2 Biofuels

In contrast to the Power-to-X production pathways of RENBOs, there is a variety of production
pathways and feedstocks available to produce biofuels. The following production processes are
limited to advanced biofuel production pathways (excluding first generation biofuels based on
energy-crops) and are selected based on an analysis by Zhou et al. (2020) on suitable advanced
biofuels for maritime transport. The processes described below consider the use of two main
feedstocks: waste fats, oils and greases (FOGs) and lignocellulosic biomass. FOGs biofuel path-
ways are more commercialized than other biofuel pathways (Zhou et al. 2020). The most com-
mon FOGs are used cooking oil and animal fats like tallow. Lignocellulosic biomass is basically
plant dry matter. This feedstock can include purpose-grown crops, like Miscanthus, by-product
residuals from forestry or agriculture, such as wheat straw or corn stover. There is no biofuel
production based on lignocellulosic feedstocks on a commercial scale, but the number of pro-
jects with an interest in this feedstock has increased (Zhou et al. 2020). Table 3 gives an over-
view of the considered production pathways, feedstocks and the technological maturity of the
production pathways. The conversion of efficiencies of the production pathways shown in Table
3 are in similar order of magnitude as the efficiencies of RFNBO production processes.

2.2.1 Bio-methane

Bio-methane, or bio-LNG can be produced via biomass gasification or anaerobic digestion with
subsequent liquefication. The biomass gasification route has a high TRL and anaerobe digestion
is also at commercial scale for organic waste-based feedstocks (Grijpma 2018). Processes using
lignocellulosic biomass are still at the pilot stage but could be done at a large scale than the com-
mercialized anaerobic digestion which is mostly at de-central and small scale (Grijpma 2018;
Florentinus et al. 2012).

Further gas processing to derive a cleaner product is usual though. The overall energy efficiency
of the production process of bio-methane is roughly between 50 to 60 % (as shown in Table 3)
(Huang and Zhang 2011; ecoinvent 2022).

2.2.2 Bio-methanol

Methanol is nowadays produced with natural gas. Bio-methanol can be produced by gasifying
lignocellulosic biomass, such as residuals from forestry, Miscanthus or corn stover (DNV GL
2016; Zhou et al. 2020). The resulting syngas can then be fed into the methanol synthesis pro-
cess. While the production with natural gas is a mature technology, methanol production based
on lignocellulosic biomass is still an emerging and much more expensive technology (Zhou et al.
2020).

2.2.3 Biodiesel

Diesel-like biofuels can be produced via different pathways and feedstocks. The selection pre-
sented in Table 3 is based on potential liquid biofuels for maritime transport provided in Zhou et
al. (2020).

FAME biodiesel can be produced via transesterification of waste FOGs instead of using the com-
mon feedstock of virgin vegetable oils (Zhou et al. 2020). Another advanced type of biodiesel can
be produced by hydrotreating FOGs - so-called hydrotreated renewable diesel or hydrotreated
vegetable oil (HVO). Both production pathways benefit from the fact, that the use of animal fats
and used cooking oil has increased over the last years (Zhou et al. 2020).



Furthermore, biodiesel can also be produced via the FT process described in section 2.1.5. In-
stead of retrieving the necessary hydrogen and CO; from water electrolysis and the air, these in-
put products are generated through the gasification of lignocellulosic biomass like agricultural
residues. This pathway has a lower TRL than the other biodiesel production pathways.

As shown in Table 3, the WTT energy efficiency for biodiesel production pathways is 50 % and

higher.

Table 3 - Overview of production processes of biofuels

Fuel

Bio-methane/
Bio-LNG

Bio-methanol

FAME biodiesel

Hydrotreated
renewable diesel

FT diesel

Source:

Production process

Gasification and
methanation or an-
aerobic digestion, gas
processing, liquefac-
tion

Gasification, metha-
nol synthesis

Transesterification

Hydrotreating

Gasification, Fischer-
Tropsch

Feedstock

Waste-based feed-
stock like FOGs, lig-
nocellulosic bio-
mass

Lignocellulosic bio-
mass

FOGs

FOGs

Lignocellulosic bio-
mass

TRL

low to medium
(lignocellulosic
biomass)

Medium

Medium

TRL high = TRL 7-9, TRL medium = TRL 5-7, TRL low = TRL 5 and lower.

Energy efficiency
w-t-t

48 — 62 % (ligno-

cellulosic biomass,
ley crops)

45 - 55 % (lignocel-
lulosic biomass)

58 % (rapeseed oil)

~50 %

52 % (lignocellulo-
sic biomass)

Own compilation based on Zhou et al. (2020), Huang and Zhang (2011), ecoinvent (2022) and Grijpma (2018).

2.3 Sustainability aspects and emissions of the fuel production

To ensure sustainability of RFNBOs and advanced biofuels, their entire impact on human beings
and the environment needs to be taken into account. Therefore, the different sustainability as-
pects and foremost the impact on the climate need to be considered on a well-to-wake (WTW)
basis. CO; removal from the atmosphere (through direct air capture or uptake by plants), as well
as the release of CO; during combustion are considered in the following as negative and positive
emissions respectively in the emissions balance of WTW. This paper focuses on the relevant
WTT aspects® and is not based on the classification of the Renewable Energy Directive (REDII) of
the European Union.

2.3.1 Sustainability and emissions from the production of RNFBOs

» Production with renewable energy:

The production of RFNBOs needs to result in negative or no GHG emissions from a WTT per-
spective in order to balance out any emissions from combustion TTW and to reduce overall
GHG emissions. For this, a 100 % renewable electricity supply for the production is required
amongst others, like a sustainable source of CO; (see below). The supply of the renewable
electricity for the water electrolysis and the energy used in all subsequent production steps

5 This paper will be complemented by in-depth paper 2 on tank-to-wake emissions (Wissner and Cames (2023) - In-depth analysis 2:
Technical aspects of future fuels in existing fleet and newbuilds)
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is the key determinant of the WTT emissions. As long as the energy system is not fully fossil-
free, upstream emissions might also occur for RFNBOs from the production or transporta-
tion. For example, the study by LR; UMAS (2019) does not state zero upstream GHG emis-
sions from e-hydrogen and e-ammonia because it is assumed that there will be GHG emis-
sions from transporting these fuels from the production site to the bunkering spot with fossil
fuels. Furthermore, the production facilities need to be integrated into the energy system in
a flexible way if they are connected to the grid- not causing additional shortages in the elec-
tricity network (Heinemann et al. 2019).

» Impact of methane:

There is an ongoing discussion about the climate impact of methane and the potential for
leakage during its lifecycle as a maritime fuel. Regarding e-methane, there is so far little data
on methane leakage along the supply chain from power-to-methane plants up to the bunker-
ing place in the port. Methane leakage can for example occur during the distribution of the
fuel (Malins 2018). From a tank-to-wake perspective,® methane leakage via methane slip
from the ICE has a negative climate impact (e.g., Pavlenko et al. (2020)).

» Sustainable CO; source:

As indicated in section 2.1.3, the CO; for carbon-based RFNBOs require a sustainable source
of CO.. Fossil, industrial point sources of CO; are not a climate-neutral CO; source as it can
slow down the defossilization of the industry (Heinemann et al. 2019). There might though
be fossil CO, point sources from industrial processes which cannot be decarbonized in the
long run. Furthermore, sustainably produced biomass can also be source of CO,. However,
biogenic sources for CO; will be limited for a large-scale production of RFNBOs. As CO; from
the air is unlimited, DAC will likely be the technology to produce carbon-based RFNBOs -
even though DAC requires more energy than sourcing CO; from points sources. The upscal-
ing of the DAC technology is therefore key for the upscaling of carbon-based RFNBOs.

» Local context and sustainability criteria:

Large-scale production facilities of RFNBOs can have an impact on local freshwater supply
and land use (Malins 2017; Heinemann et al. 2019). The inclusion of the local population in
decision-making and the development of sustainability criteria is important for the future
production of these fuels. The sustainability criteria need to address the prioritization of
producing direct renewable electricity versus producing RFNBOs on the same area of land in
context of the local electricity and energy system.

2.3.2 Sustainability and emissions from the production of biofuels

» Upstream emissions and land-use change:

The WTT emission reduction potential of the selected biofuels largely depends on the feed-
stock and less so on the production pathway. (Indirect) Land-use change emissions are the
reason for high WTT emissions of first-generation biofuels made from energy or food crops
(Zhou et al. 2020). Generally, advanced biofuels are regarded as having almost no emissions
from cultivation or (indirect) land-use change as they are made out of residual material with
no other use. According to Zhou et al. (2020), advanced biofuels (which are considered in
this paper, Table 3) only have a small impact on land use. Biofuels can even have negative

6 Tank-to-wake emissions are addressed in: Wissner and Cames (2023) - In-depth analysis 2: Technical aspects of future fuels in
existing fleet and newbuilds
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emissions, e.g. if made from Miscanthus, if it is grown on marginal land: planting Miscanthus
increases the carbon stock of the marginal land with a previously low carbon stock. How-
ever, emissions from indirect land-use change of biofuels depend on the assumptions made
in lifecycle assessments and are thus subject to high uncertainties.

The advanced biofuel production pathways (Table 3) require different amounts of energy
depending on the conversion technology. Emissions from fuel production (meaning the con-
version technology) could be reduced if the energy for fuel production and distribution
would be supplied by renewable energy. However, N,O emissions still occur from the use of
fertilizers during the cultivation of lignocellulosic biomass.

Overall, the WTT GHG emissions of advanced biofuels are negative whereas particularly the
positive (indirect) land-use change emissions lead to a worse emissions WTT performance
for first generation biofuels - which can even be positive depending on the extent of (indi-
rect) land-use change emissions (Zhou et al. 2020). GHG emissions resulting from the com-
bustion of biofuels (TTW) would (ideally) be compensated by negative WTT emissions.
Overall, advanced biofuels have a much better GHG emissions balance from a WTW perspec-
tive than so-called first generation biofuels, which will be further discussed in in-depth pa-
per 3.7

Methane leakage:

For bio-methane, there is a risk of methane leakage upstream during anaerobic digestion,
methane sequestration and gas compression. According to Searle et al. (2018), the methane
leakage can be in the range of less than 1 % and up to 2 % if properly handled.

Feedstocks:

Waste-based feedstocks are considered to be a more sustainable feedstock for biofuels than
energy crops, such as soy or palm oil, as these cause lower or negligible WTT GHG emissions
(see above) and use biomass that would otherwise have no other use. By redirecting these
waste streams to advanced biofuel production, this can lead to negative effects in the exist-
ing waste revenues streams. Due to the shortfall of these wastes in other industries, the
wastes need to be substituted with other - likely fossil - materials or energy crops which
have significant emissions. The displacement effect of waste feedstocks depends on the local
and regional context, but it can lead to indirect emissions.

Generally, there is not one feedstock or crop that can be scaled up indefinitely to produce ad-
vanced biofuels. The different feedstocks have varying potential to supply big markets like
the maritime transport sector.

For comparison, fossil fuels generate not only GHG emissions during combustion but also up-
stream during production and distribution. MGO, for example, generates 0.74 gCO.eq/g fuel or
14.4 gCO2eq/M] from WTT (Comer and Osipova 2021; EC 2021c).

Infrastructure

Supply chains for the maritime sector will likely change considerably in the future. It is not clear
yet which future fuel(s) will predominantly be used in the sector. Hence, the supply of several
future fuels will need to be organized to/in ports globally — and these fuels also differ in their
storage conditions (see below). In 2019, about 217 Mt of marine fuel were sold globally and over
half of this amount is sold in only 10 major bunkering hubs (DNV 2022b).

7 Wissner et al. (2023) - In-depth analysis 3: Lifecycle emissions of future fuels
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Bunkering in ports can take place via different methods. Shore-to-ship bunkering, where a tank
facility is connected to a bunker quay via a pipeline, is used under regular and long-term bunker-
ing demand (DNV 2022b). Shore-to-ship bunkering is typical for large bunkering hotspots with
the respective hinterland infrastructure in place. While being inflexible, shore-to-ship bunkering
enables short bunkering times of large quantities of fuel (ibid). Truck-to-ship bunkering, nowa-
days often used for LNG, is flexible but can only handle small quantities. Another option is ship-
to-ship bunkering which is very common. In this case, ships bunker the fuel from another ship (a
bunker barge) while at berth or while anchoring outside the port near the cost. Relatively large
quantities of fuel can be transferred via ship-to-ship bunkering (ibid). The available bunkering
option for future fuels will vary depending on the port and the amount of fuel demanded. Ex-
perts indicated that new fuels will likely be delivered truck-to-ship or ship-to-ship. It will likely
be difficult for ports to forhold land-based bunkering capacity for several future fuels thus fa-
vouring increased ship-to-ship bunkering in future. Bunkering is normally organized and initi-
ated by shipping companies themselves. Ports only provide the area for bunkering and take care
of the required risk assessment and other forms to allow the bunkering and handling of the fuel
in the port area.

Raucci et al. (2020) calculate the investment cost to decarbonize the shipping with e-ammonia
until 2050 which sums up to USD 1.65 trillion with 87% needed for the infrastructure (produc-
tion, transport and land-based supply). Thus, any financial support for the decarbonization of
the sector should consider the investment costs upstream and include ports as a crucial element
for the supply of future fuels.

If not otherwise indicated, the following aspects on infrastructure both pertain to RFNBOs as
well as to biofuels.

Hydrogen

There is currently no bunkering infrastructure for hydrogen (Horton et al. 2022). The low volu-
metric energy density of hydrogen is the main challenge for transporting and storing hydrogen.
Hydrogen could be transported via trucks, mixed with natural gas in pipelines (currently al-
lowed up to 5% in Germany), fed into dedicated hydrogen pipelines or converted into ammonia
for long-distance transport via ship. The longer the distance and the higher the volume, pipelines
and ammonia ships become more viable (BNEF 2020). How first hydrogen-powered ships will
be supplied with the fuel will depend on the existing local infrastructure around ports. Truck-to-
ship bunkering, like it is done for LNG, as well as bunker vessels are considered (EC 2021d). As
(green) hydrogen is expected to be an important energy carrier globally, maritime transport
would benefit of any efforts to build and scale up hydrogen-ready and dedicated hydrogen infra-
structure. Hydrogen is only compatible with the current LNG bunkering infrastructure with ma-
jor modifications to account for the differing storage conditions (Table 1) (EC 2021d).

Ammonia

Ammonia is an important chemical which is produced and traded globally. According to Alfa La-
val et al. (2020), around 120 ports globally offer infrastructure for ammonia exports or imports.
Many terminals are part of ammonia or fertilizer plants located close to the sea. Therefore, land-
based infrastructure and handling of ammonia (e.g., storing, (un-)loading and safety procedures
in ports) have a high level of maturity (The Royal Society 2020; Horton et al. 2022). Ammonia is
mainly transported via ship in refrigerated tanks (Ash and Scarbrough 2019). Ammonia is not
compatible with existing HFO/MGO bunkering infrastructure, and LNG bunkering infrastructure
would require major modifications to account for toxicity and corrosiveness (EC 2021d). As of
today, there is no dedicated bunkering infrastructure for ammonia as marine fuel - there are
however first projects and studies investigating the challenges of bunkering ammonia consider-
ing its toxicity (Horton et al. 2022; DNV GL 2020).
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Methane

Any future use of e-methane (and bio-methane) in maritime transport can build on the existing
global and mature infrastructure for natural gas and developing LNG bunkering infrastructure
(EC 20214d). In its gaseous form, methane can be transported via pipelines, or it can be liquefied
and transported via trucks or ships. To distribute bio-methane via natural gas grids, bio-me-
thane likely needs to be upgraded after production to meet the specification of the natural gas
grid (Florentinus et al. 2012). As the number of LNG-powered vessel and LNG demand increase,
LNG bunker infrastructure and LNG import terminals are also expanding. The bunkering infra-
structure capacity cannot be compared yet to the capacity for conventional marine fuels like
HFO, but it is technically mature and commercialized (EC 2021d).

Methanol

Similar to ammonia, there is a lot of experience with producing and handling methanol globally.
Ports thus have experience in safely handling methanol (Horton et al. 2022). Methanol is availa-
ble in over 100 ports globally (EC 2021d). First experiences with methanol bunkering exist as
there are a few ships running on methanol today (EC 2021d): either methanol carriers use their
own cargo as fuel or the fuel is delivered by trucks. Bunkering guidelines exist, but HFO/MGO
bunkering infrastructure could be used for methanol only with minor modifications (EC 2021d).

Diesel

E-Diesel and likely most forms of bio-diesel will be compatible (or with minor modifications)
with existing port and bunkering infrastructure of fossil marine diesel as they can be used as a
drop-in fuel (EC 2021d; Zhou et al. 2020). However, the different types of biodiesel considered
in this paper (Table 3) have varying maturities considering the production which limits the
availability to bunker these fuels globally today.

Experts highlighted the importance of the availability of future fuels and the respective infra-
structure in ports globally for the decarbonization of the sector. Policies can set zero-emission
requirements for ships at berth or incentivise future fuels via increased fees for fossil fuels, re-
duced fees or rebates for future fuels, and docking order benefits (Browne and O'Leary 2022).
Such policies are best applied at national or international level as levers to influence the fuel use
of ships are limited for individual ports due to the high competition between ports and mobility
of ships.

4 Costs

The production costs of RENBOs are determined by the capital expenditure of production facili-
ties, the capacity of the production facilities and the cost of renewable energy (Heinemann et al.
2019). As there is very little production of “green” RFNBOs today, upscaling of the production
processes and a decrease in renewable electricity costs will be key to decrease the fuel cost. A
particular bottleneck for RNFBOs is the cost of electrolysers and cost for renewable electricity
needed to power them.

There are numerous studies on the current and future prices of RNFBOs (such as Brynolf et al.
(2018), Korberg et al. (2021), LR; UMAS (2020)). Production costs for these fuels range consid-
erably depending on the assumptions of the key determinants mentioned before.

Figure 1 gives an overview of RNFBO production costs in 2030. For comparison, the price of fos-
sil MGO is about 40 €/MWh. Price estimates for each RFNBO vary significantly.8 E-diesel is the

8 Stolz et al. (2022) assess eight price projections of which only LR & UMAS (2020) include a price range. To make the later compara-
ble with the other studies, the average of the price range was included in Figure 1.
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most expensive alternative to fossil MGO. The costs for other RFNBOs are three to four times the

cost of fossil MGO.

Figure 1 — Ranges of e-fuel production costs
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Table 4 shows production costs for different biofuels today. The order of magnitude of the price
ranges is smaller than for RFNBOs. However, cost estimates still vary and depend on the ma-
turity of the production pathway and the feedstock used. For example, production cost for bio-
methane from Brynolf et al. (2018) includes estimates for different timeframes and a variety of
feedstocks for bio-methane leading to the given wide cost range. The conversion technology for
FT biodiesel is rather novel and thus FT diesel has high costs. Overall, biofuels are more expen-

sive than fossil fuels.

Table 4 - Biofuel production costs

Fuel Production cost Timeframe Detail Sources
[EUR/MWAh]

Bio-methane/Bio- 10-180 Current or future Depending on pro- | Brynolf et al.

LNG production costs duction pathway (2018)

Bio-methanol 66-118 Today Lignocellulosic bio- | Korberg et al.
mass feedstock (2021), Zhou et al.

(2020)

FAME biodiesel 72-120 Today Vegetable oil, Zhou et al. (2020)

waste FOGs
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Fuel Production cost Timeframe Detail Sources
[EUR/MWAh]
Hydrotreated re- 77-127 Today Vegetable oil, Zhou et al. (2020)
newable diesel waste FOGs
FT diesel 78-217 Today Lignocellulosic bio- | Zhou et al. (2020)
mass feedstock

5 Energy demand of future fuel supply

Over the last decades, maritime transport has grown significantly. Especially transport demand
from maritime transport is dependent on global economic growth. Projections of future energy
demand and demand for future fuels of these sectors are hence also dependent on future eco-
nomic growth and traffic development.

Table 1 shows the annual energy demand from global shipping today and in 2050 as projected
by different studies. It should be noted that energy demands for 2020 are projections. For exam-
ple, Cames et al. (2023a) include several studies in their estimate, amongst others the most re-
cent fourth IMO GHG study (IMO 2020) which only includes projected numbers for 2020. For
comparison, the International Energy Agency® reported 10.5 E] for the year 2020 based on bun-
ker sales. While the order of magnitude becomes clear for the energy demand in 2050, the num-
bers vary due to underlining assumptions. For example, Smith et al. (2021) have used the idea of
an S-Curve for the percentage share of future fuels in the fuel mix until 2050. With almost no fu-
ture fuels today, Smith et al. (2021) foresee the share of future fuels to increase to about 20 % in
2035 to 100 % use in 2050. MMKMC (2021) model different scenarios to decarbonize shipping
by 2050. The scenarios differ in the fuel mix but all result in the same energy demand - which is
assumed to decrease due to energy efficiency gains. All other studies assume an increase in en-
ergy demand based on an increased demand for shipping until 2050 outweighing energy effi-
ciency gains. The range in 2050 given from Cames et al. (2023a) depicts a low and high energy
efficiency scenario.

Table 5 - Annual energy demand of global shipping in EJ

Source 2020 2050
Smith et al. (2021) 10.0 17.5
MMKMC (2021) 13.2 12.0
DNV (2022a) 11.0-12.0 12.0-13.0
Cames et al. (2023a) 11.5 10.2-16.0

Note: Data for 2020 is based on projections and not real-world data.

It is possible to roughly estimate the resulting renewable electricity demand to produce RFNBOs
from shipping’s energy demand. Although the fuel mix in 2050 is uncertain, it can be assumed
that RFNBOs will play an important role. A rough average of a conversion efficiency (WtT) of

50 % can be assumed to produce an RFNBO. Cames et al. (2023a) use this approach to calculate

9 IEA/OECD (2022) - Dataset World Energy Balances: https://www.iea.org/data-and-statistics/data-product/world-energy-bal-
ances
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an electricity demand of 5.7 to 8.9 PWh in 2050. Global renewable electricity generation was ap-
prox. 7.5 PWh in 2020 (IRENA 2022). Depending on the scenario, meeting shipping’s energy de-
mand in 2050 would thus require all of the renewable electricity generation of 2020.

Looking at the EU, Stolz et al. (2022) take a regional perspective assuming 100 % use of future
fuels in 2030 in the European bulk carrier and oil tanker fleet. The study is based on the emis-
sions and fuel consumption as reported in the EU MRV system (EC 2021a)). The bulk carrier and
oil tanker fleet consumed approx. 11.7 Mt of the 46 Mt of fuel consumed and reported in EC
(2021a) - which is about 3% of the global fuel consumption (IMO 2020). The resulting electricity
demand to produce RFNBOs varies depending on the fuel and energy converter. For example,
powering the fleet with an ammonia and hydrogen ICE would require 141 TWh. Using ammonia
in a fuel cell would lead to an electricity demand of 117 TWh for SOFC and up to approx.

175 TWh for a PEMFC. For comparison, total renewable electricity generation in Europe
amounted to 1 448 TWh in 2020 (IRENA 2022).

In summary, meeting global shipping’s energy demand with future fuels in 2050 will require a
massive expansion of renewable electricity production and capacities. Taking the example from
Stolz et al. (2022), the EU can theoretically supply the electricity needed for RFNBO consump-
tion of EU shipping. The impact assessment accompanying the FuelEU Maritime Initiative comes
to a similar conclusion (EC 2021b): electricity demand to produce mainly e-diesel blends and e-
gas is projected at around 0.6 TWh in 2030 and 230 TWh in 2050. According to EC (2021b), this
is less than 0.1 % of renewable electricity generation in 2030 and 4.4 % in 2050. However, the
impact assessment assumes an approximate share of 70 % biofuels and 30 % RFNBOs in 2050
and that GHG emissions from the sector are not entirely reduced to zero. As renewable electric-
ity production is and will be in high demand in the future, the question is however whether the
shipping sector will secure its share within Europe and globally. It thus requires a political deci-
sion to which extend the EU wants to take a leadership role in producing future fuels for ship-
ping within the EU and to which extend they could be imported.

Kriiger et al. (2022) investigate the general production potential of renewable energy and
RFNBOs in the MENA (Middle East and North Africa) region - not specifically looking at the ship-
ping demand. The analysis shows that a substantial part of EU’s RFNBO demand would need to
be met by imports (from the MENA region). The potential for renewable energy production is
very large in the MENA region, though. Assuming the EU’s demand for conventional (diesel-like)
fuels in 2050 amounts to 650 TWh, the production potential for RFNBOs in the MENA region is
10 times (onshore wind) or even over 200 times (solar) higher (excl. local demand and produc-
tion in EU) (Braun et al. 2022). This shows that there is very likely room for meeting the energy
demand of shipping through imports to the EU. The EU is thus only theoretically capable of pro-
ducing the necessary amounts of renewable energy to decarbonize EU-related shipping, but the
EU will very likely need to rely on imports considering the high competition for renewable en-
ergy (and RNFBOs) in the EU by 2050.

Sustainable biofuel supply

Future advanced biofuel used in shipping will be limited by availability rather than by cost
(MMKMC 2021). The availability is influenced by the maturity of the production pathways, the
feedstock availability, the competition with other sectors, and the speed of upscaling the produc-
tion. MMKMC (2021) conclude that 120 EJ of sustainable biomass are available globally (from
waste, agricultural and wood residues) and model an exemplary demand scenario for biofuels
by global shipping of 4.2 EJ in 2050. The sustainable biomass potential in the EU is estimated to
be between at 7.3 to 18 E] /year in 2030 and 7.1 to 20 E]/year in 2050 (JRC; EC 2019; Material
Economics 2021). However, already today the EU biomass consumption for materials and en-
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ergy is estimated at 10 to 12 E]/year (Cames et al. 2023b). The impact assessment accompany-
ing the FuelEU Maritime Initiative estimates a maximum demand of 32 Mtoe or 1.3 EJ in 2050
assuming a very high share of biofuels in the fuel mix (EC 2021b). This indicates that there is
probably little room for the growth of EU biomass use in different sectors to contribute to the
realisation of ambitious greenhouse gas emission reduction targets in 2050, unless biomass/bio-
fuel is imported on a large scale.

6 Conclusion

» The characteristics of the fuels influence the required infrastructure in ports and onboard of
ships as well as the transport capacity. All potential future fuels have advantages and disad-
vantages in terms of toxicity and flammability. While e- and biodiesel have the advantage of
similar characteristics to fossil MGO, lower production costs and simpler production path-
ways are in favour of carbon-free fuels such as ammonia, hydrogen or some biofuels.

» The production pathways and the feedstocks used will influence the sustainability of both
RFNBOs and biofuels. Especially for biofuels, the determination of w-t-t emissions are com-
plex and dependant on the feedstock and the associated land-use change.

» Future supply chains and infrastructure in ports will differ from the status quo. There is no
suitable bunkering infrastructure yet for hydrogen, ammonia and bio-/e-methanol. More
flexible bunkering options, like truck-to-ship, will likely be used in the near- and mid-term to
supply (a range of) alternative fuels in ports.

» Renewable energy supply and upscaling of DAC will determine future RFNBO production
costs with e-diesel being the most expensive option and ammonia and hydrogen the cheap-
est RFNBOs. Rather novel conversion technologies and the availability of feedstock lead to
uncertainties of the future costs of the selected biofuels. Overall, a considerable gap between
the production costs of fossil fuels and future marine fuels remains.

» From a pure WTT perspective, it can be concluded that ammonia and methanol seem to be
the most promising future fuels considering production cost and pathway. The use of ad-
vanced biofuels in maritime transport is still uncertain, as future production costs and feed-
stock availabilities are uncertain. Hydrogen'’s fuel characteristics limit its application in mari-
time transport and e-diesel will be much more expensive than other RFNBOs.
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