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Abstract

Sustainable Aviation Fuel (SAF) is seen as an important solution to decarbonize the aviation
sector on the short and medium term, as it can be used in the current fuel systems and is, to a
limited extent, commercially available. SAF is made from various sustainable feedstocks which
are divided into 2 categories: SAF derived from biogenic feedstocks and e-SAF. For e-SAF
production, renewable electricity is used to produce green hydrogen which is combined with

CO2 as feedstock for the production of fuels.

This document serves as a replicable framework for the successful development of an e-SAF
supply chain. Specifically, this framework can be used to compare different locations for a future
e-SAF facility. The document first focusses on each main building block which are all essential
for e-SAF production: continuous green hydrogen supply, continuous biogenic or DAC CO2
supply, conversion to e-SAF/by-products and the e-SAF/by-products supply chain. Secondly,
the document expands upon the identified success factors for each main building block. As a
case study, promising countries in Europe for the development of an e-SAF facility based are

identified based on the success factors for the different building blocks.
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VI. GLOSSARY

Term Meaning

Building a component that fits with others to form a whole. It is a basic element or part

block of something larger. In this context, a building block is an essential requirement
for the start-up of an e-SAF facility. Without this building block being present,
an e-SAF facility could not become reality.

CAPEX Capital Expenditures

Carbon an attempt to remove carbon dioxide after burning gas, oil, coal or biomass

capture before it enters the atmosphere.

Green grid  a grid with electricity (only) produced from solar, wind, geothermal, biogas,
eligible biomass, and low-impact small hydroelectric sources.

e-SAF a synthetic fuel derived from renewable energy. E-SAF, like all SAF pathways,
is compatible with jet engines and offers a similar performance to fossil fuels.

kWh, MWh,  kilowatt-hour, megawatt-hour (= 1,000 kWh), gigawatt-hour (= 1,000,000 kwh),

GWh, TWh  terawatt-hour (= 1,000,000,000 kwh)

mt, kt, Mt metric ton, kilo ton (= 1,000 mt), Mega ton (= 1,000,000 mt)

OPEX Operational Expenditures

Power-to- a production pathway for liquid hydrocarbons based on electric energy, water

Liquids and CO2 as resources. This production pathway produces e-SAF.

(PtL)

RED Renewable Energy Directive

Salt cavern an artificial cavity created in geological salt deposits. A salt cavern could be
used for storage of fossil fuels such as natural gas, oil, and petroleum products
(refined fuels, liquefied gas), but also storage of hydrogen and compressed air.

Success Success factors are all of the different internal and external influences which

factor can impact the potential success of a business.

Syngas a gas mixture of CO and H»

TULIPS
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1  Executive Summary

1.1 Building blocks for e-SAF production

Sustainable Aviation Fuel (SAF) is seen as an important solution to decarbonize the aviation sector
on the short and medium term, as it can be used in the current fuel systems and is, to a limited
extent, commercially available. SAF is made from various sustainable feedstocks which are divided
into 2 categories: SAF derived from biogenic feedstocks and e-SAF. For e-SAF production,
renewable electricity is used to produce green hydrogen which is combined with CO; as feedstock

for the production of fuels.

This document serves as a replicable framework for the successful development of an e-SAF
supply chain. Specifically, this framework can be used to compare different locations for a future e-
SAF facility. The document first focusses on each main building block which are all essential for e-
SAF production: continuous green hydrogen supply, continuous biogenic or DAC CO: supply,
conversion to e-SAF/by-products and the e-SAF/by-products supply chain. Secondly, the
document expands upon the identified success factors for each main building block. As a case
study, promising countries in Europe for the development of an e-SAF facility based are identified

based on the success factors for the different building blocks.

Continuous green H, supply
Renewable yiry :
Electricity ‘El,’ i Conversion to e-SAF/by-products e-SAF/by-products supply chain
f =7
Electrolyser ) bez T
i i
i Water (ng :] foo) e-SAF  Stock  Transport & Into-wing
: = M terminal blendi i
Continuous biogenic/DAC L'“j=.: Q’Em B ermina ending fuelling
CO, supply Syngas e-SAF Distillation :
production conversion '
Ambient air m; By-products
ﬂ CO, capture
[\
i Point source
CO,

Figure 1. Building blocks of an e-SAF supply chain.

The framework focuses on the production of fuel that could be sold on the EU market and therefore
must adhere to EU policy. This focus is chosen as the current EU policy ensures that the significant
price premium of e-SAF compared to fossil kerosene can be covered by the market. The green
hydrogen used for e-SAF production is currently being regulated through the Delegated Act. There
are three cases for green hydrogen production, all by using an electrolyzer; grid connected

electrolyzer, direct connection between electrolyser and RES and grid connected electrolyzer with

TULIPS Public 1
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a PPA. If the e-SAF is to be supplied to the European market, the CO, needs to be captured either
via Direct Air Capture or from a biogenic point source following the Delegated Act on COa.

1.2 Success factors for e-SAF production

The building blocks are essential requirements for the start-up of an e-SAF facility. Without these
building blocks being present, an e-SAF facility could not become reality. Success factors are all of
the different internal and external influences which can impact the potential success of a business.
Those success factors usually determine the chances of success for the building block which they

are part of.

The success factor affecting the economic viability of an e-SAF facility the most is the availability
of green hydrogen. The price for green Ha is for the largest share determined by the access to
cheap and reliable baseload renewable power. If baseload renewable power is not available, (a
combination of) intermittent renewable power can be used in combination with storage facilities
creating continuous green Ha supply. Also, hydrogen could be sourced from a regional hydrogen
network. If low-cost power is not available or there are significant costs associated with converting
an intermittent profile to a constant one, import of hydrogen from other regions with better
conditions should be considered. A note should be made on the fact that there are many different
combinations of assets possible to ensure baseload green hydrogen availability and it will be
location-depend which asset is best. However, the overall goal should always be to get reliable,

low-cost, baseload green hydrogen.

Water availability is another success factor impacting the availability of green hydrogen; this is
mostly a sustainability question with limited impacts on the costs. The brine associated with
desalination of seawater is creating a waste issue, which is costly as well as unsustainable, which

makes the availability of sweet water an important success factor.

The building block on the availability of biogenic CO; is another essential requirement for e-SAF
production. Ideally there is a local biogenic CO2 hub with multiple large-scale CO, capture plants
from off-gasses containing high CO. concentrations, efficient pipeline infrastructure for CO;
transport besides reliable, renewable, baseload power. If the local source of carbon capture has
high costs, COz import can be considered. Direct Air Capture could be an alternative if the facility
is completely isolated and has access to extremely low-cost power, but at this point in time it is

difficult to compete with CO, from biogenic point sources.

Conversion to e-SAF and by-products is the third building block and with that it is essential for the
development of an e-SAF facility. However, it is not seen as a key determinant for selecting a
location and therefore we did not include success factors for this building block. Similarly, the
presence of downstream supply chain is crucial for an e-SAF facility. Ideally, e-SAF is blended on

site, transported to a local airport using an already present pipeline system and storage terminal

TULIPS Public 2
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and there is local demand for the by-products. However, the contribution of the downstream supply
chain to the total e-SAF costs is limited. It is therefore unlikely that this building block is the

determining factor of the e-SAF refinery location.

There are several overarching factors that have an effect on all or a couple of the building blocks.
Foremost is policy support, which will likely remain key since it is unlikely that e-SAF will compete
with its fossil counterpart or other types of SAF on the short or medium term.

Lastly, although scale does affect the e-SAF production costs, scale is not a key determinant for

location selection and is therefore not considered to be a success factor in this framework.

1.3 Promising countries in Europe

Promising countries in Europe to develop an e-SAF facility were selected based on the two most
impactful building blocks as discussed in this framework: green H; availability and CO, availability.
The first selection was made by continuous green hydrogen availability as the hydrogen cost has
the biggest impact on the SAF price. The methodology focuses on the presence of renewable
energy sources since that success factor has the biggest impact on the green hydrogen price. Also,
the existing hydrogen infrastructure was taken into account. The second level of selection was
based on the continuous biogenic CO2 availability, in which the availability of biogenic CO; and the

presence of CO; infrastructure were used to narrow down the selection of European countries.

Based on this methodology, the most interesting countries in Europe for e-SAF production are
found to be Sweden, Germany and the UK. Note that this is an interpretation of the framework and
specifically made for this moment in time, therefore it might be subject to change. Technological
developments, political changes and infrastructural improvements as well as many other factors

can affect the attractiveness of e-SAF production within a specific country.

1.4 Further research and recommendations

Follow up research should continuously be focused on policy developments. Policy eventually
determines when kerosene production is considered to be e-SAF. Furthermore, the concept of
producing green hydrogen at a certain location but utilizing it for e-SAF production at another
location could be considered in future research. Also, a more local approach should be considered
in the future. Some airports could be found to be attractive due to their location, even though the
country they are in is not found to be one of the most promising countries based on this framework.

Therefore, a more regional/airport-specific approach is highly recommended.

TULIPS Public 3
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2 Introduction

2.1 This report as part of TULIPS

This report on a framework for the development of e-SAF facilities is part of the TULIPS project,
which is a Horizon 2020 project funded by the EU. The goal of TULIPS is to accelerate the
implementation of innovative and sustainable technologies towards lower emissions at airports.
Topics covered include a) improved multi-modal shift for passengers and freight, reduce traffic
congestion and offer seamless green travel options, b) improved airside infrastructure for future
electric/hybrid aircraft infrastructure, ¢) smart energy solutions to manage airport operations, d)
integrating hydrogen fuel cell technology into current ground support equipment, e) enabling large
scale supply of SAF fuel along with the preparation of an EU clearing house, f) circular economy,
and g) UFP mitigation.

More specifically, this report constitutes deliverable 5.1, part of TULIPS work package 5 which
focusses on scaling up the SAF market. This deliverable is about key success factors in different
areas (e.g. climate, policy, availability of cheap CO- sources) which are important for the success
of e-SAF production plants. Based on these success factors, favourable areas for the further

upscaling of this pathway are identified.

2.2 Research set-up

Global climate change is recognized as one of humanity’s major issues today and an increasing
amount of resources is dedicated to abating it. Many sectors are turning towards electrification, but
some hard-to-abate sectors require other solutions to prevent greenhouse gas emissions. This
includes the aviation sector, where alternatives for the current system which is based on liquid
hydrocarbons, are decades away from commercial use. Sustainable Aviation Fuel (SAF) is seen
as the only solution for the short and medium term, as it can be used in the current fuel systems
and is, to a limited extent, commercially available. SAF will make a major contribution to bringing
the aviation industry to net zero emissions in 2050 (NLR & SEO, 2021).

TULIPS Public 4
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Figure 2. Emission trajectory of the aviation sector in a ‘business as usual’ scenario and with a variety of emission
reduction options. Extracted from (NLR & SEO, 2021).

SAF is made from various sustainable feedstocks, in contrast to fossil kerosene which is derived
from fossil crude oil. Today, SAF is produced by esterification of biogenic sources, mainly oils and
fats. In the near future, other biogenic sources like agricultural residues, forestry residues and
municipal solid waste may be used. Future scaling is predominantly capped by limited feedstock
availability (SkyNRG, 2022). The other main method to produce SAF is called Power-to-Liquids
when renewable electricity is used to produce green hydrogen that reacts with CO- as feedstock.
Produced fuels are labelled as e-SAF (Figure 4). There is no commercial scale e-SAF production
facility in operation yet, but it is likely that e-SAF will play a key role in achieving the sustainability
targets for the aviation industry due to its vast feedstock potential. As an example, SkyNRG
estimated the contribution of different SAF production pathways to meeting the EU SAF mandate
below (Figure 3). The share of e-SAF is minor in the beginning, but steadily increases towards
2050 where it makes up ~25% of the total mandated SAF share. More information on the EU
mandates can be found in section 2.5.
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Figure 3. SAF volumes required to meet the European mandates and potential combination of SAF options to meet
these volumes, including Power-to-Liquids or e-SAF (SkyNRG, 2022).

This document serves as a replicable framework for the successful development of an e-SAF
supply chain. Specifically, this framework was used to compare different locations for future e-SAF
facilities and select promising countries in Europe. The document expands upon the success
factors for each main building block of the supply chain: continuous green hydrogen supply, which
could be produced locally or transported in different forms from overseas, continuous biogenic or
direct air captured (DAC) CO- supply, conversion to e-SAF/by-products and the e-SAF/by-products
supply chain. Secondly, promising countries in Europe for the development of an e-SAF facility
based are identified based on the success factors for the different building blocks. Note that the

pathways to produce SAF from biological feedstocks are not treated in this document.
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Figure 4. Building blocks of an e-SAF supply chain.

To determine the suitability of a certain location, we discuss the factors per building block. Success
factors are in this document defined as all the different influences which can impact the potential
success of developing a competitive e-SAF plant. Currently, this development is mainly hampered
by the significantly higher production costs compared to other aviation fuels and the lack of policy
incentives. Most success factors are therefore strongly related to lowering production and supply

chain cost.

This framework focuses on fuel that is sold on the EU market and therefore must adhere to EU
policy. The current EU policy ensures that the significant price premium of e-SAF compared to
fossil jet fuel can be covered by the market. Policy mechanisms like these are required to make e-
SAF competitive with fossil jet fuel. EU policy may serve as basis for sustainable development of

e-SAF and lessons learned can be applied to other markets across the world as well.

It should be kept in mind that this is a snapshot document. The importance of success factors as
well as the outcome of the promising countries for e-SAF production are highly likely to change in
the future. Aspects like developments in policy, technological developments and infrastructural
improvements can and will affect this framework. Also the development of commodities in

hydrogen, CO2 and e-SAF are currently non-existent, but might be of large influence in the future.

In the next sections of the introduction, the e-SAF supply chain is introduced in section 2.3, its main
building blocks are detailed in section 2.4, the supply chain of e-SAF and its byproducts is
introduced in section 2.4.4 and the current state of EU policy is discussed in section 2.4.5. In
Chapter 3, the success factors for the development of an e-SAF supply chain for each of the
building blocks are explained and ranked in importance. In Chapter 4, an analysis of European
countries on suitability for developing an e-SAF production plant is presented. Finally, the main

findings are summarized in the conclusion.
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2.3 Introducing the e-SAF supply chain

E-SAF is a fraction of synthetically produced liquid hydrocarbons produced by reaction between
green Hz and CO with a subsequent downstream processing. SAF is a drop-in fuel, which means
that it can be used in the existing fuel system and aircraft engines. There are multiple technologies

available to produce e-SAF, but all can be used in a maximum 50% blend with fossil jet fuel.

Each metric tonne (mt) of e-SAF requires roughly 0.5 mt of Hz and 4 mt of CO». 0.5 mt of Hz in turn
requires 50 MWh of renewable electricity. The conversion to e-SAF can be done via the Alcohol-
to-Jet (AtJd) or Fischer-Tropsch (FT) route. The full overview of the e-SAF supply chain including

the high-level mass and energy balance is shown in Figure 5.

50 MWh
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Electricity ‘Llﬁ.ﬂlr 1 tonne
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— .Q’E ] blending fuelling
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_ CO, capture
R
Point source
CO,

Figure 5. E-SAF supply chain with high-level mass & energy balance.

In this supply chain, some factors affect the e-SAF production cost much more than others. A rough
estimate of the e-SAF production cost build-up is shown in Figure 6. In this hypothetical case, the
owner of the e-SAF plant buys both the H, and CO; from third parties. The costs for converting
towards SAF are included in the OPEX (operational expenditures) and CAPEX (capital
expenditures) figures, while the costs for the e-SAF downstream supply chain are only part of the
OPEX. All costs and revenues are calculated towards a cost price for e-SAF. This means that the
sales of by-products like e-diesel and e-naphtha are included as a reduction of the e-SAF

production cost.
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Figure 6. An indicative overview of the e-SAF cost price build-up, based on SkyNRG's internal models. The graph
is based on parameter values as present in North-West Europe, using current (December 2022) prices. In this
hypothetical case, the owner of the e-SAF plant buys both the CO2z and hydrogen from third parties.

This graph shows that the contribution of CO; to the cost buildup is notable (20%), but the hydrogen
pillar clearly determines the e-SAF price with a cost share of about 70%. Smaller contributions to
the e-SAF production cost are provided by the conversion to e-SAF. Both installation costs and the
energy consumption for Power-to-Liquids are expected to decrease in the future (Buttler &
Spliethoff, 2018).

2.4 Building blocks of an e-SAF supply chain

In this research, the parameters that are essential for the development of an e-SAF facility are
called ‘building blocks’. Within these building blocks there are success factors, which are not
essential but can make a location more or less attractive for an e-SAF production. In the rest of this

section these building blocks are introduced, while the success factors are detailed in chapter 3.

2.4.1 Continuous green H2 supply

The first building block for an e-SAF facility is green Hx supply. Hydrogen has to be supplied on a
continuous basis to allow the downstream e-SAF facility to run on a (near) continuous basis. This
is of key importance for two reasons. Firstly, there are technical limitations; a facility cannot rapidly
be ramped up or down at any moment. Secondly, there is an economic component; a facility should
run as much as possible to make up for the relatively high CAPEX. Generally, it is assumed that a
facility should operate more than 90% of the time to be economically competitive, i.e. around 8000
working hours (full load hours) a year. The hydrogen needs to be green as this is required under

current EU policy (detailed in section 2.5).
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Figure 7: Overview of the main hydrogen types. Extracted from (Alexa Capital, 2022)

Grey hydrogen is produced from fossil fuels such as natural gas or coal and accounts for roughly
95% of the hydrogen produced in the world today. Important to note that the focus is shifting
towards green hydrogen at the moment. The two main production methods for grey hydrogen are
the steam methane reforming and coal gasification with both forming CO; as by-product. If the CO,
is released into the atmosphere, the produced hydrogen is referred to as grey hydrogen. Grey
hydrogen is not considered a low-carbon fuel and is not allowed for Power-to-Liquids production

by EU policy requirements.

Renewable hydrogen, generally referred to as green hydrogen, is produced using electricity from
renewable energy sources and considered low or zero-emission. Green hydrogen is produced by

electrolysis, electrochemical splitting of water (H20) into hydrogen (H2) and oxygen (Oy).

When most of the CO. emissions from steam methane reforming of coal gasification are
sequestered using carbon capture and storage (CCS), the produced H: is labelled as blue. CCS
allows blue hydrogen to be a low-carbon fuel compared to grey hydrogen but requires additional

costs.

Turquoise hydrogen refers to a way of creating the element through a process called methane
pyrolysis, which generates solid carbon. Finally, there is pink hydrogen. Like green hydrogen, it is
created through electrolysis of water but the latter is powered by nuclear energy rather than

renewables.

2.4.2 Continuous biogenic/DAC CO:2 supply

The second building block for an e-SAF facility is CO. supply, specifically continuous DAC or
biogenic CO; supply. The supply of CO2 needs to be continuous for the same reason as H: it is of

vital importance that an e-SAF facility runs with 90% full load hours.

If the e-SAF is to be supplied to the European market, it needs to adhere to the EU policy
regulations to be eligible for sales under the EU mandate (see section 2.5). According to EU policy,
TULIPS
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the CO- can always be obtained through DAC or a biogenic point source. CO2 can also be captured
from a fossil point source, but only until 2041 after which the e-SAF using fossil CO: is not eligible
anymore. It would be possible to initiate e-SAF production using fossil CO, and later switch to
biogenic CO3, but for simplicity this will not be covered and we will only focus on point source
biogenic and DAC CO,. CO; that has previously been emitted naturally by a geological source
(volcanoes and geysers) is also eligible, but this CO, will generally disperse quickly in air and
therefore be comparable to DAC. Note that the relevant policy documents are currently (January

2023) still under discussion and these requirements may change.

2.4.2.1 Point source biogenic CO2

The first option is to use CO, from a point source. The CO, concentration in flue gas is generally
100x higher compared to air, thereby making carbon capture more efficient and reducing costs
(Metz, Davidson, Heleen, Loos, & Meyer, 2005). The relatively high concentration of CO- in off-gas
streams compared to air lowers energy requirements and GHG emissions of point source CO
versus DAC. Therefore, the usage of point source CO; has both an interesting economic

perspective and a sustainability perspective (E4tech, 2021).

Different technologies exist nowadays to extract CO; from a gas stream, usually from an industrial
process, which are grouped in pre-combustion, oxyfuel combustion and post-combustion
technologies (Figure 8). Typically, post-combustion capture is the first go-to option, as this can be
retrofitted on existing plants. The source gas, containing the COg, that is used as feedstock in e-
SAF production has a major impact on the CO; capture costs and determines whether the fuel can
be sold under the EU mandate (see section 2.5). Only biogenic point sources are eligible as CO;

source for e-SAF production, thereby excluding CO. originating from fossil origin.
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Figure 8. Overview of CO:2 capture processes and systems for CO:2 point sources. Extracted from
(Intergovernmental Panel on Climate Change, 2005). The figure describes all possible feedstocks of point source
COz, but not all are eligible for use in e-SAF e.g. coal.
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2.4.2.2 DAC CO2

Alternative to the use of point source carbon capture for e-SAF production is the use of DAC. With
DAC, CO: is extracted directly from the air using renewable power or biogenic energy sources,
after which it can either be stored (Carbon Capture and Storage, CCS) or used as feedstock
(Carbon Capture and Utilisation, CCU). DAC only requires a renewable energy source and is
therefore seen as the future technology to ensure the availability of carbon as feedstock.
Downsides of DAC are the high energy requirements, high costs and the low commercial availability

compared to point sources.

2.4.3 Conversion to e-SAF and by-products

H, and CO- are used as feedstocks for the conversion into e-SAF and by-products, which can be
done with a variety of conversion technologies and combinations thereof. There are several
conversion technologies that are (near) commercial and approved by ASTM, the American Society

for Testing and Materials.

A SAF production pathway needs to be approved by ASTM before it can be used in commercial
aviation. Every production pathway has to go through an extensive approval process, which
involves testing, reviewing by Original Engine Manufacturers (OEMs) and finally approval by the
relevant subcommittee within ASTM. ASTM approval of the used production pathway is essential

for certification of the fuel and therefore essential for the business case.

We have not identified any success factors related to the conversion technology that affects the
choice for a location, other than several overarching factors that are relevant for all building blocks.

As a result, this building block specifically will not be discussed in chapter 3.

In the conversion, the first step is to produce syngas made up of Hz and CO. To generate CO, the
captured COs: is converted via the reverse water gas shift (RWGS) reaction or CO; electrolysis.
Syngas can then be used in downstream processes for e-SAF production. Currently the Fischer-
Tropsch and Alcohol-to-Jet (ethanol and iso-butanol to jet) pathways are approved by ASTM, but
other pathways are also under development. Figure 9 gives an overview of the possible conversion

steps to produce e-SAF from Hz and CO..
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Figure 9. Overview of the most well-known technology combinations to produce e-SAF. Note that this figure is not
exhaustive, there are developments on each technology block. 1: Ethanol-to-Jet is ASTM certified under the
Alcohol-to-Jet pathway. 2: Methanol-to-Jet is not yet ASTM certified.

2.4.3.1 Conversion pathways

The FT process converts syngas into hydrocarbons with a range of carbon chain lengths. Longer

chain hydrocarbons can be cracked to the jet range to increase the e-SAF yield.
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Figure 10. Steps to produce e-SAF from syngas via the Fischer-Tropsch pathway.

The AtJ process converts alcohols into hydrocarbons suitable for SAF by removing the oxygen and
linking the molecules together to get the desired carbon chain length (i.e. oligomerization).
Currently, there are two feedstocks approved for use in the AtJ technology: ethanol and iso-butanol.
The source of the alcohol is not specified, and can therefore also be syngas. In the e-SAF

application of AtJ, syngas is converted into ethanol through a process called gas fermentation.

TULIPS Public 13

&7



TULIPS - Framework for the development of an e-SAF facility V3.0

- &

Syngas Gas Dehydration Oligomerization Hydrogenation Distillation
fermentation

e-diesel

Figure 11. Steps to produce e-SAF from syngas via the Alcohol to Jet pathway.

Other production pathways are not yet ASTM approved and at an earlier stage of development, the
most notable example being Methanol-to-Jet. Some of these pathways are potentially disruptive in

the e-SAF space because of potentially lower production costs and/or higher efficiencies.

The FT and AtJ production pathways are the most commercially advanced as several commercial
scale renewable fuel facilities are under construction (Fulcrum Bioenergy, 2022; LanzaJet, 2022).
Facilities using biogenic feedstock (e.g. agricultural residues, forestry residues or municipal solid
waste) are the most advanced. Commercial e-SAF facilities are also under development, but they
are at an earlier development stage (SKkyNRG, 2021; Norsk E-fuel, 2022).

The choice of technology also has quite an impact on the cost price of the produced e-SAF, with
both the OPEX and CAPEX contributing 10-15%. The choice of a conversion technology also
impacts other factors, such as the required purity of the syngas. Some technologies require a
cleaner feedstock than others, so potential cleaning steps might require additional CAPEX and/or
OPEX.

2.4.3.2 By-products

Next to e-SAF, most conversion pathways yield by-products. Typically, these are renewable diesel,
naphtha and/or LPG. Renewable diesel has a similar composition as SAF, but the hydrocarbon
chains are longer (14-20 carbon atoms instead of 8-16 for SAF). Renewable diesel is used as a

substitute for fossil diesel and its value is similar to SAF.

Naphtha and LPG have a lower value than the main product, but are still valuable and sustainable
substitutes for their fossil counterparts. Naphtha (with a chain length of 5-9 carbon atoms) has
many uses, ranging from direct use in solvents or as a blending component in gasoline, to being
used as input for naphtha crackers. These crackers produce different smaller hydrocarbons, which

are subsequently used in many chemical processes to produce for example soap.

LPG, or liquified petroleum gas (3-4 carbon atoms), is typically used as fuel in cars, heating
appliances or cooking equipment. Since this mixture is gas under normal temperature and

pressure, it needs to be pressurized to become liquid.
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2.4.4 Supply chain e-SAF and by-products

The next building block is the successive supply chain for e-SAF and by-products. This downstream

supply chain generally consists of the following steps, which are shown schematically in Figure 12:

e Storage and certification of neat SAF: the neat SAF is tested for compliance to the relevant
ASTM D7566 annex, typically while in a storage tank at the SAF production facility.

e Transportation of SAF and fossil kerosene to a blending location: ideally SAF is blended
into the existing fossil kerosene supply chain, as this maximizes operational efficiency and
reduces additional costs. In this case the SAF is transported to a facility that is already part
of the fossil kerosene supply chain. Alternatively, fossil kerosene can be transported to the
SAF production facility and blended on-site. Transport modalities for both the neat SAF
and fossil kerosene are mainly determined by the volume, available loading/unloading
facilities and route. Generally, the bigger the volume per transport movement, the lower
the cost per unit and thus premium

e Blending neat SAF and fossil kerosene: blending is generally done by recirculating the
blend tank contents several times. Blends contain a maximum of 50% SAF; this allowed
maximum differs per production pathway.

e Storage and certification of blended SAF: the blended SAF is again tested for compliance,
this time to ASTM D7566 Table 1. These specifications are essentially identical to the fossil
specification with some extra items.

e Transportation of blended SAF to airport: as blended SAF is a drop-in fuel, it can be handled
in the same way as fossil kerosene and can be supplied into wing through an airport’s
commingled fuel system where applicable.

Neat SAF SAF blend
certification certification

&
N e

==

...... . -~ . :Ul;'-l: [ T
Blending & o = Supply into Supply to
settling = 1 commingled aircrafts via
tank farm hydrant system
Fossil jet
production

Figure 12. Overview of a generic SAF downstream supply chain.
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2.4.5 Policy and other overarching factors

Finally, there are several overarching factors which have an effect on several or all of the other
building blocks. Palicy is typically seen as an important driver for the development of e-SAF facilities
and itis likely that policy support will be a major factor in determining the location of an e-SAF plant.

However, there are several other important factors:

e Presence of infrastructure

e Availability of required utilities

e Availability of skilled labour

e Ease of permitting

e Extreme weather conditions/natural disaster

2.5 Current EU policy on e-SAF

Since this framework focusses on the production of e-SAF within Europe where there is sufficient
demand for e-SAF, only EU policy is taken into account determining the requirements for e-SAF

production.

In the foreseeable future e-SAF demand will be driven by policy as there is a significant price
premium with fossil kerosene. SAF and e-SAF can be 2 — 6 times more expensive than fossil
kerosene (European Union Aviation Safety Agency, 2023; Harris, Danicourt, & Kim, 2022). This
section covers the expected e-SAF uptake resulting from proposed EU policy: the ReFuel EU
Aviation initiative. This policy framework also comes with a set of requirements for the production
of e-SAF. Specifically, these requirements detail the eligibility requirements for green hydrogen and
COa.

The ReFuelEU Aviation initiative proposed by the European commission includes a mandate for
SAF from 2025 to 2050 (ICCT, 2022). This means that fuel suppliers are obliged to blend an
increasing percentage of SAF with fossil kerosene, leading up to 63% SAF in 2050. There are sub-
targets for SAF (advanced biofuels) and e-SAF, the proposed volume targets are shown in Figure
13. The Parliament has proposed even more ambitious targets leading up to 85% SAF in 2050
whereby the difference with the Commission’s proposal comes from a more rapid scale-up of e-
SAF.
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Figure 13. Mandated SAF volumes as proposed by the EU commission and the Parliament

Refuel EU Aviation includes a strong incentive for compliance. The penalty is double the price
premium between fossil kerosene and e-SAF. In addition the suppliers carry their obligation
forward, i.e. they have to make-up for their shortcoming in the following year. It's important to note
that ReFuel EU Aviation is not firmed-up; it's currently in the trialogue discussions between the EU
Commission, Parliament and Council of Ministers. All in all this will likely provide a long-term policy

mechanism that is needed for investments in SAF and e-SAF production capacity.

2.5.1 Eligibility requirements for e-SAF production under the ReFuel EU Aviation

In the EU terminology e-SAF is a type of “Renewable Fuels from Non-Biological Origin” (RFNBO).
The rules under which RFNBOs can be produced are defined in two Delegated Acts (DASs) that are
linked to the RED II. In general, RFNBOs should achieve at least a 70% reduction in GHG
emissions compared to the fossil kerosene benchmark. Also, hydrogen should be produced from

water in an electrolyzer, i.e. excluding blue hydrogen.

The requirements for hydrogen and CO, from the DAs are discussed below. These delegated acts
are not final at this point in time (January 2023). The EU Commission published the draft DAs in
June ’22, in September the Parliament de facto voted against these DAs and send the Commission
back to the drawing board. The final versions were expected in Dec of 2022 but yet again faced
delays, they can be published any day now. When they are published the Parliament has two

months to formally object to the DAs. If not, they are adopted and implemented.
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2.5.2 Requirements for green Hz

The EU is betting heavily on green hydrogen to accelerate the energy transition with the aim to
produce 10 million tonnes of green hydrogen in 2030 (European Commission, 2022). This equals
an additional power demand of ~500 TWh/y, similar to the power consumption of Germany. If all of

this were met with gas-fired power, it would massively increase emissions in the EU.

The requirements for green hydrogen production are regulated through the DA on additionality.
Again, only hydrogen produced by an electrolyzer is eligible. Three cases can be distinguished for

the production of green hydrogen, each with their own criteria:

Case 1: grid connected electrolyzer

In countries where the grid is almost completely renewable, it is possible to run the electrolyzer
based on power from the grid. This is only an option if renewable electricity has an average share
of >90% in the grid (e.g. Norway, Iceland). See Figure 14 below.

- Case 1
lﬂd f Grid connection

For Case 1 the following criteria apply

m’i] Geographical correlation

Green hydrogen production should be located
in a bidding zone where the average share of
renewable power exceeded 90% in the
previous calendar year.

Electrolyzer operation does not exceed the
number of hours in a year multiplied by the
share of renewable power in the previous
calendar year.

Figure 14. Criteria for hydrogen production in a grid connected electrolyzer
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Case 2: direct connection between electrolyzer and Renewable Energy Source

&7

In this case the electrolyzer is directly connected to the Renewable Energy Source (RES).

Hydrogen production in this set-up is eligible if the RES came into operation no earlier than 36

months before the RFNBO installation and the RES and electrolyzer are in the same location and

not connected to the power grid. See figure 15 below.

Case 2

For Case 2 the following criteria apply

)
+;:{i\ Additional renewable electricity
#f

Electrolyzer should come online within 36
months of the renewable power plant.

Renewable power plant should come online
without subsidies to avoid ‘double-dipping'.

Exception to this rule is repowered assets.

When hydrogen production capacity is added to
the same site within 24 months of the first
operation, the power still counts as additional.

Figure 15. Criteria for hydrogen production in a electrolyzer with a direct connection to a RES

Case 3. Grid connected electrolyzer with a Power Purchase Agreement

Even in countries where the grid is not yet >90% renewable, hydrogen produced in grid connected

electrolyzers is counted as renewable if Power Purchase Agreements (PPA) are in place where:

e The RES came into operation not earlier 36 months before RFNBO installations

¢ No state aid support was given for the development of the RES (with a few exceptions, e.g.

land or grid connections)

e Temporal correlation between power generation in the RES and consumption in the
electrolyzer can be demonstrated on a quarterly basis and from 01/04/2028 on an hourly
basis. With one exemption; when the power price is <20€/MWh, the temporal correlation
requirement is assumed to be met. The underlying assumption is that at these price levels,

fossil based power sources cannot produce economically and will be turned off.
e There is geographic correlation between then RES and electrolyzer, i.e. they are either:

o Located in the same bidding zone (BZ)

o Located in interconnected BZs if the price of RE in the RES’ BZ is equal or higher

than the RFNBO’s BZ
o Located in interconnected BZs if RE asset is in an offshore BZ
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For Case 3 the following criteria apply

|
+;i\ Additional renewable electricity

Electrolyzer should come online within 36 months of
the renewable power plant

Renewable power plant should come online without
subsidies to avoid ‘double-dipping’.

Exception to this rule is repowered assets. When
repowering the asset costed over 30% of developing
new capacity it counts as additional.

When hydrogen production capacity is added to the
same site within 36 months of the first operation,
the power still counts as additional.

@ Temporal correlation

When connected to the grid to access power
via a power-purchase agreement (PPA),
hydrogen producer needs to demonstrate:

| Power demand is covered by renewable
power supply on a quarterly basis

Il. From 01/04/2028 onwards, this should
be on an hourly basis;

IIl.  Power was used from the grid when in
that bidding zone prices were equal or
lower than €20/MWh or below 0.36
times the applicable ETS price.

/r l\ Case 3

. Grid connection + power
g purchase agreement

mi] Geographical correlation

To avoid grid congestion and ensure PtL
contributes to grid stability, one of the following
situations needs to apply:

|, Electrolyzer needs to be in the same
bidding zone as the renewable power
plant.

Il Neighboring bidding zone, but power prices
there for a given hour were equal or higher
on the day-ahead market

Il Power comes from an adjacent offshore
bidding zone.

Figure 16. Criteria for hydrogen production in grid connected electrolyzer with PPAs

2.5.3 Requirements for CO2

The requirements for CO, are specified in a separate DA on GHG methodology for RFNBO
production. Before June 2022 no distinction was made between the different types of CO, and it
came as a surprise that the DA that was published in June 2022 did make this distinction. More
specifically the draft DA states that the following CO; sources are eligible for RFNBO production:

1. COgthatis captured from a fossil point source (i.e. that would be covered by the EU-ETS).
If it has been accounted for in upstream carbon pricing and it has been incorporated into
the fuel composition before 2041.

2. COgthatis captured from the air (direct air capture).

3. COq that is captured from production/combustion of bioenergy complying with Directive
2018/2201’s sustainability and GHG-savings criteria and the CO; capture did not receive
credits for emissions savings from CO. capture and replacement.

4. CO; that is captured from a geological source of CO, and the CO; that was previously
released naturally.

Special mention must be made for the biogenic fraction of Municipal Solid Waste (MSW), as it is
unclear at the moment if that qualifies as “production/combustion of bioenergy.” This is an important
clarification that will have to be made in the next months. CO, captured from a fuel that is
“deliberately combusted for the specific purpose of producing the CO; or have received other

emissions credits” is not eligible for e-SAF production.
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3 Success factors for e-SAF production

The success factors indicating the different internal and external influences which can impact the
potential success of a business determine to a large extent the feasibility of a potential e-SAF

facility. These success factors can each be allocated to one of the building blocks.

In the next sections, an introduction will be provided for each building block and its subsequent
success factors. The evaluation covers the most optimal situation for success factors and thereby
the most optimal situation for an e-SAF facility. The scale of this e-SAF facility is not considered,

since that the scale does not influence the location selection.

3.1 Continuous green Hx supply

Green H; is one of the two main feedstocks required for e-SAF production and having it available
on a continuous basis is an essential building block. In this section the success factors to get to
continuous green H; supply are detailed. There are two methods to get access to baseload green

H2 supply: local H, production or Hz import.

If the right success factors are present, local Hz production is preferred over import, as importing
will add costs and efforts. Those costs and efforts are related to transport, additional infrastructure
and energy dependence on other regions, but also conversion to a Hz energy carrier could play a
role. For local production, the most important success factor for competitive e-SAF production is
access to cheap and reliable baseload renewable power in the desired quantity, as shown in Figure
17. Research concluded that green hydrogen could get in an economically competitive range with
fossil-based hydrogen today in ideal locations with the lowest renewable electricity costs. Within
the price of green Hz, CAPEX makes up a high share. This is mostly due to the use of electrolyzers,
which is a technology still in development with associated risk profile and yet to be improved
efficiencies. Technological developments and efficiency improvements of electrolyzers could result
in a decrease of the e-SAF price in the future (IRENA, 2020b).

Absence of baseload power results in additional costs for solving this intermittency. The intermittent
power can in that case be combined with power storage or H, storage to achieve the same goal:
continuous green Hy supply. Furthermore, different RES can be combined creating a more
baseload energy pattern. A separate success factor for local production is the availability of water.
Ideally, freshwater is used, but saltwater can be used in combination with desalination. However,

this would add (limited) costs and might come with sustainability issues.

H. import has two success factors: the transport distance (the shorter, the cheaper) and the form
and type of transport (pipeline or ship). It should be noted that at the time of writing, there are little
H2 pipeline systems present and the H» transport chain by ship is still under development, meaning

the technological risk and costs of transport are still to be determined.
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Concluding, the success factor affecting the green H; price the most is access to cheap and reliable

baseload renewable power. If this is not possible, intermittent renewable power can be used in

combination with storage facilities creating continuous green H. supply. Water availability is a point
to consider; this is mostly a sustainability question with limited impact on the costs. If low-cost power
is not available or there are significant costs associated with converting an intermittent profile to a
constant one, import from other regions with better conditions should be considered. A final note
should be made that there are many different combinations of assets possible, and it will always

depend on the location which one is best, but the overall goal should always be to get reliable, low-

cost, baseload green hydrogen.

Table 1: Success factors in the continuous green Hz supply building block. Note that the scoring of the relative

importance is indicative.

Situation

Local H2 production

H2 import

General

120%
100%
80%

60%

45%

40%

20%

0%

Success factor

Relative

importance

Cheap and reliable baseload renewable power from
the grid

Cheap and reliable baseload renewable power from a
(combination of) renewable energy source(s)

Cheap intermittent renewable power as an alternative
to baseload renewable power

Water availability

Transport distance
Transport mode

Existing infrastructure (e.g. the existence of a Hz hub)

Build up green hydrogen price

10%

Renewable electricity OPEX CAPEX

5%

Taxes

C6o6-00

Figure 17: Price build-up of green hydrogen. Indicative data highly dependent on location and circumstances. Based
on SkyNRG's internal model (2022).

TULIPS

Public

22

7



&7
TULIPS - Framework for the development of an e-SAF facility V3.0

3.1.1 Local continuous green hydrogen production

Continuous green hydrogen supply produced locally could be assured in two ways; by using
baseload green power (>90% green grid or renewable energy source with a high capacity factor or
by combining multiple renewable energy sources) or by using storage of electricity and/or hydrogen
to balance out the intermittent profile of the renewable energy sources.

Baseload power

Baseload power is essential for a viable e-SAF facility, requesting 8000 hours of green hydrogen
supply. The access to baseload (i.e. continuous) renewable power allows for a consistent year-
round green hydrogen production. One option of ensuring baseload power is by having access to
a > 90% green grid. > 90% of the electricity in these grids is generated using renewable energy
sources (European Parliament and Council , 2022). The reliability and access to these grids should
be considered. At some locations, national grids are unreliable and face power cuts. At other

locations, the access to grids could require a long permitting process.

A second option ensuring baseload power could be created by using a stable renewable power
source with a high capacity factor. Geothermal energy has a high capacity factor (+/- 90%), being
a stable, year-round renewable energy source. The capacity factor is a parameter that describes
this (in)consistency of renewable energy sources. “The capacity factoris the ratio of actual
electrical energy output over a given period of time divided by the theoretical continuous maximum
electrical energy output over that period. The theoretical maximum energy output of a given
installation is defined as that due to its continuous operation at full nameplate capacity over the
relevant period.” (Pedraza, 2019) This parameter gives an indication of the power profile of the
energy source and therefore the ability to deliver baseload power. A high capacity factor is
beneficial for e-SAF production. Renewable electricity sources are sometimes unpredictable and
inconsistent due to their natural behaviour like the day/night cycle, seasonal variations and other
weather variations. The combination of intermittent renewable energy sources could result in a
sufficiently baseload power system as well (e.g. wind + solar). Table 2 gives an overview of the

capacity factors of the capacity factors of renewable energy sources.

Table 2: Overview of the capacity factor of different renewable energy sources (IRENA, 2020) (EIA, 2022).

Renewable Energy source Capacity Factor

Geothermal 0.83-0.90
Hydropower 0.44-0.55
On shore wind 0.27-0.41
Offshore wind 0.38-0.44
Solar PV 0.14-0.29
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The price of the baseload renewable power is another Important factors that determine the potential
of a renewable energy source. The costs for electricity from a certain renewable energy source is
summarized by the Levelized Costs Of Electricity (LCOE).The LCOE of a renewable energy source
measures the average net present cost of electricity generation, for a generating plant over its
lifetime per unit of electricity. It measures lifetime costs divided by energy production. This
parameter indicates the actual cost of the electricity based on the power source and the asset
converting the power into electricity. A low LCOE is beneficial for e-SAF production. In Table 3 an
indication for the LCOE of the renewable energy sources that are part of the analysis in this report

are shown. Those number are highly time dependent and might slightly change over time.

Table 3: Overview of the LCOE of different renewable energy sources (IRENA, 2020) (EIA, 2022).

Renewable Energy source LCOE 2020 (USD/MWHh) LCOE 2027 (USD/MWh)
Geothermal 71.00 38.00
Hydropower 44.00 64.00
On shore wind 39.00 40.00
Offshore wind 84.00 105.00
Solar PV 57.00 34.00

Storage of electricity and/or hydrogen

As described, some renewable energy sources have an intermittent pattern, resulting in a non-
baseload power supply. If baseload renewable power is not present or the price of baseload power
is much higher compared to the price of intermittent power, the access to cheap intermittent
renewable power is an important success factor. In that case, storage could create a baseload
hydrogen supply despite the intermittent characteristics of the renewable energy sources. Both

electricity storage and hydrogen storage could play a role in creating a baseload green hydrogen
supply.

Electricity storage (e.g. batteries) stores excess renewable electricity during times when electricity
production outstrips the electrolyzer's demand and supplies electricity during times when the

renewable electricity production cannot meet the electrolyzer’s (and e-SAF facility’s) demand.

If batteries would be a necessity for e-SAF production, this would be an important bottleneck.
Firstly, current battery capacities are relatively small compared to the electricity need of a
commercial e-SAF plant. Secondly, adding a battery would add significant costs to an e-SAF

facility. Otherwise, there are alternatives for energy storage: hydrogen storage or transport.

In case continuous nearby hydrogen production cannot be guaranteed by the renewable energy
source’s natural behaviour or electricity storage, green hydrogen storage or transport is required to
ensure continuous operation of the e-SAF facility. With the current technological developments, the
storage of green hydrogen is currently more viable compared to electricity storage. Already existing

hydrogen storage facilities and infrastructure at locations can be beneficial for the potential of an
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e-SAF facility. However, storage of hydrogen is still in development and hydrogen storage potential

might largely increase in the future.

Today’s hydrogen is mostly produced close to where it is used. As both production volumes and
transport distances expand to meet increasing demand, significantly more hydrogen infrastructure
will need to be developed to connect areas with good resources for low-emission hydrogen
production with markets (IEA, 2022). Currently, a large amount of energy is imported to the port of
Rotterdam in the form of crude oil. It is expected that import of energy continues to play a significant
role after the energy transition, but in the form of sustainable feedstock, fuels and hydrogen
(carriers). Developing the infrastructure for hydrogen transmission is not a minor undertaking: it is
challenged by the low energy density of hydrogen (one cubic metre of hydrogen only contains a
third of the energy of a cubic metre of natural gas at the same pressure and temperature) and its
low boiling point, which is -253 degrees Celsius (°C) compared with -162 °C for natural gas (TNO,
2021).

Hydrogen storage options are described with the help of reports from IEA (IEA, 2022). Four types
of underground storage are in operation today for natural gas: salt caverns, depleted gas fields,
aquifers and lined hard rock caverns. In theory, these underground storage options have potential
for hydrogen storage as well, but they are in different stages of development. Salt caverns are
already in use today for hydrogen storage. Depleted natural gas fields are larger in volume than
salt caverns and are more geographically widespread; however, challenges remain for their use for
hydrogen storage. This is because hydrogen may be more difficult to contain than natural gas due
to its higher compressibility factor, diffusivity and lower viscosity, and because it is also more
reactive. The geology of aquifers is similar to depleted natural gas fields. However, unlike depleted
gas fields, which are known to be tight because they were originally filled with gas, aquifers may
not be tight on all sides, and extensive geological surveys are required to determine whether there
are ways for gas to escape. Storage of hydrogen both in its compressed gas form as well as in its

liquified form is already demonstrated in lined hard rock caverns.

3.1.2 Import of green hydrogen

Today’s hydrogen is mostly produced close to where it is used. As both production volumes and
transport distances expand to meet increasing demand, significantly more hydrogen infrastructure
will need to be developed to connect areas with good resources for low-emission hydrogen
production with markets (IEA, 2022). Transportation of hydrogen adds additional costs to the
production of e-SAF, but could be beneficial of other building blocks and success factors are
present at that specific location. Also, transporting these hydrogen gas molecules is for the long

distance more cost-efficient than transporting electrons via heavy electricity cables via power-relay-
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stations from wind/solar farms to land. Various options of green hydrogen transport are described
below with the help of reports from IEA (IEA, 2022).

1. Hydrogen transport by pipeline

Hydrogen is transported through pipelines much the same way natural gas is today. Currently about
2,600 kilometres (km) of hydrogen pipelines are operating in the United States and in Europe the
estimate is around 2,000 km. Owned by merchant hydrogen producers such as Air Liquide, Air
Products, Linde and others, these pipelines are located where large hydrogen users, such as
petroleum refineries and chemical plants, are concentrated. A restrictive factor of hydrogen
transport by pipeline is the need for a pipeline. The costs for the construction of a new pipeline are

very capital intensive.

2. Hydrogen transport by ships

Hydrogen gas can be transported to consumers with relatively low demands in multi-element gas
container trailers, such as steel high-pressure tubes. Over time, as demand for hydrogen rises, the
cost advantages of producing large volumes of hydrogen in areas with high wind and solar
resources for electricity generation or with the potential to store CO. could drive hydrogen
infrastructure development, including by fostering international markets for hydrogen trade. In
addition, importing countries will seek to diversify supplies geographically to reduce dependence
on single markets and to strengthen security of supply. Long-distance transportation networks may
need to be developed, using pipelines where possible, and ships for longer transport distances,
which will require the conversion of hydrogen to a higher density form, i.e. liquefaction or conversion
to ammonia, liquid organic hydrogen carriers (LOHC) or synthetic hydrocarbon fuels (like SAF). In
case hydrogen is transported by ship to the e-SAF facility, energy losses are present during the
conversion from and towards hydrogen with a higher density. Figure 18 shows the different energy

forms of hydrogen for transport by ship.

Liquid hydrogen 100 ——»  |jquefaction — > 80 Shipping — > 7380  ” Regasificaton — " 73.79
H, LH, LH, H,
f Haber-Bosch o=t Ammonia

Ammonia 100 synthesis —> gg —* Shipping ——> g588 BRI > 63.64

H, NH, NH; H,

Liquid organic = 100 Hyd i 95 Shippi ———» 9295  » Dpehyd tion —»

hydrogen carrier i segenaton > — ipping ehydrogenation S
H, LOHC LOHC H,

Figure 18: Energy forms available along the conversion and transport chain in hydrogen equivalent terms in 2030.
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3. Repurposing LNG infrastructure

Repurposing pipelines for hydrogen use can cut investment costs 50-80% relative to new pipelines.
The feasibility of repurposing an operating LNG terminal depends on whether it will ultimately
receive hydrogen or ammonia. If the terminal was not designed for it, a later conversion, in particular
to liquefied hydrogen, can be technically challenging. For biomethane or synthetic methane, no
changes to the existing receiving infrastructure are required, whereas the challenge lies in their
production as constraints on biomass resources for biomethane and sourcing of CO; feedstock

inputs for synthetic methane have to be considered.

4. Hydrogen clusters

A hydrogen cluster, also called hub or valley, is defined as a network of hydrogen producers
(sometimes including renewable electricity production), potential users and infrastructure
connecting the two. Clusters are expected to form in and around first-mover hydrogen supply and
demand areas. These include industrial clusters, ports, cities and other locations that are already
embracing pilot projects and commercial hydrogen developments. Hydrogen clusters will catalyze

larger infrastructure development and will facilitate large-scale hydrogen trade when linked to ports.

What needs to be touched upon is the fact that importation of green hydrogen might become more
important in the future. Due to scaling because of increase in demand and technical developments,
future e-SAF facilities will become larger, which results in more need for green hydrogen import.
For the current small-scale facilities, local hydrogen H2 might be sufficient. Furthermore,
developments in hydrogen infrastructure or an eventual hydrogen commodity could facilitate easier
hydrogen transportation. A larger scale facility, which is expected in the future, usually goes hand
in hand with a more cost-effective e-SAF production. However, the local availability of green

hydrogen could be a limiting factor, which would increase the need for import of green hydrogen.

3.1.2.1 Transport distance and type

The form and type of green hydrogen transportation as well as electricity (HVDC) over a
transportation distance are shown in Figure 19. It becomes clear that the type and distance of
hydrogen transportation have a big impact on the costs of hydrogen delivery. For all types of
transportation methods, a shorter distance is more cost effective per kg. Per type of type of
transportation method there are big variances as well. As visible, the use of a retrofitted H2 pipeline
can be very beneficial, especially for shorted distances. For longer distances, shipping of liquid
organic hydrogen carriers (LOHC) seems to be most beneficial. Those numbers are debatable and
might change in the (near) future. For transportation of large volumes of H2 transportation, a

pipeline is a preferred option.
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H2 Pipeline (New) — H? Pipeline (Retrofit) H2 Pipeline (Compressed) HVDC
Ship (Liquid H2) Ship (Compressed H2) Ship (NH3) ——— Ship (LOHC)
e Truck (Compressed H2) Truck (Liquid H2) Truck (Ammonia) Truck (LOHC)

Cost of Hydrogen Delivery [$/kg]

0 2,500 5,000 7,500 10,000 12,500 15,000 17,500 20,000
Distance [km]

Figure 19: Cost of hydrogen delivery methods with various distances (Waterworth, 2022).

In conclusion, the production of local green hydrogen is usually beneficial over import of green
hydrogen. In case renewable energy is not locally present, there are various options for

transportation of hydrogen or electricity.

3.1.3 Availability of water

Water is needed as a feedstock to produce green hydrogen. Green hydrogen production will
consume 1.5 ppm of Earth’s freshwater or 30 ppb of saltwater each year (Rebecca R. Beswick,
2021). This translates to, apart from cooling needs, every kilogram of hydrogen stoichiometrically
involves 9 kg of water (KWR, 2016), making it a key parameter unavoidable to discuss. On the
other hand, the amounts of water consumed currently by fossil kerosene -based energy production

and power generation are larger than those needed for green hydrogen production.

Since salty water contains salt molecules that can disturb the functioning of an electrolyzer, the
water has to be desalinated, usually by Reverse Osmosis (RO). Desalination brine is extremely
concentrated saline water; it contains various salts, nutrients, heavy metals, organic contaminants,

and microbial contaminants. Otherwise, available sweet water could be used.

If desalination by RO is utilized since salty water is available, the additional energy requirement
would be less than 0.2% of the minimum energy required to produce the hydrogen by electrolysis,

and the energy cost would add approximately $0.01 to the price of hydrogen per kg.

Besides energy consumption, brine production could be a barrier to desalination expansion. The
brine discharge requires disposal, which is both costly and associated with negative environmental
impacts (Jones, Qadir, van Vliet, Smakhtin, & Kang, 2019). Table 1 shows the brine production by

sector and shows that currently, municipal use is responsible for most of the brine production.
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However, the increasing hydrogen industry could result in a large increase in brine volume during
the coming years, due to the need for fresh water. Recent advances in brine management mostly
focusing on recovery have potential for treatment of this brine. Membrane/thermal-based
technologies could be used for their applicability in water, mineral, and energy recoveries (Rebecca
R. Beswick, 2021) (Simoes, 2021).

Table 4: Overview of brine production in different sectors.

Sector use Million m3/day brine Percentage (%) brine
production production

Municipal 106.5 75.2

Industry 27.4 19.3

Power stations 5.8 4.1

Irrigation 1.1 0.8

Military 0.5 0.3

Other 0.3 0.2

Municipal 106.5 75.2

Industry 27.4 19.3

Concluding, water availability is unlikely to restrict the upscaling of the e-SAF market, but it might
leave some locations unsuitable for e-SAF plants. Locations with limited fresh water have to take
into account the energy requirements as well as the brine production which comes along with the

desalination of salty water.

3.2 Continuous biogenic/DAC CO2 supply

Besides hydrogen, continuous biogenic or DAC CO: supply is an essential building block for
competitive e-SAF production. Just like with hydrogen, the two options to create a continuous flow

of biogenic or DAC CO2 supply are local CO; capture or import.

Local CO; capture is preferred over import as transport will add costs and efforts, e.g. related to
transport and required infrastructure. For local production, there are three success factors
influencing the carbon cost: the CO2 concentration in the source gas, the locally available volumes
of CO2 and the power costs in the region. A higher CO2 concentration in the source gas generally
results in lower carbon capture costs, making certain industries better suited for carbon capture
compared to others. Direct Air Capture uses air as source gas which has a very low CO;

concentration, so it consequently has the highest costs. Secondly, larger volumes of CO2 source
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gas enable scaling benefits and higher cost-efficiency of local transport. Lastly, the majority of the
carbon capture costs result from power consumption. Availability of reliable, cheap, renewable

power therefore lowers the cost. Local storage is only required when the CO2 supply is not constant.

Alternatively, CO. import has two success factors: transport distance (the shorter, the better) and
the available import infrastructure. COz transport is an established industry, but not at the scale that
is required in e-fuel supply chains. If ships are used as transport method, local temporary CO

storage may be required.

Ideally, however, there is a local biogenic CO, hub with multiple large-scale CO- capture plants
from off-gasses containing high CO. concentrations, efficient pipeline infrastructure for CO;
transport, and reliable, renewable, baseload power. If the local source of carbon capture has high
costs, CO2 import can be considered. Direct Air Capture could be an alternative if the facility is
completely isolated and has access to extremely low-cost power, but it will at this point in time be

difficult to compete with CO2 from biogenic point sources.

Table 5: Success factors in the continuous biogenic/DAC CO:2 supply building block. Note that the scoring of the
relative importance is indicative.

Situation Success factor Relative
importance

CO; concentration in the source gas 0
Local biogenic COz Available local biogenic CO; volume .
capture

Cheap and reliable renewable power O
Local DAC CO3 Cheap and reliable renewable power .
capture

Transport distance O
COzimport Transport mode 0
el Presence of infrastructure (e.g. a CO» hub) .

3.2.1 Local carbon capture

3.2.1.1 COz2concentration

Of all the properties of the source gas, the CO2 concentration is a major indicator of the carbon
capture costs. Higher concentrations mean more rapid transfer from the source gas to the solvent,
thereby yielding smaller equipment and reducing capital cost. Additionally, a higher concentration
reduces the required energy for recovering the solvent, lowering the operating costs. (Global CCS
Institute, 2021)
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This results in certain industries being more suited for carbon capture than others (see figure 20).
It should be noted that we only consider biogenic feedstocks as eligible as feedstock, so not all
source gasses are suitable (see section 3.2). As an example of biogenic feedstocks, bio-ethanol is
better suited than waste incineration. DAC is also allowed according to the latest delegated act, but
its levelized cost of CO2 capture is with 130 — 340 USD per tonne CO2 much higher than available
point sources (IEA, 2021). This is mainly caused by the low concentration of COzin air, about 420
ppm (NASA, 2022).
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Figure 20: Cost of carbon capture in various types of power and industrial processes, excluding downstream CO2
compression. Extracted from (Global CCS Institute, 2021)

3.2.1.2 Larger volumes and potentially other offtakers

Secondly, capturing higher volumes of CO2 gives scaling benefits and lowers the cost of the CO2.
In industry, the capital costs often don’t scale linearly with the scale. Carbon capture is no different.
Capturing larger volumes reduced the cost per ton of COZ2. It would therefore be an opportunity to
have a large CO2 producer with large scale carbon capture which delivers CO2 to multiple

offtakers. Both the volume of the source gas and availability of other customers are success factors.
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3.2.1.3 Baseload sufficient Renewable power access for competitive price

Another driver of the cost is the local power price. Significant energy is required to regenerate the
media used for carbon capture of point sources (Global CCS Institute, 2021). Direct Air Capture
also has a high energy requirement of 1500 — 2500 kWth / tCO; (E4tech, 2021). Being located in a
region with sufficient renewable power available at a competitive price would significantly reduce

the costs of carbon capture and lower the price of the e-SAF yielding it more competitive.

3.2.2 Import

If there is no local source of CO; available but the other conditions at the chosen location are good,
CO; import could be considered. When deciding which source to import from, there are two success
factors that should be considered: the mode of transport and available infrastructure and the
transport distance.

3.2.2.1 Transport distance

Possibly the most straightforward success factor is the transport distance: the shorter, the better.
Both pipelines and ships show increased costs for longer transport distances, although the
additional costs in the case of shipping is minimal.

Unit cost of pipelines (£/tC0O,) Unit cost of shipping (£/tCO;)
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Figure 21: Unit cost of pipeline transport and shipping for different flow rates and distances. Extracted from
(elementenergy, 2018).

3.2.2.2 Mode of transport and available infrastructure

When deciding upon a location, it is important to consider its access to available infrastructure. This

means pipeline access if a CO2 pipeline is available, ocean access if one wants to import by ship,
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rail access of one wants to import by train or alternatively truck access. Furthermore, storage
facilities for CO2 have to become available.

When deciding upon the import method, the different factors to consider are technology readiness
level (TRL) and Levelised Cost of Transport (LCoT) of each method. All modes of transport have
in principle a TRL of 9 indicating that it is being used commercially (Global CCS Institute, 2021).
Pipelines have been used for large-scale transport of CO2 while trucks, trains and ships are proven
with lower technology risks. Large scale ship transport of CO2 is not commercially available so has
a lower TRL and therefore more risk.

Volume and transport distance determine which mode of transport is the most cost-effective.
Pipeline transport rapidly becomes more efficient until volumes of >500 ktpa through economies of
scale (Global CCS Institute, 2021). Above this threshold, pipeline transport is the preferred. Below
this threshold, rail is the best option if available (Figure 23). Isolated locations may have to be

supplied by truck. At larger transport distances shipping is the most cost-effective (Figure 22).
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Figure 22: Breakeven distance of shipping for different flow rates. Extracted from (elementenergy, 2018).
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Figure 23: Comparison of transport costs of CO2 by truck, rail, and pipeline as a function of flowrate. Costs are
calculated for a distance of 200 km. (Stolaroff, et al., 2021)
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When considering large volumes over short distances, pipelines are the preferred mode of
transport. Therefore, the availability of CO2 pipeline infrastructure is a big success factor when
considering import. Ships are the preferred option at large distances, so access to the ocean is an
important success factor when looking to import from far. Alternatively, rail and road are options of
the first two are not available.

3.2.3 Other factors

There are two other factors to consider when looking at success factors for CO2: government
support and presence of relevant infrastructure. Government support can be in the form of grants
for carbon capture and utilization or aiding investment in the relevant infrastructure. The presence
of large scale infrastructure for CO2 has been highlighted multiple times and allows the creation of
CO2 hubs. Local hubs using pipelines help to connect producers to consumers and allows imported
CO2 to reach facilities that do not have direct access to the ocean. Everything becomes more
economical when done at a larger scale and a government can be an important party to develop
this.

3.3 Supply chain e-SAF and by-products

The final building block is the actual delivery of the e-SAF from factory to wing. E-SAF can either

be locally delivered to an airport or exported.

There are four success factors to consider: transport method and available infrastructure, access
to a local blending terminal and conventional jet fuel, transport distance and local by-product
demand. Pipeline transport is the lowest cost option but requires presence of local infrastructure
and access connection to a blending terminal and airport. Transporting jet fuel by ship is a good
alternative, especially for long distance transport. Access to a local blending terminal allows
integration with the already present jet fuel supply chain, thereby minimizing costs compared to
developing a segregated e-SAF supply chain. Regarding transport distance, the shorter the
transport the lower the costs. A local airport that is able to handle e-SAF is preferred. The last
success factor is local demand for by-products, but the impact on the overall cost is low as the by-

products generally have a low volume.

Ideally, the e-SAF is blended on site, transported to a local airport using an already present pipeline
system and there is local demand for the by-products. However, the contribution of the downstream
supply chain to the total e-SAF cost is limited, so this should not be the determining factor of the e-

SAF refinery location.
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Table 6: Success factors in the supply chain e-SAF and by-products building block. Note that the scoring of the
relative importance is indicative.

Situation Success factor Relative
importance
Presence of infrastructure (for transport, storage, .
blending, etc.)
Transport distance (i.e. local demand for SAF) O
General
Transport mode 0
Local demand for by-products O

3.3.1 Transport method and available infrastructure

Once produced, the e-SAF coming out of the refinery needs to be transported to the actual airplane
(into wing). Important in this supply chain is the transport method of the SAF and therefore the
available infrastructure at the location. The SAF has to be transported to a blending location where

it can be mixed with conventional jet fuel to get it certified for use in aviation.

Transport of jet fuel is a common industry which has been operational for many years. The available
modes of transport are pipelines, ships, trains and trucks. Pipelines are the most efficient as they
allow large scale transport. If a SAF refinery can be connected to the blending location and airport
by pipeline, this is always preferred. Note that investment costs for construction are high, so this is
only preferable if large volumes need to be transported or there is infrastructure already available.
Ships are ideal for long-distance transport as they allow bulk transport and many airports are
connected to ports for jet fuel import. When both pipeline and ocean access is not possible or only
very small volumes need to be transported, rail or road is an alternative. Rail is the most cost-
effective, but access to rails is a prerequisite. Road transport is the most flexible, but also the most

inefficient.

Only when transport is very small scale (truck) does the share of transport in the total SAF price
increase (de Jong, 2018). For all other modes of transport is the share on the total SAF cost very

limited.

Besides cost, emissions of transport also need to be considered. E-SAF needs to achieve a
greenhouse gas reduction of 70% compared to fossil kerosene and emissions in the supply chain

need to be incorporated in this reduction. Also here, pipelines have the least emissions followed by
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ships, trains and trucks. Also here it should be noted that downstream distribution has a marginal

contribution to the emissions (de Jong, 2018).

3.3.2 Access to a local blending terminal and fossil kerosene

e-SAF has to be blended with conventional jet fuel before it is certified for use in the aviation
industry. Once blended, it is regarded as regular kerosene and can be handled as such. If the
refinery has access to a local blending terminal or can perform the blending on-site, the supply
chain can be integrated with the conventional jet fuel supply chain. Transport of kerosene is a
developed industry and an integrated supply chain will therefore minimize additional costs. It is
likely that this is more efficient when compared to a segregated supply chain. The presence of fossil
kerosene is a requirement when blending on-site. Concluding, it is beneficial to have access to

established kerosene infrastructure to reduce additional costs.

3.3.3 Transport distance

When local distribution or integration with the established supply chain is difficult, export to other
locations is inevitable. What might feel as common sense, to reduce costs and sustainability

impacts it is important to minimize the transport distance.

Road, rail and sea transport have contributions of 0.162, 0.008 and 0.007 EUR/t/km respectively
to the e-SAF price (de Jong, 2018). Long distances are likely to be covered by rail or sea and only
at very long distances does the share of the total e-SAF costs become significant. Local presence
of an importer that can handle SAF logistics would be valuable, but the added cost of transport is

likely to be limited.

3.3.4 Local by-product demand

Revenues from by-products is a significant part of the SAF build up price (section 2.3). By-products
to consider are renewable naphtha and diesel and it is important to be able to safely store and
market these products. The same principles as describes above apply to the by-products, with the
exception that volumes are often much lower yielding rail or truck transport more feasible. It should
be noted that the impact of the by-product downstream supply chain on the e-SAF business case
is very limited as it regards small volumes and the logistical costs are relatively low. Local demand

is preferred, but transport costs will be limited.
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3.4 Overarching factors

Several success factors are not specific to one of the building blocks, but instead span all or multiple
blocks.

Table 7: Overarching success factors. Note that the scoring of the relative importance is indicative.

Situation Success factor Relative
importance

Government support and supporting policies
Existing infrastructure

Availability of utilities

CEMETE! Availability of skilled labour

Ease of permitting

Extreme weather conditions/natural disaster

@660

3.4.1 Government support/policy

Given the significant price gap between e-SAF and conventional jet fuel as well as other types of
SAF, policy support is likely one of the most important success factors. Policy support can come in
different forms and shapes. It can be focused on e-SAF specifically, but may also support one of
the building blocks. Hydrogen, for example, may be supported by the development of power or
hydrogen infrastructure, development of power or hydrogen storage facilities, setting national goals
regarding renewable power and green hydrogen or providing subsidies for renewable power or

green hydrogen projects.

E-SAF specific policies can be split in two main categories: demand side stimulation (e.g. the
ReFuelEU Aviation mandate) and supply side stimulation (e.g. the US incentive system). Both can
be an important support in developing an e-SAF facility and can play a role in deciding for a plant
location, but supply side stimulation is a more direct support for developing SAF production.
Subsidies are useful increasing the potential viability of an e-SAF facility, for which both CAPEX

and OPEX financing are available.

Because of the relatively large dependence of e-SAF production facilities on policy support, it is
typically vital that the relevant governments see the need for e-SAF. As an example, renewable
power is typically not an abundant resource. Given the fact that e-SAF production requires a
significant amount of renewable power, it will likely have a large effect on the availability for other
purposes. Not all governments will be in favor of dedicating a big chunk of power to e-SAF, for
example because the efficiency of electricity to e-SAF is relatively low compared to direct electrical
applications (ICCT, 2021) or because (a large chunk of) the emission reductions will not be counted

towards national emission reduction targets.
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3.4.2 Presence of infrastructure

CAPEX and/or OPEX could be lowered if relevant infrastructure is already available or is planned
to be developed at the plant location. The range of relevant infrastructure is broad and includes the

following items:

e General infrastructure that increases the accessibility of a plant, e.g. road or rail access,
inland waterways, the presence of a nearby harbor.

e General plant infrastructure such as wastewater treatment facilities, storage tanks and
feedstock handling. These may be present on a brownfield site, i.e. a site with an
abandoned or underutilized plant.

e Specific infrastructure like hydrogen pipeline network, a CO> hub or storage possibilities for
H, or CO,. These may be presentin areas that are looking to develop into PtX frontrunners.

Existing infrastructure can have a material impact on the plant CAPEX and OPEX and is therefore

an important factor to consider when deciding for a plant location.

3.4.3 Availability of required utilities

The availability of utilities on a site, such as electricity for running the facility, boiler feed water,
steam, nitrogen or oxygen, could lower the investment cost of a production facility. Which utilities
are required depends on the plant setup. Additionally, a direct connection to the electricity grid is
typically required for an e-SAF plant. Depending on the proximity to the existing electricity grid,
such a connection can be a significant additional investment. On existing industrial complexes,
utilities may be available and a grid connection is typically in place, whereas it will be much more

challenging to get access to utilities in a remote location.

3.4.4 Availability of skilled labour

A large number of skilled professionals are needed during engineering, construction and operation
of a commercial scale e-SAF plant. Some of the required occupations are in high demand and
shortages exist. In Europe, for example, construction and engineering craft workers are two of the
occupation groups for which most shortages are reported (next to healthcare related occupations

and software professionals) (European Labour Authority, 2021).

On the other hand, some existing industry sectors will decrease in size and part of the labor force
for these industries will be redundant. This means that a shift in labor force will be required.

Employees in some of the sectors that are expected to shrink may be retrained.

Finally, labor costs only constitute a minor part of the overall plant OPEX. In areas where only
shortages exist, higher wages may attract people with the required skillset. It is therefore unlikely
that the availability of skilled labor will play a large part in deciding for a plant location. The shortage
in some essential occupation types is not necessarily a problem in certain regions, but more a

global problem.
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3.4.5 Ease of permitting

The ease with which required permits can be obtained differs significantly between countries and
can a material effect on the timeline for developing an e-SAF facility. The World Bank ranks
countries on the ease of dealing with construction permits, including a score on the time it takes to
acquire a construction permit, the number of procedures that is required and the involved costs.
Constructing a warehouse is taken as a case study (World Bank, 2019). Most countries in the top
20 are Asian, with the addition of Australia and New-Zealand as well as some Scandinavian
countries. The Netherlands, for example, is ranked 89", mainly due to the long time it takes to get

the permits.

Building and operating an e-SAF facility will require different and likely much more permits than
those for a warehouse. In general, it is unlikely that this success factor will be the main determinant
for deciding on a plant location, but it may be part of a larger assessment on the ease of doing

business in a country.

3.4.6 Extreme weather conditions/natural disasters

The occurrence of extreme weather events and natural disasters can have an effect on the choice
for a plant location. Examples are earthquakes, tsunamis, cyclones, floodings and sea-level rise.
Several indices exist that aim to quantify the risk of these events and its effect on the population.
An example is the WorldRiskindex, which combines the risk of exposure (chance of events
happening and effect on the population) and vulnerability (susceptibility of a population to impacts
of these events) (Blndnis Entwicklung Hilft, 2022).
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Figure 24. The WorldRiskindex and its spheres (Bundnis Entwicklung Hilft, 2022)

The results show that Asian countries rank high. Some major economies are among the top 20,
with China ranked 8" and the USA ranked 18™. This is mainly a consequence of their high score

on the exposure metric. However, these countries are still considered safe and have major
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industrial sectors. It is therefore unlikely that extreme weather events and natural disasters are a
major factor in deciding for a location on a macro (country) level, but the susceptibility of an area

to these events should obviously be taken into account when zooming in on a specific location.

Table 8. 20 highest ranking countries on the WorldRiskindex 2021 (Biindnis Entwicklung Hilft, 2022)
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4  Promising countries in Europe for e-SAF production

Using the success factors described above, countries with a high potential for large-scale
deployment of e-SAF facilities were identified in this assessment. The methodology and results are

described below.

4.1 Methodology

The assessment to select promising countries was based on two levels: hydrogen availability and
CO- availability. The first selection was made by continuous green hydrogen availability as the
hydrogen cost has the biggest impact on the SAF price (section 3.1). The methodology focuses on
the presence of renewable energy sources, since that success factor has the biggest impact on the
green hydrogen price. In addition, the presence of existing and/or planned hydrogen infrastructure

was an important success factor that was evaluated.

Various options for renewable electricity usage were considered, as shown in Figure 25.
Establishing a continuous, reliable green hydrogen production could be achieved by using a 100%
renewable energy grid and/or by using one or multiple the renewable energy sources coupled to
the green hydrogen production. The evaluation for interesting countries based on their grid is based
on two pillars: a country should have a >74% green grid and a country should have a high absolute
amount (>19 TWh) of renewable energy in the grid. Those specific requirements were set by
SkyNRG experts based on internal knowledge and expertise. The >74% green grid is expected to
have the potential to grow in the coming years towards a (nearly) 100% green grid. The >19 TWh
is based on the fact that the production of 100.000 tonnes SAF production plant needs at least ~2.5
TWh. The usage of a higher share of the national power supply is assumed to have too much of
an impact on that power supply. The evaluation of renewable energy sources in a country is based
on the presence of 5 types of renewable energy sources: geothermal energy, hydropower energy,

wind energy, solar energy and the combination of solar and wind energy.

The current state proxy, the 2026 proxy and the future proxy for those renewable energy sources
are generated by using data from reliable and renowned sources such as the IEA database, IRENA,
Our World In Data and the paper of Fasihi et al. (2019).
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Figure 25. Schematic overview of the methodology used for the selection of promising countries in Europe based
on the presence of (sufficient) renewable energy sources.

The second level of selection was based on the continuous biogenic CO; availability (section 3.2).
After the selection of countries based on continuous hydrogen availability, a study was performed
on the availability of biogenic CO.. Note that policy is currently not set in stone when it comes to
which types of CO, can and cannot be used for e-SAF production, which means that this selection
criteria may be less relevant in the future. Besides biogenic CO, emissions in a specific country,
an existing CO; infrastructure or one that is under development can be highly beneficial and was

therefore also part of the methodology for European country selection.

The building blocks Supply chain of e-SAF and its by-products (section 3.3) and other factors to
consider (section 3.4) were shortly discussed, but do not affect the selection of most interesting

European countries for e-SAF production.

It was a deliberate choice to identify the most promising countries based on these factors, but not
to develop an extensive scoring matrix. Whether a country is suitable or not is dependent on many
factors, not all of which could be included in this analysis. A scoring matrix might give a false sense

of certainty.

4.2 Results

4.2.1 Continuous green hydrogen

Some countries in Europe are of high interest given their current or potential renewable energy
production (Figure 26). Iceland, Sweden, Norway, the United Kingdom, France, Spain, Germany,
Austria, Italy and Turkey all have a highly renewable grid and/or one or multiple renewable energy
sources which are of interest because of their current state proxy (TWh/year) and/or expected

(natural) potential in the future.
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Since these countries are of interest because of their (future) renewable energy capacity, they are
automatically of interest for e-SAF production. However, the fact that there is renewable energy
present in a country, does not automatically result in continuous green hydrogen production.
Countries with a high renewable electricity share in the grid are considered to be interesting on a
short term since they can ensure continuous green hydrogen production. On a longer term, the
presence of a high renewable energy potential is crucial, ensuring a green grid and/or making (own)

green energy projects possible.

Tceland

- wind
- Solar+Wind

Noray
- Grid
- Waterpower

Dnited Kingdom
-Wind

- Grid
- Wind

Spain
- Wind
- Solar

Figure 26. Promising countries in Europe because of presence of renewable energy and/or green grid. The
renewable energy source for which they are selected are connected. Based on SkyNRG internal model and
knowledge, shapshot of Q1 2023.

Additionally, an existing Hz supply chain or one that is under development is highly beneficial for
the development of an e-SAF facility in a country. As can be seen in Figure 27, The Netherlands
and Germany are interesting for their hydrogen infrastructure in 2030. Future developments could

result in a denser green hydrogen infrastructure in other locations in Europe.
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Figure 27. Overview of the expected hydrogen infrastructure in Europa in 2030 (Hydrogen Infrastructure Map,
2022).

4.2.2 Continuous biogenic CO2

The next layer for selection is based on the availability of biogenic CO; in a country. The availability
of biogenic CO; is found of interest in countries with a substantial quantity of reported emissions
related to biogas, biomethane and bioethanol. In Europe, the highest reported biogenic emissions
are currently found in Sweden, Germany, Finland and the United Kingdom, representing with 90
Mt almost half of the total EU biogenic CO, availability. A substantial part of these biogenic
emissions is related to the paper and pulp industry, biogas production, waste management and

power generation. Future higher biogenic CO, emissions are expected to be in France, Poland and
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the Netherlands. There are approximately 50 emitters that are large enough to host a 100kt/yr e-
SAF plant, which would need >400 ktCO2/year biogenic emissions.

In addition, existing or planned infrastructure like CO; pipelines and CO; hubs are important for
successful e-SAF production. Currently the CO, infrastructure in Europe is limited, as shown in
Figure 28. Only Norway and the Netherlands have CO. pipelines at the moment, making those
countries of higher interest. There are more planned CO. transportation projects, mostly
announced for the North of Europe (Offshore magazine, 2022).

Since biogenic CO; volumes are usually not centralized, the construction of CO- infrastructure is
only beneficial at locations where significant biogenic CO; volumes are centrally present. That
suggests that Scandinavia is very interesting for CO; infrastructure, because of its large numbers
of large volume CO, emitters. Germany and the UK are high density biogenic CO, emitters, which
makes infrastructure construction interesting as well.
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Figure 28: CO: infrastructure overview in Europe. (European Committee, 2022)
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4.2.3 Supply chain of e-SAF and its by-products & other factors to consider

Although the ‘supply chain of e-SAF and its by-products’ and the ‘other factors to consider’ are
building blocks for an e-SAF facility and are therefore of high importance, they do not affect the
current list of most interesting European countries. The supply chain of e-SAF and its by-products
becomes of more importance after zooming in on a regional or local scale. Ports for example are
present in most of the high-ranking countries, but whether the port could be beneficial for an e-SAF
facility highly depends on the exact location. One important other factor to consider is policy. As
discussed, policy could be a major driving force for potential e-SAF production. The European
mandates drive this e-SAF production in general, but national mandates like in Norway and Sweden
could enlarge the potential success of an e-SAF facility (Eurocontrol, 2022). Furthermore, the
German government is highly supportive of hydrogen and hydrogen-based e-SAF developments
(The Federal Government - Germany, 2020).

4.2.4 Most promising countries

Currently the most interesting country in Europe for e-SAF production based on our interpretation
of this framework is found to be Sweden. The combination of a green grid resulting in a continuous
green hydrogen production, together with the availability of biogenic CO; and an existing CO, and
hydrogen infrastructure make this country currently very interesting for the development of an e-
SAF facility. However, in Sweden, there is limited possibility to deploy more power, while other
countries can do so in the near future. Germany and the UK seem to be promising countries for e-
SAF production as well, but currently to a smaller extent. They both rank highly on the continuous
availability of green hydrogen and the availability biogenic CO, however, the current infrastructure
is not yet developed. Germany also has stimulating policy which enforces the incentive for e-SAF
production. Countries like Spain and Portugal are of interest because of because of the cheap
renewable energy availability, the quickly improving infrastructure and the availability of some
biogenic CO; (Portugal). Therefore, these countries have a high e-SAF development potential. An
important remark is that this is a snap shot analysis which is subject to change given future

developments.

In this analysis, nuclear energy was not taken into account as a renewable energy source.
However, if using nuclear energy becomes allowed for the production of hydrogen for e-SAF
production, countries like France and Finland will become increasingly interesting for e-SAF

production.

It should be kept in mind that this is our interpretation of the framework at this moment in time and
it might be subject to change. Technological developments, e-SAF demand in specific regions,
changes in the policy environment and infrastructural improvements, among others, can affect the

attractiveness of e-SAF production within a specific country.
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4241 The Netherlands

The Netherlands can be an interesting country for e-SAF production as well, although that is not
apparent from the figures on renewable energy and CO.. However, the existing and to be
developed infrastructure for both hydrogen and CO:; is highly interesting. Also, the presence of a
large airport in the form of Schiphol Airport is interesting from a fuel supply perspective. Policy in

the Netherlands is encouraging, and the government is involved.

Furthermore, the harbors in the ARA (Amsterdam-Rotterdam-Antwerp) region form the largest
liquid fuel import hub in Europe with Port of Rotterdam being the primary crude oil trade hub, the
Port of Antwerp is known for its chemical industry, while the Port of Amsterdam specializes in fuel
logistics and blending. 5 refineries are located in the Port of Rotterdam, under which Shell Pernis,
the largest refinery in Europe. Kerosene pipelines connect the kerosene production with storage
facilities and airports. The Rotterdam harbor is also connected via the rivers Rijn and Maas with
Germany, Belgium and France.

The problem that will need to be overcome, however, is that there is not enough renewable energy
potential to replace all of the current demand. The Netherlands uses 900 PJ for its society and
internal transport and additionally 2800 PJ energy for industry, agriculture, chemical feedstock and
international transport (Kramer, 2022). With maximal roll-out of solar on roofs and wind in the North
Sea, The Netherlands may be able to generate all the power for its society (900PJ), and its current
energy consumption of industry (700 PJ), but it will not be enough to produce our own sustainable
alternative for chemical feedstock, fuel for international transport and the current export of oil
products (2100 PJ). This will have to be replaced by recycling and the import of sustainable fuels

and chemicals.

The solution could be the import of an intermediate product, such as methanol or ethanol. The
upside of these intermediate products (as opposed to importing hydrogen and CO, as is or in a
different carrier (e.g. ammonia)), is that it contains both hydrogen and carbon. Also, a huge
advantage is that most of the energy of e-SAF is already present in these intermediate products.
Conversion to e-SAF from these intermediates will only require a fraction of the energy needed

compared to producing e-SAF with renewable electricity and CO; as starting point.

Concluding, several factors make the Netherlands an interesting case for e-SAF production. The
large ports and the current position of the Dutch harbors in kerosene production, storage and
trading are beneficial for the import of intermediate products, hydrogen and/or CO.. This does not
change the fact that access to baseload cheap renewable energy in the Netherlands is challenging,
however, which will impact the economic viability of an e-SAF facility to a more or lesser extent,

depending on the setup.
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5 Conclusion

E-SAF is seen as one of the major solutions for making the aviation sector more sustainable.
Currently there is no commercial production of the fuel yet as the business case is challenging.
This is mainly due to high risks and high production costs. However, as the ReFuelEU Aviation
mandate will likely include a sub-target for e-SAF, the demand for e-SAF will be created. The non-
compliance mechanism of the future mandate will cover the price gap. As a consequence, it is very
likely that production will follow and indeed, several projects are already under development in

Europe.

This document presents a replicable framework for the successful development of an e-SAF supply
chain and specifically serves to support the decision for a plant location. The focus is on Europe as
the mandate makes it a very interesting market for e-SAF. Most success factors are also applicable

to other regions.

A total of 18 success factors that impact the decision for a location of an e-SAF plant are identified.
These are categorized in 4 key building blocks of the e-SAF supply chain and an overarching
category. The 4 building blocks are:

Continuous supply of green H>

Continuous supply of biogenic or DAC CO;
Conversion to e-SAF and by-products

4. Downstream supply chain e-SAF and by-products

o

Given the large impact on the cost price for e-SAF (~70%), continuous supply of green H; is seen
as the most important building block and should be a priority in the development of a new facility.
In principle, local H2 production is preferable over import given the additional costs required for
import. Importing via a cost-effective method (i.e. via pipeline) can be a good alternative. When
looking at local production, the availability of baseload renewable power is key. Under the current
EU regulations, this is feasible if the power grid in a certain bidding zone is supplied by >90%
renewable electricity or if a combination of renewable electricity sources is used to produce the

green Ha.

The availability of a continuous supply of biogenic or DAC CO; is a second important building block.
CO: contributes roughly 20% to the e-SAF cost price. For the short and medium term, DAC will
likely not be cost competitive, so CO; from biogenic point sources will play a key role during that
timeframe. This is a result of the key success factor for COz: the CO, concentration in the source
gas, which results in lower energy consumption and costs. Another important factor is the CO-
volume. Commercial e-SAF plants are thought to be viable with an annual production of 50 kt or
more, for which a CO; volume of ~200 kt is needed. CO; import may be feasible if local CO,

volumes are not sufficient.
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Conversion to e-SAF and by-products is the third building block. Even though it is not seen as a
key determinant for selecting a location, the conversion process is essential for the development
of an e-SAF facility.

The downstream supply chain does play a role in selecting a location through several success
factors and is therefore considered to be a building block. The success factors are either related to
the transport of the products where the potential transport modes could play a role, as well as the
required transport distance. Typically, SAF is blended into the fossil supply chain; the nearby

presence of blending facilities is therefore another success factor.

Finally, there are several overarching factors that have an effect on all or a couple of the building
blocks. Foremost is policy support, which will likely remain key as it is unlikely that e-SAF will

compete with its fossil counterpart or other types of SAF on the short or medium term.

As a case study, the most promising European countries for the development of an e-SAF facility
are identified based on the success factors for the different building blocks. The analysis is based
on the most important factors described above. The most interesting countries in Europe for e-SAF
production are found to be Sweden, Norway and Germany, given the combination of high potential

for green H; production, presence of biogenic CO; sources and presence of relevant infrastructure.

Note that this framework is meant as a first step in determining a location by listing the important
considerations. A location specific feasibility study should be conducted to understand the suitability
in more detail. Furthermore, future developments in technology, policy and other factors can
influence the potential to success of an e-SAF facility. Therefore, this framework should

continuously be updated and challenged.

5.1 Further research and outlook

This report aimed to give an overview of the most important success factors in Europe regarding
e-SAF production development, but it does not give a complete overview. There is a vast potential
of renewable energy and biogenic CO; sources outside of Europe. Production outside Europe and
shipping the e-SAF to be sold on the EU market still allows for it to be counted under the EU
mandate. Furthermore, the US has policy in place to make e-SAF more competitive with other
aviation fuels in the form of tax credits. This opportunity has not been covered in this report, but
should be evaluated when looking for favourable e-SAF locations worldwide. Further research
should determine which countries would be best suited for e-SAF production and how these would

compare with the locations in Europe.

Everything until now was written as a snapshot of the situation in Q1 2023, but the outlook for the

future might give very different results. The e-fuel industry is in its infancy and will likely develop

TULIPS Public 49



&7
TULIPS - Framework for the development of an e-SAF facility V3.0

and expand in the coming years. Hydrogen, CO, and intermediate products such as e-Ethanol and
e-Methanol might become traded commodities, which will favour the countries that have the
relevant infrastructure. Sweden was now identified as the only country with a >90% renewable
electricity grid, but more countries will follow. This will lead to a switch to countries that have the
highest renewable potential instead of the highest renewable share right now. Solar and wind
potential becomes more important as those technologies can rapidly be deployed, in contrast to
hydro and thermal power. Even at this moment, the policy determining the definition and

requirements of e-SAF is uncertain.
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