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Description of work

As Coordination and Support Action for the Clean Sky 2 Technology Evaluator, TRANSCEND
has carried out a literature study of alternative energy sources and novel propulsion. This
study focuses on the reductions in CO, and NOy emissions that can be obtained for large
passenger aircraft (100+-seats) along the full life cycle from production of the alternative

energy sources to their use as propellant in 2050 flights with the novel propulsion.

Technological, economic, and environmental and social performances of alternative energy
sources have been investigated in the three classes of alternative energy sources studied: bio-
based drop-in sustainable aviation fuels (SAFs), e-fuels as drop-in SAFs, and non-drop-in
energy sources. Propulsion technologies have been investigated on their contribution to
reduction of environmental impact in four categories of propulsion concepts: gas-turbine
based propulsion (both for drop-in and for non-drop-in energy sources), electric propulsion,
and hybrid-electric propulsion. Bottlenecks (technological, economic, environmental, and
social) and key technological enablers have been identified for both alternative energy

sources and novel propulsion.

Results and conclusions

An overview of alternative energy sources and their performances is presented. Five
promising alternative energy sources and production routes are selected for further
evaluation: hydroprocessed esters and fatty acids (HEFA) to produce bio-jet fuel, Fisher-
Tropsch process (FT) to produce bio-jet fuel, fast pyrolysis (FP) to produce bio-jet fuel, power-
to-liquid (PtL) for e-fuel production via the Fisher-Tropsch process, and alkaline electrolysis

(AE) to produce hydrogen.

Seven classes of propulsion concepts with numerous underlying novel propulsion
technologies are identified for potential aircraft application before 2050, allocated to aircraft
seat classes. These propulsion concepts are: disruptive gas turbine based propulsion using
drop-in SAF, hydrogen-combustion gas turbine based propulsion, electric battery, electric fuel
cell using hydrogen, hybrid-electric turbo-electric propulsion based on drop-in SAF, other
hybrid-electric propulsion using drop-in SAF, hybrid-electric propulsion using hydrogen as

energy source.

Applicability

This literature study is the basis for selecting the to-be-evaluated aircraft concepts that are
complementary to the Clean Sky 2 technologies. TRANSCEND will evaluate the environmental
impact of the selected energy sources and propulsion, as a complementary contribution to
the second assessment by the Technology Evaluator. TRANSCEND supports research policy
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Summary

Mitigation of climate change and environmental impact are increasingly addressed globally by governments,
international bodies, and industry. Already in 2011, Europe set aviation goals in FlightPath 2050 (FP2050, 2011) to
protect the environment and to be a centre of excellence in sustainable fuels, including those for aviation. The Clean
Sky 2 technical programme (2014-2023), building upon the first Clean Sky programme (2008-2017), is accelerating the
progress towards the FlightPath 2050 with high level objectives for CO2, NOx, and noise reductions to be obtained
through development of new aircraft and propulsion technologies. The progress of each demonstration platform (ITDs
and IADPs in Clean Sky 2) towards these high level objectives will be monitored by the Technology Evaluator (TE) of
Clean Sky 2.

Both propulsion and energy sources are key technologies for reducing the environmental impact of aviation. Therefore,
the TRANSCEND project investigates novel propulsion technologies and alternative energy sources for aviation in the
period 2035-2050. To be complementary to the TE, the scope for propulsion in TRANSCEND is technologies that are
developed in parallel to or after Clean Sky 2. Within this scope the primary focus is on future large passenger aircraft
(100+-seats in this study, since the large passenger aircraft contributed to 96% of the CO2 emissions of commercial

aviation during flight in Europe in 2018.

Technological, economic, and environmental and social performances of alternative energy sources have been
investigated in the three classes of alternative energy sources studied: bio-based drop-in sustainable aviation fuels
(SAFs), e-fuels as drop-in SAFs, and non-drop-in energy sources. Propulsion technologies have been investigated on their
contribution to reduction of environmental impact in four categories of propulsion concepts: gas-turbine based
propulsion (both for drop-in and for non-drop-in energy sources), electric propulsion, and hybrid-electric propulsion.
Bottlenecks (technological, economical, and social) and key technological enablers have been identified for both

alternative energy sources and novel propulsion.

An overview of alternative energy sources and their performances is presented. Five promising alternative energy
sources and production routes are preselected for further evaluation: hydroprocessed esters and fatty acids (HEFA) to
produce bio-jet fuel, Fisher-Tropsch process (FT) to produce bio-jet fuel, fast pyrolysis (FP) to produce bio-jet fuel,
power-to-liquid (PtL) for e-fuel production via the Fisher-Tropsch process, and alkaline electrolysis (AE) to produce

hydrogen.

Seven classes of propulsion concepts with numerous underlying novel propulsion technologies are identified for
potential aircraft application before 2050, allocated to aircraft seat classes. These propulsion concepts are: disruptive
gas turbine based propulsion using drop-in SAF, hydrogen-combustion gas turbine based propulsion, electric battery,
electric fuel cell using hydrogen, hybrid-electric turbo-electric propulsion based on drop-in SAF, other hybrid-electric

propulsion using drop-in SAF, hybrid-electric propulsion using hydrogen as energy source.

This literature study is the basis for selecting the to-be-evaluated aircraft concepts that are complementary to the Clean
Sky 2 technologies. TRANSCEND will evaluate the environmental impact of the preselected energy sources and
propulsion, as a complementary contribution to the second assessment by the Technology Evaluator. TRANSCEND

supports research policy making for climate neutral aviation in 2050 for the European Green Deal.
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DESCRIPTION

Scenario for maximum 1.5 degrees Celsius global warming by changing
consumer preferences and lifestyles

Scenario for maximum 1.5 degrees Celsius global warming by technological
measures

Biomass Biofuels voluntary scheme
Advisory Council for Aviation Research and innovation in Europe
Alternating Current

Alkaline Electrolysis

Above Mean Sea Level

Aqueous Phase Reforming

Auxiliary Power Unit

Applied Research Associates

American Society for Testing and Materials
Air Transport Action Group

Alcohol To Jet

Biomass Gasification

Boundary Layer Ingestion

Bypass Ratio

Benzene, Toluene, Ethylbenzene and Xylene
Blended Wing Body

Celsius

Commercial Aviation Alternative Fuels Initiative
Capital Expenditures

Carbon Capture and Storage

Catalytic Hydrothermolysis

Catalytic Hydrothermolysis Jet fuel

Carbon Monoxide

Carbon Dioxide

Carbon Offsetting and Reduction Scheme for International Aviation
Certification and Qualification
Counter-Rotating Open Rotor
Counter-Rotating Propulsor/Propeller

Clean Sky 2

Direct Air Capture

decibel

Direct Current
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ACRONYM DESCRIPTION

DF Dark Fermentation

DLUC Direct Land Use Change

DSHC Direct Sugar to Hydrocarbon

E Energy

EC European Commission

e.g. for example

EJ Exajoule, 10 Joule

ETS Emissions Trading Scheme

F Fermentation

f.e. for example

FOGs Fats, Qils, and Greases

FPR Fan Pressure Ratio

FRL Fuel Readiness Level

FT Fischer-Tropsch

g CO2-eq/MJ gram COz-equivalent per Megajoule

GHG Greenhouse Gas

GO Guarantee of Origin

h hour
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ACRONYM DESCRIPTION

Ha Hydrogen

H20 Water

H2S Hydrogen Sulfide

H2020 Horizon 2020

HCI Hydrogen Chloride
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HDCJ Hydrotreated Depolymerized Cellulosic Jet
HDO Hydro-deoxygenation

HEFA Hydro-processed Esters and Fatty Acids

HEDP Hybrid Electric Distributed Propulsion

He Hybridization degree based on Energy

HEP Hybrid Electric Propulsion

HER Hydrogen Evolution Reaction

HFP High Freeze Point

HFS Hydro-processed Fermented Sugar

HHV Higher Heating Value

HLFC Hybrid Laminar Flow Control

Hp Hybridization degree based on Power

HRJ Hydro-processed Renewable Jet

HS/CN Harmonized System/Combined Nomenclature (customs systems)
HT High Temperature

HTL Hydrothermal Liquefaction

HTS High Temperature Superconducting

HVO Hydrotreated Vegetable Qil

ICAO International Civil Aviation Organization

ICCT International Council on Clean Transportation
i.e. that is

IEA International Energy Agency

IGBT Insulated-Gate Bipolar Transistor

IH? Integrated Hydropyrolysis and Hydroconversion
ILUC Indirect Land Use Change

IPCC Intergovernmental Panel on Climate Change
IRENA International Renewable Energy Agency

IRR Internal Rate of Return

ISCC International Sustainability and Carbon Certification
ITSE Intermediate Temperature Steam Electrolysis
IUCN International Union for Conservation of Nature
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ACRONYM DESCRIPTION

kg kilogram

kv Kilo Volt

kWh Kilo Watt-hour

LCA Life Cycle Analysis

LPA Large Passenger Aircraft

LUC Land Use Change

m3 cubic meter

MATE Multi-Attribute Tradespace Exploration

MeOH Methanol

Mha Million hectares

M) Mega Joule

MOSFET Metal-Oxide Semiconductor Field Effect Transistor

Mt Megaton, a million ton

NASA National Aeronautics and Space Administration

NCA Nickel Cobalt Aluminium

NLR Royal Netherlands Aerospace Centre

NMC Nickel Manganese Cobalt

NRDC Natural Resources Defence Council
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ACRONYM DESCRIPTION

OEM Original Equipment Manufacturer

OH" Hydroxide ion

OPR Overall Pressure Ratio

PAX passengers

PDE Pulse Detonation Engine

PEM Proton Exchange Membrane

PF Photofermentation

PJ Petajoule, 10*° Joule

PtL Power to Liquid

PV Photovoltaic

RED Renewable Energy Directive

RF Radiation Forcing

RSPO Roundtable on Sustainable Palm Oil

S second

SAJF Sustainable Aviation Jet Fuel

SDG Sustainable Development Goal

SIP Synthetic Isoparaffin

SkyNRG Production and trader company in SAFs

SOEC Solid Oxide Electrolyzer Cell
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SMR

SOx
SPK(/A)
SRIA

SROR

SRP

SSAP
STARC-ABL
SUGAR

T

TBD

TCT

TUD

TE

T

TLAR

TRANSCEND

TRL
TRU
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UAV
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UHBR
UK
Us, USA
usb
USDA
VFAs
VSS
VTOL
WWF

ZEROe

NLR-CR-2020-026 | March 2021

DESCRIPTION

Solid Oxide Fuel Cell

Small Modular Reactor

Small-to-Medium Range

Sulphur Oxides

Synthetic Paraffinic Kerosene (with Aromatics)
Strategic Research and Innovation Agenda
Single Rotating Open Rotor

Single Rotating Propulsor/Propeller

Soybean Sustainability Assurance Protocol
Single-aisle Turboelectric AiRCraft with Aft fuselage Boundary-Layer propulsor
Subsonic Ultra Green Aircraft Research
Absolute temperature

To Be Defined

Tail Cone Thruster

Technical University of Delft

Technology Evaluator

Tera Joule, 102 Joule

Top-Level Aircraft Requirement

Technology Review of Alternative and Novel Sources of Clean Energy with Next-
generation Drivetrains

Technology Readiness Level
Transformer-Rectifier Unit
Thrust-Specific Fuel Consumption
Tera Watt, 10** Watt
Thermochemical Water Splitting
Unmanned Aerial Vehicle

Used Cooking Qil

Ultra-High Bypass Ratio

United Kingdom

United States of America

United States Dollar

United States Department of Agriculture
Volatile Fatty Acids

Voluntary Sustainability Standard
Vertical Take Off and Landing
World Wildlife Fund

year

Zero emission
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1 Introduction

1.1 TRANSCEND project summary

Mitigation of climate change and environmental impact are increasingly addressed globally by governments,
international bodies, and industry. Already in 2011, Europe set aviation goals in FlightPath 2050 (FP2050, 2011) to
protect the environment and to be a centre of excellence in sustainable fuels, including those for aviation. The Clean
Sky 2 technical programme (2014-2023), building upon the first Clean Sky programme (2008-2017), is accelerating the
progress towards the FlightPath 2050 with high level objectives for CO2, NOy, and noise reductions to be obtained
through development of new aircraft and propulsion technologies. The progress of each demonstration platform (ITDs
and IADPs in Clean Sky 2) towards these high-level objectives will be monitored by the Technology Evaluator (TE) of
Clean Sky 2.

Both propulsion and energy sources are key technologies for reducing the environmental impact of aviation. Therefore,
the TRANSCEND project investigates novel propulsion technologies and alternative energy sources for aviation in the
period 2035-2050. To be complementary to the TE, the focus for propulsion in TRANSCEND is on technologies that are

developed in parallel to or after Clean Sky 2.

TRANSCEND identifies, analyses, selects and further evaluates alternative energy sources, based on environmental
performance (greenhouse gas (GHG) emissions) and economics, through literature review and rounds of discussions
with experts. These alternative energy sources are investigated as such and in combination with novel propulsion
technologies. The novel propulsion technologies are investigated on their integration in aircraft and on CO2 and NOx

emissions, through literature study and interactions with experts.

The high-level objectives of TRANSCEND are:

e To evaluate the environmental impacts of novel propulsion technologies and alternative energy sources in
2035-2050 based on the state-of-the-art knowledge, complementary to the TE Core evaluation of the
environmental impact of innovations that are developed in Clean Sky 2;

e Toshape the future of green aviation propulsion in 2050, by preparing roadmaps for a technologies programme
on novel propulsion technology and for availability and viability of alternative energy sources in order to reduce

the environmental impact of aviation in the time frame 2035-2050.

Shortly after the kick-off of TRANSCEND, the European Commission has published the European Green Deal —a roadmap
with actions for making the EU’s economy sustainable. The actions include a proposal on a European “Climate Law”,
scheduled for March 2020, enshrining the 2050 climate neutrality objective (The European Green Deal, 2019). Recently,
five aviation associations (A4E, ACI, ASD, ERA, and CANSO) have planned a route to achieve this objective for aviation

based on a scientific study (van der Sman, Peerlings, Kos, Lieshout, & Boonekamp, 2021)).

The TRANSCEND project is carried out by the Royal Netherlands Aerospace Centre (NLR) and Delft University of
Technology (TUD).

The high-level objectives of TRANSCEND are depicted in its infographic in Figure 1-1.

13
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Figure 1-1: TRANSCEND infographic
1.2 Scope and focus of the literature study

The scope for this literature study is both alternative energy sources for aviation and novel aircraft propulsion concepts
that potentially contribute to the reduction of the environmental impact and climate impact of aviation in 2050 in terms
of CO2 and NOx emissions. Within this scope the primary focus is on future large passenger aircraft (100+-seats in this
study), since the large passenger aircraft contributed to 96% of the CO2 emissions of commercial aviation during flight

in Europe in 2018. This scope and primary focus is further explained as follows.

Energy source mainly refers to the on-board energy source that is stored on-board the aircraft for use as propellant
during flight. In addition, energy sources during production of these on-board energy sources are considered, such as
renewable energy. The adjective "alternative” refers to any energy source that is other than Jet A-1 fuel, which is not
considered as sustainable. Therefore other fossil hydrocarbon energy sources such as (liquefied or compressed) natural
gas are not within the primary focus of the study. In this study, the on-board energy source for propulsion will also be
referred to as “fuel”, though in a strict sense (Merriam-Webster, 2020) fuel is related only to combustion (burning)
processes.

IM

The adjective “novel” refers to any propulsion technology that is neither used in large passenger aircraft that are
presently on the market, nor is in aircraft programmes with entry-into-service (EIS) within 7 years (upcoming aircraft).
Novel propulsion technologies that are evaluated in the Clean Sky 2 Technology Evaluator (TE) are mainly out of focus
for TRANSCEND, since their evaluation and roadmapping is already taken place in the TE. In the class of large passenger

aircraft all existing and upcoming aircraft use gas turbine engines as combustion engines. Hence for combustion engines

14
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the primary focus is on gas turbine based propulsion. This includes hybrid propulsion technologies involving electric

engines as well.

TRANSCEND contributes to climate neutrality. Aviation has a notable impact on the global climate through both CO2 and
non-CO2 (NOy, water vapour, contrail cirrus formation, SO,, aerosols and soot) emissions. This influence is measured as
radiative forcing (RF) or effective radiative forcing (ERF). Whereas the CO: contribution to RF is well-understood,
substantial uncertainty exists about other sources — such as contrail formation and induced cirrus cloudiness. While the
climate impact of COzis independent of emission time and location, the effect of non-COz is not. This also depends on
aircraft performance characteristics (e.g. combustion temperature and efficiency), weather-related variables (such as
humidity, temperature, wind), background concentration of different chemical species, time and location (longitude,
latitude, altitude). The various emission species have various lifetimes and impact timelines (hours, days, years,
decades). Although the level of scientific understanding of the formation and effect of aviation-induced cloudiness is
still limited, its current contribution is estimated to be up to two times as large (66% of total) as the effect of CO2(33%
of total) (Lee, et al., 2021) . The focus of the TRANSCEND study lies on both CO2 and NOx emissions.

TRANSCEND focuses on the sustainability of the alternative energy sources for aviation along their life-cycle.
TRANSCEND does not address the sustainability of the life-cycle of the propulsion technology. This sustainability is
addressed in other projects in Clean Sky, see for example the THT-13 topic on the sustainability of hybrid-electric aircraft

system architectures (Clean Sky 2 Governing Board, 2019).

A number of alternative energy sources and propulsion concepts are considered out of scope:

o Nuclear power as on-board energy source has been investigated in the first decades after 1945, see for example
the movie (The Nuclear Airplane, 2015). Nuclear power for civil aircraft is considered out of scope to concerns
about safety and health and the problems of shielding and weight that have not been overcome in military
aircraft programmes (Ruhl, 2019).

e Solar power for propulsion is free and available during day-time flight, but conversion efficiency of photovoltaic
cells is very low. It could be an energy harvesting device, however with low yields, also due to the low energy
flux of sun light (1.36 kW/m2, (Kopp & Lean, 2011)). Possible application in gliders and high-altitude airships,
but even then, improvements in efficiency are needed. Hence solar power for propulsion is not expected to be

feasible for large passenger aircraft for 2050.

1.3 Organisation of the literature study

The main alternative energy sources are drop-in fuels and non-drop-in energy sources. Drop-in fuels are any fuel that
can replace Jet A-1 fuel without any changes to the aircraft, engine or on-board systems. Non-drop-in energy sources
are all other energy sources other than Jet A-1 and drop-in fuels, such as hydrogen. The use of non-drop-in fuels for

propulsion will require changes to the aircraft, engines, and on-board systems.

Propulsion technologies are studied as building blocks for propulsion concepts of aircraft. Therefore the study of
propulsion technologies is split into different propulsion concepts. Propulsion technologies that contribute to multiple
concepts are described in detail in a single concept (namely the first concept in the order of appearance in this

document) with references to this description at the other concepts.

15



NLR-CR-2020-026 | March 2021

Propulsion concepts are distinguished according to the engines and motors that are used as part of the propulsion
concept. Current large passenger aircraft have only gas turbines as engines. In addition, electric motors are considered
for potential future aircraft propulsion. In TRANSCEND the following propulsion concepts are considered:

e Propulsion concepts based on novel gas turbines for drop-in fuels and Jet A-1 fuel

e Propulsion concepts based on novel gas turbines for non-drop-in fuels

e  Propulsion concepts based on electric motors

e Hybrid-electric propulsion concepts with novel gas turbines and electric motors

Each of the categories of alternative energy sources and propulsion technologies is described in a separate chapter. The
chapter is organised as follows:

e  Concise technical description, including assessment results from literature

e Projects and open calls

e Comparative studies and roadmaps

e Bottlenecks (technical, economical and business-wise, social and environmental)

e Technology enablers
The concise technical descriptions in the chapters are split over several sections (chapters about alternative energy
sources) or included in a single section with subsections (chapters about propulsion concepts).

Separate chapters are included on common topics for alternative energy sources, the comparison of the production

routes of drop-in and non-drop-in energy sources, and on synergies at power train and aircraft levels.

1.4 Complementarity with the Clean Sky 2 Technology
Evaluator

The conference paper (Flithmann, et al., 2020) describes the Clean Sky 2 Technology Evaluator scenarios for 2035-2050
and s the development of vehicle-specific scenarios to the Clean Sky 2 vehicle types. Two scenarios (high and low) are
introduced for every Clean Sky 2 vehicle type (mainliner, regional aircraft, business jet, small air transport, rotorcraft).
In its aviation technology scenario “high” the following assumptions for mainliners are mentioned:

e very high fuel efficiency improvements

e sustainable drop-in fuel (referred to as “SAJF” (sustainable aviation jet fuels) in (Flithmann, et al., 2020)),

e hydrogen powered aircraft, and

e hybrid-electric aircraft with increasing ranges.
In the high scenario the share of sustainable drop-in fuel will increase from 10 percent in 2030 to 70-90% in 2050.
Hybrid-electric aircraft enter into service from 2040 on short- and medium-haul routes and in 2050 even on long-haul
routes. In addition, hydrogen-powered aircraft will be available from 2045 onwards. In the low scenario only a 30-50%
SAJF share will be achieved in 2050.

The focus of TRANSCEND thus aligns well with the high scenario for mainliners in the Clean Sky 2 Technology Evaluator.
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2 Sustainable Aviation Fuels (SAFs)

2.1 Short technical description

Sustainable aviation fuels (SAF) are aviation fuels developed with the aim to avoid adverse sustainability impacts when
compared to conventional fossil jet fuels (ICAO, Sustainable Aviation Fuels Guide, 2018). SAFs can be divide in two
groups: i) “drop-in” fuels, which are compatible with current aircraft infrastructure and can be blended with
conventional jet fuel; and ii) “non-drop-in” fuels, which could be used only after special changes in the structure of
aircrafts or with new infrastructure (e.g. liquid hydrogen LH., liquid ammonia, hydrogen fuels cells, etc.) (ICAO,
Sustainable Aviation Fuels Guide, 2018). Although further aircraft developments are needed for implementation of non-
drop-in fuels, major emissions reduction are expected from these fuels which makes them a promising alternative for
the aviation sector (McKinsey, 2020).

In the last 15 years, the aviation industry has focused on developing alternative “drop-in” fuels to reduce the
environmental impact of aviation. Drop-in SAF is a type of novel aviation fuel, which could be blended with conventional
fossil jet fuel and therefore directly applicable to the aircraft infrastructure without special changes on it or supportive
equipment (EASN, 2020). Drop-in SAFs have been acknowledged as a promising option to replace conventional fossil-
based fuels for aviation, however for their actual implementation they should be certified by the American Society for
Testing and Materials (ASTM) for use in existing fleet with no need for changes to the aircraft, engine or fuelling
infrastructure (ICAO, Sustainable Aviation Fuels Guide, 2018). Drop-in SAFs can be produced from biobased sources like
vegetable (used) oils, biomass, and captured CO2 with hydrogen (Figure 2-1). Some of those technologies being already
ASTM certified for use in the current fleet (M. Voracek, 2013). By 2050, it is expected that the mix of feedstocks for
biobased drop-in SAFs (or bio-jet fuels) will diversify together with the introduction of e-fuels (EASA, Sustainable
Aviation Fuels, n.d.), which are produced by using renewable energy sources in combination with hydrogen production
and COz capture (EASA, EEA, & EUROCONTROL, European Aviation Environmental Report 2019, 2019).

Non-drop-in fuels, such as hydrogen or ammonia, still require significant adaptations in the aircraft infrastructure as
well as the development of novel technologies and advancements for production, distribution and storage of fuel, and
also on the motive power system of the aircraft (M. Voracek, 2013). The recently published McKinsey’s report on
hydrogen-powered aviation states that new propulsion technologies will come up to the aviation sector shortly including
battery and turbo-electric technologies, as well as hydrogen for combustion applications and hydrogen fuel cells to
power electric motors (McKinsey, 2020). Moreover, hydrogen could also be used on-board as a compressed liquid fuel
to power the aircraft, but it still requires significant changes to the current aircrafts design and infrastructure (McKinsey,
2020).

This report focuses on drop-in SAFs (biobased and COz-based) and non-drop-in SAF (Figure 2-1), i.e., hydrogen, by
covering key technical aspects of their production and their use for a more sustainable aviation sector in the 2021
2050-time horizon of TRANSCEND. The report aims to review/collect information on technologies (i.e. technologies,
their development status), process performance (i.e. costs associated with the production of SAFs), environmental
impacts, and other sustainability criteria (included in, for example, certification schemes, safety aspects) that would
provide the inputs for discussion with experts during the Workshop session. Workshops are dedicated to the validation
of the results with the aim of subsequent decision-making process. The outcome of the literature study and Workshops
is reported with the focus on the representing and comparing existing SAF production routes and preselection of 5
promising SAFs in terms of 2021-2050-time frame horizon.
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To address the key technical aspects of production and use of sustainable fuels, this literature study is composed of
three sub-chapters. Chapter 2 focuses on the analysis of existing technology development indicators, technology/fuel
certification schemes and sustainability criteria for both drop-in and non-drop-in fuels as this is a key element for
selecting promising fuels in the project and presents the methodology for this literature review. Chapter 3 focuses
particularly on already ASTM approved drop-in biofuels and on e-fuels still under technological development. The Sub-
Chapter 4 focuses on non-drop-in fuels which are still at an early-technological development stage and that are far from
being ASTM approved, such as hydrogen for on-board use. Chapter 5 provides a complex comparison of drop-in and
non-drop in fuels with identification of the most promising ones in the 2021-2050 time-frame-horizon for sustainable
usage in aviation.

Sustainable Aviation Fuels (SAFs)

Drop-in fuels:
* Biobased fuels - Biofuels
* Non-biobased fuels — e-fuels

Non-drop-in fuels:

* Liquid hydrogen (LH2)

Figure 2-1: SAFs division in the context of the report

2.2 Technology development

Sustainable aviation fuels fall under the category of the high interest among aviation industry stakeholders intending to
reduce the impact on climate change. Novel drop-in fuels should meet the ASTM testing requirements, which has a
focus on comparison of the properties of new, alternative jet fuels to petroleum-derived jet fuel to determine whether
a fuel can be considered as “drop-in” to facilitate their wide production and commercialization (CAAFI, Fuel
Qualification, 2020). The aviation industry has developed testing standards to compare novel alternative jet fuels in
comparison to traditional fossil-derived jet fuel and to determine whether they can be considered as “drop-in”. The
testing protocols of novel alternative aviation fuels is regulated by the ASTM International’s Committee D02.J0.06
(Emerging Turbine Fuels) (CAAFI, Fuel Qualification, 2020). ASTM has developed several standards to streamline the
approval process and permit the new fuel (or additive) into field use in a cost-effective and timely manner (U. Yildirima,
2012). However, ASTM certification does not characterize the level of commercialization for different production routes
in a full manner. Therefore, for the purpose of the report, other indicators such as Technology Readiness Level (TRL),
Fuel Readiness Level and Feedstock Readiness Level (FSRL) are considered during evaluation of the technological
development of bio-jet production routes (CAAFI, Fuel Qualification, 2020). Technology development of hydrogen
production routes is characterized by the synergy of indicators: green electricity generation technologies and TRL of
production routes coupled with TRL of hydrogen storage facilities onboard (IEA, Energy Technology Perspectives Special
Report on Clean Energy Innovation 2020, 2019).

2.2.1 American Society for Testing and Materials (ASTM)

The American Society for Testing and Materials (ASTM), and particularly its International Committee D02.J0.06
(Emerging Turbine Fuels), performs the certification process for determining if novel fuels can be used in the same way
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as conventional aviation fuels for the current aircraft fleet. The bio-jet fuels go under ASTM D4054 Evaluation Process
for getting a fuel approved for commercial use includes the following three phases (CAAFI, Fuel Qualification, 2020)
(CAAFI, Commercial Aviation Alternative Fuels Initiative, 2019). A reidentification provision within the ASTM D7566
states that air jet fuel blends meeting all the requirements of the D7566 also meet the requirements of the ASTM D1655
“Standard Specification for Aviation Turbine Fuels” and can be regarded as conventional fuels (ASTM, 2020).Therefore,
a novel SAF, at the blend levels specified in each fuel’s D7566 Annex, is considered a drop-in alternative jet fuel.
Nonetheless, ASTM certification can be a barrier for novel fuels, as it requires almost 900,000 litres of new jet fuels to
be tested, which is a large amount of a novel fuel being produced mostly through small-scale experimental set-ups from
R&D steps (Janina Scheelhaasea, 2019).

Commercial Aviation Alternative Fuels Initiative (CAAFI) Certification and Qualification (CQ) team regularly updates the
certification status and testing phase of the drop-in fuels production pathways.

The ASTM approval process for SAFs includes three phases: Initial Screening, Follow-on Testing and Balloting and
Approval; and four tiers: Specification properties, Fit-for-Purpose Properties, Component/Rig Testing and Engine/APU
Testing (Figure 2-2). To be approved and added in D7566 Drop-In Fuel Specification (Figure 2-2, Phase 4), as new
conventional jet fuel, SAFs should meet all of the technical and performance specifications and pass all phases of the
approval process (CSAFI, 2020) (Erik C. Wormslev, 2020).

¢ Tier 1 -Specification ¢ Tier 3 - Component / Rig e FAA Review Phase 4

Properties Testing « ASTM Balloting Process Identification under ASTM 7566
¢ Tier 2 - Fit-for- Purpose ¢ Tier 4 - Engine/APU Testing « ASTM Specification Annexes

Properties o ASTM Research Report
* ASTM Research Report * OEM Review & Approval

e OEM Review and Tier 3 & 4
Requirements

Figure 2-2: ASTM D4054 linkage to D7566. Adapted from: (Erik C. Wormslev, 2020), (CAAFI, Commercial Aviation Alternative Fuels
Initiative, 2019), (ASTM, 2020) ASTM — American Society for Testing and Materials OEM - Original Equipment Manufacturers APU - Engine and
Auxiliary Power Unit Testing FFA- Federal Aviation Administration

222 Technology Readiness Level (TRL)

In 2014, as a part of the Horizon 2020 framework program, the TRL scale was introduced into the EU funded
projects arena to evaluate and measure the progress of the project in a scope of a Horizon 2020 (TRL Scale in
Horizon 2020 and ERC, 2020). TRL plays an important role in other sectors of industry, where it can be applied as
a tool/ measurement system used to assess the development level of technology. There are nine technology readiness
levels from TRL 1, which is the lowest to TRL 9 - is the highest (Mai, 2012), see Figure 2-3.
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TRL 2 TRL 3

Technology concept Experimental proof of
formulated concept

TRL1

Basic principles observed

TRL S5 TRL 6

Technology validated in Technology demonstrated in

TRL4 relevant environment N relevant environment

Technology validated in lab ‘ (industrially relevant (industrially relevant
environment in the case of environment in the case of
key enabling technologies) key enabling technologies)

TRLS

TRL 8 Actual system proven in
operational environment
(competitive manufacturing
in the case of key enabling
technologies; or in space)

TRL7

System prototype
demonstration in
operational environment

System complete and
qualified

Figure 2-3: Technology Readiness Levels. Based on: (EC, HORIZON 2020 — WORK PROGRAMME 2014-2015, 2014-2015)

2.2.3 Measuring readiness level of SAFs

Fuel Readiness Level (FRL) and Feedstock Readiness Level (FSRL) are two alternative readiness level scales based on the
TRL framework, which intends to provide a descriptive hierarchy indicating the progress of a technology towards
commercialization (TRL Scale in Horizon 2020 and ERC, 2020). Additionally, there is an overall preferability of FRL
over TRL since it is accepted as the best-practice tool to represent fuel technology maturity within the aviation industry
(Becky Mawhood, 2016), (CAAFI, Fuel Qualification, 2020). However, FSRL, FRL and TRL are complementary and
interlinked tools that can help to best understand level of development for SAFs production routes and their
commercialisation readiness.

2.3 Sustainability aspects of SAFs

According to the European Aviation Environmental Report 2019 (EASA, EEA, & EUROCONTROL, European Aviation
Environmental Report 2019, 2019), SAFs are defined as “biobased aviation fuels that reduce GHG emissions relative to
conventional aviation fuel, while avoiding other adverse sustainability impacts.” The definition of sustainability in the
context of SAFs is defined by the Air Transport Action Group (ATAG) as “something that can be continuously and
repeatedly resourced in a consistent manner with economic, social and environmental aims, specifically something that
conserves an ecological balance by avoiding depletion of natural resources and does not contribute to climate change”
(ATAG, Beginner’s Guide to Sustainable Aviation Fuel, 2017). Therefore, the overall multidimensionality of sustainability
should be taken into consideration for the continuous commercialization of SAFs’ for the aviation sector, which includes
current and future development status of the technology, the economic performance of the production processes to
obtain these fuels, as well as the environmental impacts (including others than only carbon footprint) and social aspects
depending on the source of the fuel (e.g. land-use change is a prominent topic for some biobased fuels) (EASA,
Sustainable Aviation Fuels, n.d.) (SkyNRG, n.d.).

20



NLR-CR-2020-026 | March 2021

2.3.1 Economic performance

Literature presents the economic performance and profitability of these technologies in different ways. Profitability for
biobased production is mostly presented as Minimum Jet Fuel Selling Price (MJFSP) (i.e. the minimum price of the fuel
to cover production expenses at a given internal rate of return), while for e-fuels and hydrogen it is mostly presented
as Production Costs (PC) (i.e. costs incurred by a business from manufacturing a product: to the overall plant efficiency

(technology selection), the feedstock cost, the processing scale, the total installed capital cost, etc.).

The report compiles these metrics as reported in literature, but they are converted to an energy basis (USD/MJ) to allow
a comparative analysis. However, it is acknowledged that direct comparisons are limited due to conceptual and
methodological differences across the literature sources considered for each of these metrics as indicated where
relevant. The economic performance of SAF production routes was here reviewed from published techno-economic
analyses of the relevant technologies.

2.3.2 Environmental and social aspects

SAFs must meet strict certification requirements for use in commercial aircraft to be acceptable by Civil Aviation
Authorities (ATAG, Beginner’s Guide to Sustainable Aviation Fuel, 2017). However, lots of certification schemes and
initiatives has been launched for the recent years to facilitate sustainable production of SAFs (IATA, 2015). Majority of
them cover other relevant sustainability issues, f.e. societal aspects, land-use change, biomass availability, etc. All these
issues are relevant and should be taken into consideration during the life-cycle assessment of SAFs production.

Sections below highlight main documents and standards for identifying criteria for sustainability assessment. They
represent an overview of how sustainability is addressed in the aviation sector, in EU policy, and in certification schemes
in the scope of this project. The section will provide an overview of the existing certification standards, EU related
policies and standards for SAFs.

23.2.1 Global and EU market based measures

2.3.2.1.1 ICAO CORSIA
In 2016, the International Civil Aviation Organization (ICAO) agreed on a Resolution for a global market-based measure
to address CO2 emissions from international aviation as of 2021. The Resolution sets the objective and key design
elements of the global scheme, as well as a roadmap for the completion of the work on implementing modalities.
The Carbon Offsetting and Reduction Scheme for International Aviation (CORSIA) aims to stabilize CO2 emissions at 2020
levels by requiring airlines after 2020 (EU-Climate Action, 2020):

= monitor emissions on all international routes;

= offset emissions from routesincluded in the scheme by purchasing eligible emission units generated by projects

that reduce emissions in other sectors (e.g. renewable energy).

It is expected to offset approximately 80% of the emissions above 2020 levels in the period between 2021-2035 (EU-
Climate Action, 2020). Additionally, in 2019, ICAO published the analysis and methodology to calculate the life cycle
GHG emissions for CORSIA eligible fuels. ICAQ’s approach includes the effects of indirect land-use change. The core the
life cycle GHG emissions are calculated from well-to-pump activities and well-to-wake fuel combustion. ILUC emissions,
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related to changes in vegetative living biomass carbon stock and soil carbon stock, are calculated separately by using
economic equilibrium models (ICAO, CORSIA Eligible Fuels, 2019).

2.3.2.1.2 European Union Emission Trading Scheme (EU-ETS)
The EU emissions trading system (EU ETS) is a key tool for reducing greenhouse gas emissions cost-effectively. It is the
world's first major carbon market and remains the biggest one (EU Emissions Trading System (EU ETS), n.d.). Since 2012,
all airlines operating in Europe, European and non-European alike, are required to monitor, report, and verify their
emissions, and to surrender allowances against those emissions. They receive tradeable allowances covering a certain
level of emissions from their flights per year (EU-Climate Action, 2020) (ICAO, Sustainable Aviation Guide, 2018):

= 2012 - 85% of the allowances were allocated for free, based on benchmarks.

= 2012-2020 -15% of allowances are to be auctioned and 82 per cent allocated for free, based on benchmarks;

3% constitutes a special reserve for new entrants and fast-growing airlines.

On 3 July 2020, the EU Commission published the Roadmap for the legislative initiative aimed at amending the EU ETS
regarding aviation. It is planned for the second quarter of 2021 and it will (EU-Climate Action, 2020) (Roadmap for
legislative initiative, 2020):
= implement the carbon offsetting and reduction scheme for international aviation (CORSIA) in a way that is
consistent with the EU’s 2030 climate objectives.
= increase the share of allowances auctioned under the system for aircraft operators to further contribute to

reducing GHG emissions.

2.3.2.2 EU policies and certification standards

The EU continues to launch different policies and standards to reduce GHG emissions and at the same time to maintain
economic growth. In December 2019, EC has set the Green Deal Communication, which is a roadmap for making the
EU’s economy sustainable. By this deal, the EU aims to be climate neutral in 2050. The European Green Deal covers all
sectors of the economy (EC, A European Green Deal, 2020). The aim to be the first climate-neutral continent will be
supported by the first European Climate Law, Biodiversity Strategy for 2030, the new Industrial Strategy and Circular
Economy Action Plan, the Farm to Fork Strategy for sustainable food and proposals for pollution-free Europe. EC would
like to accelerate the application of the strategies and will immediately start for upping Europe's 2030 emissions targets
to reach the 2050 goal (EC, The European Green Deal sets out how to make Europe the first climate-neutral continent
by 2050, boosting the economy, improving people's health and quality of life, caring for nature, and leaving no one
behind, 2020). Although it is expected that EU Green Deal will come in force in the nearest future, other existing policies
and standards already work on the sustainable development of the SAFs.

23.2.21 EU Renewable Energy Directive

The policy framework in the EU for the production and promotion of energy from renewable sources is the Renewable
Energy Directive (RED) 2009/28/EC (EC Directive 2009/28/EC, 2009). The RED and its recast towards 2030 (Renewable
Energy Directive Il (RED I1) (2018/2001/EU (RED 11))) define the sustainability criteria for the fuels (Erik C. Wormslev,
2020). Table 2-1 below represents a comparison of RED and RED II.

22


http://ec.europa.eu/clima/policies/ets/monitoring_en
http://wcmcom-ec-europa-eu-wip.wcm3vue.cec.eu.int:8080/clima/policies/ets/allowances/aviation/index_en.htm

NLR-CR-2020-026 | March 2021

Table 2-1: Comparison of RED and RED Il targets

_ Renewable Energy Directive (RED) Renewable Energy Directive Il (RED II)

Code 2009/28/EC (RED 1) 2018/2001/EU
Operational date April 2009 December 2018

Time limit By 2020 By 2030

Final energy consumption 20% 329%

from renewable sources

Transport fuels come from 10% 149%*

renewable sources
= of 35% for old installations (in operation in

Minimum GHG emission 2008), 50% reduction in 2017, The same
savings = up to 60% GHG reduction in 2018 for new
installations.

= Areas of high carbon stock (wetland,
forest, and peatland) should not be used
Additional crucial points for biofuel production.
= Land with high biodiversity should not be
used for biofuels production.

Fuel producers must deliver SAFs:
= atleast0.2 % in 2022,

= atleast1 %in 2025,

= atleast 3.5 % by 2030”.

*Fuels used in the aviation and maritime sectors can opt in to contribute to the 14% transport target but are not subject to an obligation.

More voluntary standards have been developed to assess the sustainability of SAFs. The EU has approved the following
schemes, which follow and reflect principles of EU RED Il, and therefore RED Il will be taken as the main standard to
refer for in the report (European Commission, Voluntary schemes, 2020):

e ISCC (International Sustainability and Carbon Certification)

e Bonsucro EU

e RTRS EU RED (Round Table on Responsible Soy EU RED)

e RSB EU RED (Roundtable of Sustainable Biofuels EU RED)

e 2BSvs (Biomass Biofuels voluntary scheme)

e Red Tractor (Red Tractor Farm Assurance Combinable Crops & Sugar Beet Scheme)

e Red Cert

e  Better Biomass

e  RSPO RED (Roundtable on Sustainable Palm Qil RED)

e KZR INIG System

e U.S. Soybean Sustainability Assurance Protocol EU (SSAP EU)

2.3.2.2.2 Roundtable on Sustainable Biomaterials (RSB)

The Roundtable on Sustainable Biomaterials (RSB) Standard developed a standard for sustainable biofuel production
covering the entire chain of production of the biofuel, from feedstock production to final biofuel blending, which is
based on 12 Principles & Criteria that ensure lasting solutions without creating social and environmental challenges
(RSB, Demonstrate your commitment to a sustainable bioeconomy with RSB certification, 2020). The RSB Standard is
built around the following principles: legality; planning, monitoring and continuous improvement; greenhouse gas
emissions; human and labour rights; rural and social development; local food security; conservation; soil; water; air; use
of technology, inputs, and management of waste; and land rights (RSB, RSB Principles & Criteria for Sustainable Biofuel
Production, 2011) (RSB, Trusted Solutions for a New World, 2017). This RSB standard is recognised internationally by
the World Wildlife Fund (WWF), the International Union for Conservation of Nature (IUCN), and the Natural Resources
Defence Council (NRDC) (ICAO, 2019 Environmental Report, 2019). Moreover, it was recognized by the European
Commission to be following the requirements of the EU Renewable Energy Directive (RED) in 2010. The RSB RED-
compliant standard is termed the "RSB-EU RED Standard" and it includes its implementation of the EU RED GHG
calculation methodology for biofuels (Guittet, 2016).
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2.3.2.23 International Sustainability & Carbon Certification (ISCC)

Started in 2006, the International Sustainability and Carbon Certification (ISCC) certification system focuses on
sustainability and the reduction of greenhouse gas emissions, within the food, feed, chemicals, and energy sectors. The
ISCC was recognized by the European Union in 2011 as one of the first VSSs to comply with the EU RED. The global
scheme that certifies a broad range of biomass covers entire supply chains from field to consumer and offers full
traceability (ISCC, Sustainability Requirements, 2016).

The objectives of the International Sustainability and Carbon Certification (ISCC) system are to establish an international,
practically viable, and transparent system for certifying biomass and bioenergy. With proper certification (ISCC,
Sustainability Requirements, 2016) (ISCC, Guidance for the certification of co-processing, 2017), ISCC can

= Contribute to a reduction in greenhouse gas (GHG) emissions.

= Promote sustainable use of land.

= Promote traceability.

= Protect natural biospheres.

= Ensure social sustainability.

2.3.2.24 CertifHy GO Scheme
Hydrogen is a novel type of non-drop-in fuel, which is under high interest among the aviation community. R&D still goes
on for the efficient application of the fuel for aircraft propulsion technologies, since liquid hydrogen requires
considerable large storage facilities within aircraft (McKinsey, 2020). However, the study on the potential certification
techniques, methodologies and standards have been launched to facilitate the possibility of hydrogen entering the
market by 2021. In 2014, JU FCH has launched CertifHy GO guarantees project to develop a European Framework for
Guarantees of Origin for Green and Low-carbon Hydrogen. Even though several years have passed, CertifHy is still in a
project phase and it is expected that the project will finalize Guarantees of Origin for Green and Low-carbon Hydrogen
by the end of 2021. The project forecasts to provide outcomes from the next phase with a focus on (FCH, 2019):
= Establishment of the CertifHy stakeholder platform;
= Expanding the pilot scheme concerning new plants with different hydrogen production pathways and use cases
other than the ones already covered;
= Development of an EU Voluntary Scheme for demonstrating compliance with targets via the so-called Supply
Certificates (FCH, 2019).

2.3.23 Biomass Availability

Since the production of biofuels, in general, is so strongly related to agricultural activities, the European production
follows the EU Common Agricultural Policy that governs all environmental standards of agricultural production.
Therefore, the sustainability of European SAFs is guaranteed by the Cross-compliance rules followed by the European
Farmers and by all social and economic standards of developed economies. As a result, the European Production of
biofuels does not contribute to deforestation or land degradation due to existing management practices and stringent
national environmental legislation in the European Member States (PUB, 2010). According to the EU policies and
requirements, the major concern about the usage of biomass for SAFs production appear to reduce severe negative
impacts on biodiversity, and therefore will directly affect the level of biomass availability (Agency, 2012). Consequently,

the biomass availability issue should betoken explicitly under the scope of the report.

1 A Guarantee of Origin (GO) is an electronic document informing the final consumers on the origin of a product.
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2.4 Methodology

2.4.1 Literature Review

A literature review of drop-in and LH2 as potential SAF was conducted with a focus on the technical development status
for their production and expected sustainability performance (both economic and GHG performance). Publications
types considered are primarily scientific papers (either peer-reviewed or not), policy publications and datasheets of
state-of-the-art technology. The literature study was carried out with a research question: what are promising SAF and
their production routes for the aviation sector in the 2021 — 2050-time horizon, and what is their sustainability

performance?

The objective of the literature study was to provide a state-of-the-art overview of production options that have been
published for SAF in a way that:

® provides an overview of technical and sustainability aspects to consider for the evaluation of SAF production

alternatives;

® identifies the development status, economic feasibility, and sustainability performance of SAFs;

® allows comparison between production alternatives for drop-in and hydrogen as a SAF;

® serves as a basis for the subsequent selection of promising SAF production routes within the TRANSCEND

project.

The methodology of the study is based on the understanding the most relevant criteria for the assessing overall
sustainability of SAFs production routes by conducting in-depth literature review from the primary sources and validate
it with the Workshop 1 expert’s opinion (
Workshop details — Box 2-1). The criteria used in the project can be divided into two parts representing technical
development and sustainability criteria (Figure 2-4). Other environmental and social aspects (i.e. biomass availability,
LUC, other social issues, etc.) were not a part of literature review, but were discussed during the workshops, or when
advised by experts. Technical development criteria are directly linked to technology certification and process maturity.
Sustainability criteria cover economic performance, environmental and social aspects. Economic performance is linked
to technical constraints, economic potential, and market potential. Environmental performance is linked to the ACARE
goals for CO2 and NOx emission reduction. Social aspects, land-use change, and biomass availability issues are linked to
workshop outcomes and expert’s opinion. The TRANSCEND evaluation criteria thus do not concern only environmental
impact but also any criterion that could suggest a risk for the entry-into-service of the aircraft with alternative energy
source and novel propulsion technology. Environmental criteria include related air pollution factors, local land, and food
security aspects (Kos, 2019). All criteria have been discussed during the Workshop 1, results from which are presented

in the boxes after each section of main discussions.
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Technical development Sustainability

Certification Economic performance Environmental
performance

ASTM D4054 Minimum Jet Fuel
Selling Price (MJFSP)

ASTM D7566

Production Costs (PC)

Readiness Level

Technology Readiness Level (TRL) Other social and sustainabilityissues

Fuel Readiness Level (FRL) Biomass availability

Other social issues

Feedstock Readiness Level (FSRL) Land Use Change (LUC)

Legend
Point is not a focus of the literature review:
. Point is a focus of literature review will be presented in the report based on the results
will be presented in the report in a full manner from the Workshop 1

Figure 2-4: Methodological approach for reviewing the sustainability performance of SAFs

To evaluate the development status and technical aspects relevant in the development of SAF we identified the TRL and
ASTM certification status from academic literature and reports from organizations related to the aviation sector. ASTM
status is presented per approved fuel based on specific technologies (HEFA-SPK and HFP-HEFA-SK). However, given the
diversity and limited availability of data in the literature review for all technologies and their derivates, for the review
of TRL and sustainability performance, the results are presented per technology group as presented in the Table 3-1.

The TRL scale mostly reflects technology risk of the new technologies entering the market but it does not cover issues
related to the commercial uncertainty and risk remaining in the demonstration and deployment phase. FRL and FSRL,
by contrast, are developed to reflect the overall range of risks affecting the development of fuels and disclosure of
feedstocks respectively (Becky Mawhood, 2016). According to the Section 2.2.3, TRL has strong linkages to FRL and FSRL.
Therefore, our analysis has focused on the review of all indicators in a synergy metric. For FSRL there are few feedstocks
recognised and evaluated according to CAAFI and USDA Agricultural Research Service (CAAFI, Feedstock List (as of
3/2018), 2018), (CAAFI, Feedstock Readiness Level, 2020). However, all of them were assessed in terms of USA location,
and therefore should be qualified for the EU scope of this work. Accordingly, we have decided to qualify FSRL in terms
of the existence of EU-based biomass production coupled with possibility to trade biomass inside EU (eurostat, 2020)
(European Union, 2018). Additionally, SAFs FRL also has been collected for different SAFs to recognize the status of
certification and the prospect to enter the aviation market from the legal perspective according to ASTM certification
(CAAFI, Fuel Qualification, 2020).

Although FSRL is usually focused on biobased feedstocks, in this report we consider a FSRL also for the feedstocks of
non-biobased SAF. E-fuel SAFs production routes use direct/indirect CO2 capture from the air coupled with electricity
produced from the renewable energy sources, while hydrogen SAFs production routes use only the last one. Due to the
specifics of the e-fuels and hydrogen production routes, FSRL has been represented as TRL of technologies for
direct/indirect CO2 capture from the air and with electricity produced from renewable energy sources. Therefore, FSRL
for e-fuels production routes represents the synergy of TRL for both technologies used in the production, while FSRL for
hydrogen refers to the TRL level of technologies to produce renewable electricity for the production.

To evaluate the sustainability performance of drop-in and non-drop-in production routes we have focused on economic
performance (represented by MJFSP and PC) and GHG emissions related to each production route in separate. Study on
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the production routes analysis was focused on understanding the connection between the performance of the process
and price /cost of the final product delivered: summarizing studies, the results of which are of value for process
modelling and development, evaluation, and control. Additionally, production routes for both drop-in and non-drop in
fuels should be compared among each other to quantify economically feasible sustainable production routes for the
mid-long-term horizon.

Economic performance has been investigated through economic indicators as reported in the literature for the
respective production routes: Minimum Jet Fuel Selling Price (MJFSP) and Production Costs (PC). While MJFSP and PC
reflect production costs, it should be taken into consideration that there is a difference between the two: MJFSP includes
IRR, typically around 10-15%. While these indicators are usually presented in terms of monetary currency over mass or
volume of product (e.g. USD/ton), in this report economic performance is presented in USD/MJ for all production routes
for comparability.

According to different sustainability certification schemes and initiatives under Section 2.3.2.1, greenhouse gas
emissions (GHG) reduction is one of the major aspects in the ongoing race for the development of the sustainable
aviation sector, with focus on GHG reduction related to life cycle GHG emissions of SAFs, which are commonly presented
as carbon equivalents (g CO2 eq/MJ). Generally, life cycle GHG emissions refer to the emissions produced during
feedstock production (e.g. biomass or vegetable oil) and transport, conversion to fuel, fuel transport and distribution,
up to the final use in the aircraft engine. The emissions from combustion of biobased fuels are often not accounted for
in literature since that they are considered as biogenic emissions, meaning that those come from carbon absorbed
during the biomass production (e.g. bio CO2 resides after combustion are present in the atmosphere until it is absorbed
by replacement biomass (Samantha Eleanor Tanzer, 2019)). However, other sustainability criteria should be considered
for the assessment of the whole picture of the SAFs, including but not limiting the following: carbon stock, land-use
change, biomass availability, resources availability, indirect and direct effects on the resources, etc. In relation to
biomass availability, further references about availability and economic viability resources for SAFs production routes
towards 2050 will be discussed, including possible factors affecting the conditions in 2050, and the effects of these
factors on availability and economic viability in 2050. This will be presented as a general vision for SAFs production
routes development (based on the literature review findings on TRL, economic and environmental performance), and
supported by a high-level perspective on availability of biomass and economic viability of renewable electricity from

consulted literature.

24.2 Workshop 1

Additionally, a workshop has been held to gather updated information about the evaluated technologies from experts.
Because it was clear from the literature review that other aspects to sustainability besides economics and GHG
emissions were relevant, part of the workshop was dedicated to the identification and discussion with experts on other

sustainability issues aligned with social aspects.

Workshop details — Box 2-1

Workshop practicalities

On October 15, 2020, the Delft University of Technology (TU Delft) in collaboration with the Netherlands Aerospace
Centre (NLR) hosted the “Workshop on Sustainable Aviation Fuels (SAF) for Aircraft Propulsion”. 30 experts have
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gathered virtually to share their visions and expectations about SAF production technologies, availability,
environmental impacts, and their sustainability for the aviation sector in the 2050-time horizon.

Experts background:
®  Countries: Netherlands, Germany, France, Ireland, Switzerland, Belgium, Spain, Canada, United States.

® Sectors: Governmental agencies and international policy organizations, aircraft and engine manufacturers,
airport groups, technology R&D experts, sustainability research and certification experts, Sustainable
aviation fuels producers and distributors, hydrogen international experts and producers.

In total, the 30 experts with an expertise in the different sectors discussed different sustainability criteria. Experts
agreed upon the methodological approach presented in section 2.4.1, gave research directions to finalize the
literature review considering the criteria under Section 2.4, and suggested other sustainability topics for future
research.

Also, during the Workshop on Potential Sustainable Aviation Fuels for Aircraft Propulsion, the TRANSCEND team has
collected expert’'s comments and expectations about SAF production technologies, availability, economics,
environmental impacts, and some sustainability aspects for the aviation sector in the 2050-time horizon, which were
consolidated and summarized into the online survey.

An online survey has been distributed among experts to validate the main findings from the Workshop’s discussions.
The results of the online survey will be presented after each section, inside the Workshop outcomes boxes. They will
be presented in % merit to show off most expert’s opinions.

2.4.3 Preselection of SAFs

Preselection of SAFs production routes was based on the proposed three criteria and gathered information regarding
them. For the better visual analysis and selection, all criteria presented in the table to highlight the overall performance
of the production route. As per the scope of the report, 5 SAFs production routes are needed to be selected among the
existing number. However, some of the routes have shown similar techno-economic and environmental performance,
which made the selection process more difficult. Therefore, for the preselection of SAFs production routes the
compatibility of technology/production route with existing supply chains and the potential product flexibility with the
respective production routes were also considered for the preselection. Additionally, all the routes will be analysed with
additional comments from Workshop 1 and expert’s opinion to make a preselection of the 5 most promising SAF
production routes.
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3 Sustainable drop-in fuels

3.1 Short technical description

For the analysis, the section of the report will have a focus on both drop-in biobased and non-biobased liquid fuels (e-
fuels), which could be used and produced in a safe and sustainable way for aviation purposes (Figure 3-1). The figure
below summarizes, groups, and represents the most common pathways for biofuels, e-fuels and hydrogen production,
reviewed in the report. Sections below will focus in detail on production routes, their technological development,

sustainability performance and other social aspects.
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Figure 3-1: General scheme of conversion pathways for SAFs production

This chapter will describe in more detail the available biobased and non-biobased primary energy sources for drop-in
SAFs production, conversion pathways, including techno-economic and environmental assessment of the available

technologies and essential storage requirements for SAFs on board.
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3.2 Biobased SAFs

Biobased aviation fuels are obtained from biobased feedstocks, such as woody biomass, hydrogenated fats and oils,
recycled waste. To be ‘drop-in’ SAF, all biomass-derived fuels must decrease their oxygen content to meet the
physiochemical properties of petroleum-derived fuels. The oxygen reduces SAFs energy density, increases storage
requirements, as well as oxygenated functional groups of bioethanol and biodiesel, can react with refinery and pipeline
metallurgy to form gums acids and other impurities. Hydrodeoxygenation (HDO) is a high-pressure and moderate-
temperature process in which oxygen is rejected by a catalytic reaction with hydrogen (Ed de Jong, 2014). Up to the
date, HDO is one of the most promising technologies to remove the oxygen from biomass-derived and therefore will be

represented under the discussion of different SAF conversion pathways (Karatzos et al., 2014).

Hydrogen will be presented under the section of biobased fuels as an intermediary product for the Hydrodeoxygenation
(HDO) process. Hydrogen production routes will not be covered under the section and will be presented under the
section for non-drop-in fuels production.

3.2.1 Biomass feedstock

Production processes used to produce SAFs certified under ASTM’s D7566 Drop-In Fuel Specification can use various
kinds of feedstocks (CAAFI, Feedstocks, 2020) (CAAFI, Feedstock List (as of 3/2018), 2018). Therefore, feedstocks have

been divided into different feedstock categories that could be used in SAFs production (Figure 3-2).

Fats, oils, and Cellulose Carbohydrates/ Industrial Waste Fossil/Hydrocarbon
greases (FOGs) Sugars Streams /Other*
*Qilseeds (e.g., *Woody (e.g., *Crop Sugars (e.g., ¢(e.g., food waste, *(e.g., carbon
camelina, sawdust) sugar beet, sugar municipal solid dioxide, coal)
rapeseed) eGrasses (e.g., cane) waste)
e\Wastes/Industrial switchgrass) e|ndustrial (e.g.,
(e.g., tallow/lard) eResidues (e.g., corn food processing,
eAlgae/Aquatic stover, grain hulls) whey)
Species eOther (e.g.,
(cyanobacteria) Brassicaceae, fungi)

Figure 3-2: Common feedstock categories as per CAAFI. Adapted from: (CAAFI, Feedstocks, 2020) *Fossil/hydrocarbon/other category
will not be considered for further research due to its initial COz intensity and therefore will not be presented in the report

The section will be followed by a brief explanation of each type of feedstock for bio-jet production with the focus at EU
prerogative towards preferred feedstock. The subsections below will represent a brief overview of one of the most
common feedstocks in each of the categories.

3.21.1 FOGs

Oilseeds: Rapeseed

Rapeseed is one of the most widely distributed oilseeds crops due to its capacity to grow under temperate climate, into
a variety of soils, resistant to droughts and has good recovery after droughts. However, it has a low tolerance for floods
(Grau Baquero, 2011). Rapeseed provides more than 13% of the global supply of vegetable oil (L.-F. Li, 2016). Rapeseed

is the main crop in the EU used for biofuels production representing about 56% of the total EU biofuel cropland (about
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2 Mha) (Ecofys, 2019). From 2016, the rapeseed shares account for 38-39% in the total production of biofuels in the EU
(Bob Flach, 2019). Into comparison, biofuel production from used cooking oil (UCO) accounts for 13%, animal fat (8%)
and tall oil (2.5%). It is expected that rapeseed oil will take a further dip due to continued competition from lower-cost
feedstock and biodiesels (Ecofys, 2019). It has been reported that the EU has been planted around 10.6 million ha with
oilseeds in 2020. At the same time rapeseed accounts for around 5.3 million ha (Rapeseed and soy production expands
in the EU-27, 2020).

Algae / Aquatic Species
Algae, microalgae, and cyanobacteria represent a highly specialized group of micro-organisms that live in diverse
ecological habitats such as freshwater, brackish, marine, and hypersaline, with a range of temperatures and pH, and
unique nutrient availabilities. Algae can survive and multiply under various environmental conditions (Hu et al., 2008).
The most common ways for the algae cultivation are open ponds or photobioreactors. The last ones have higher
efficiency and biomass concentration (2-5 g/L), shorter harvest time (2-4 weeks), and higher surface-to-volume ratio
(25-125/m) than open ponds (Demirbas, 2010). Harvesting is quite a costly part in the growing process of algae and
accounts for 20—-30% to the total cost of algal biomass (Demirbas, 2010; Molina Grima et al., 2003; Pimentel et al., 2004).
Algae is still developing as a potential feedstock for biofuels production, but has attracted researchers and
entrepreneurs for several reasons (Wei-Cheng Wang, 2016) (Demirbas, 2010; Hu et al., 2008; Kandaramath Hari et al.,
2015):

=  has high productivity per acre and year-round production (e.g. 1-3 duplications per day);

= algal cultivation requires less freshwater than terrestrial crops and can use a variety of water sources including

fresh, brackish, saline, and wastewater;

= algae can be cultivated on non-arable land;

= algae have rapid growth potential and high oil content (20%-50% dry cell weight);

= nutrients such as nitrogen and phosphorus for growth can be obtained from wastewater;

=  various valuable co-products, such as proteins and residual biomass left after oil extraction potentially can be

used as feed or fertilizer;

=  hydrogen can be produced photobiological from microalgae;

= the potential GHG reduction relative to other plant oils;

= algae do not affect crop cultivation;

= the biomass left after the extraction of algal oil can be used as animal feed.

Wastes/Industrial: Used Cooking Oil (UCO)

The used cooking oil (UCO) is a term for vegetable oil used in food production and cannot be longer used for its internal
purposes. It comes from different sources, including domestic, commercial, and industrial. Waste vegetable oil is a
potentially problematic waste stream which requires to be properly disposed (Refaat, 2010). In 2018, UCO was the
second most common feedstock for biofuels production with the share up to 22% in the total biofuel production (Bob
Flach, 2019). An estimated 90 per cent of the currently collected EU supply of used cooking oil (UCO) is used for biofuel
or bioenergy production (Ecofys, 2019). UCO has started to be widely used after some ministries have allowed double-
counting for biofuels (Austria, Belgium, Croatia, France, Hungary, Ireland, the Netherlands, Poland, Portugal, Slovenia,
and the United Kingdom) and others introduced a GHG reduction component to their use mandates (Germany, Sweden,
and the Czech Republic) (Bob Flach, 2019). UCO usage does not affect crop cultivation and therefore it is an attractive
solution for the fuel scarcity issues. Between May 2014 and January 2015, 18 flights took place and used an average of
23% of UCO-based bio-jet fuel (a HEFA fuel from Used Cooking Qil) supplied via SkyNRG (ltaka, 2016).
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3.2.1.2 Cellulose

Residues: Corn Stover

Corn stover is the most studied lignocellulosic feedstock for advanced ethanol production, which is also the most
abundant crop residue readily available today (C.Yang, 2016). It consists of the stalks, leaves, and husks that remain in
the field after corn harvest (Zhenhua Ruan, 2019) (Sophie Parsons, 2018). Corn residue plays an important part in the
cropping system. Therefore, according to a sustainable corn stover harvest program, it is necessary only to remove a
portion of the total corn stover, leaving a sufficient amount behind to meet critical needs (erosion control, fertility, soil
carbon, etc.) (Mark Jeschke, 2020). In 2016, bioethanol consumed in the EU accounted for around 65% of EU feedstock,
including wheat (25%), corn (22%) and sugar beet (17%). In 2019, it was estimated that EU global potential for corn
stover will reach 9-18 Mt/year in the upcoming years (Ecofys, 2019) (Bob Flach, 2019)

3.2.1.3 Carbohydrates/ Sugars

Crop Sugars: Sugar Cane

Sugar cane or starch is commonly used for bioethanol processes, hence it contains a high amount of sugar. For this
reason, it can be used as a source of energy and fuel, as well as raw feed for various materials in production (Mazuchi,
2018) (Hanshu Ding, 2014). Sugarcane, along with other biofuels, represents a promising future for biodiesels. According
to recent studies, it has been found that using engineered sugarcane creates more than 2,500 litters of biofuel per acre
of land? (Rogers, 2017).

3.2.1.4 Industrial Waste Streams: Municipal Solid Waste (MSW)

Wastes of plant origin and animal origins, such as foodstuffs, wood products, paper, forest residues, industrial and
agricultural residues, household wastes, bagasse, animal wastes and municipal wastes can be processed and either
burned directly or converted by chemical processes to make a high-quality jet and diesel fuels. The planning and
designing of biofuel plants using waste sources are already underway. These plants may provide feedstock sources to
complement the specially grown biofuel supply and could also prevent several hundred million tons of waste from

entering landfill sites annually (Air Transport Action Group, 2011; Kandaramath Hari et al., 2015).

One example of another advantage municipal waste as biofuel source brings can be seen in London, California, Australia
and Italy. Here, the plants will process municipal waste using the biomass to liquid process, gasification and then FT
process to annually convert municipal waste into some 16 million gallons of jet fuel per plant. In addition to the jet fuel,
they will produce electricity (which can be used to run the plant and also feed excess into the national grid) and bio-
diesel for use in cars (Air Transport Action Group, 2011). Another example, a project that takes advantage of local
conditions is project Solaris, a joint effort between Boeing and South African Airways, which is beginning to produce SAF
using nicotine-free tobacco, allowing local farmers with specialized skills to continue production of tobacco without it

being used for smoking (Air Transport Action Group, 2017).

2 A Boeing 747 could fly for just over 10 hours on biofuel from 54 acres of land.
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3.2.2 ASTM certified pathways to produce biobased SAFs

By April 2020, there are currently 8 ASTM Approved Technological Pathways for SAFs to be blended with Jet-A/Jet-Al
(Table 3-1). The list of 8 ASTM approved production routes contains the co-processing production route, which
represents the simultaneous conversion of biomass residues and intermediate petroleum distillates in existing
petroleum refineries to produce bio-jet fuels (Co-processing in refineries, 2020). Since the process uses petroleum
subproducts, co-processing is outside of the scope of this work and will not be further considered in this review.
Furthermore, multiple processes are currently in the approval process following ASTM D4054 as indicated in Table 3-1.

SAF may be blended with conventional jet fuel. The blending limit is specified in the certification process depending on
the fuel characteristics (often up to 50% by volume). The blending limit ensures the appropriate levels of safety and
performance for all systems. The blending limit is likely to increase in the future (Bhupendra Khandelwal, 2014). The
main reason for this limit is the level of aromatics in the fuel. For a larger deployment of SAFs (and therefore a larger
scale on reduced environmental impacts) new ASTM pathways could be investigated, developed, and approved for jet
fuels with blends up to 100% of SAFs (Table 3-1).

Table 3-1: Biofuel production pathways and ASTM status : Approved and on application

Blending

ASTM Pathway Feedstocks limit by

volume

Certification

Municipal solid waste (MSW), agricultural
Fischer-Tropsch Synthetic Paraffinic and forest wastes, and wood and energy

0,
ASTM D7566 aReleed Kerosene (FT-SPK) crops and non-renewable feedstocks (coal 0%
and natural gas).
Hydro-processed Esters and Fatty . .
ASTM D7566 Approved Acids Synthetic Paraffinic Kerosene I(Dl__lgrmcitsz;md CIIUEIR G T 50%
(HEFA-SPK)
Hydro-processed Hydrocarbons,
Esters and Fatty Acids Synthetic . . o
ASTM D7566 Approved Paraffinic Kerosene (HHC-SPK or HC- Hydrocarbon-rich algae oil 10%
HEFA-SPK)
Hydro-processed Fermented Sugars o
ASTM D7566 AT to Synthetic Isoparaffins (HFS-SIP) sugars 10%
Municipal solid waste (MSW), agricultural
Fischer-Tropsch Synthetic Paraffinic and forest wastes, and wood and energy
ASTM D7 Al 9
S 266 PLIEIEE Kerosene with Aromatics (FT-SPK/A) crops and non-renewable feedstocks (coal >0%
and natural gas).
ASTM D7566 Approved AU G0 U H L S Starches, sugars, cellulosic biomass 50%

Kerosene (ATJ-SPK)
ASTM D1655 Approved Co-processing Renewable lipids (plant and animal fats) 5%
Catalytic Hydrothermolysis Synthetic

H *

ASTM D7566 Approved Kerosene (CH-SK) Renewable fats, oils and grease (FOG) TBD

Phase 2 Hydro-deoxygenation Synthetic .
ASTM D4054 Testing Kerosene (HDO-SK) Sugars and cellulosics TBD

Phase 2 Hydro-deoxygenation Synthetic . TBD
ASTM D4054 Testing Aromatic Kerosene (HDO-SAK) STLETRE CLRIHID

Phase 1 High Freeze Point Hydroprocessed TBD
ASTM D4054 OEM Review Esters and Fatty Acids Synthetic Renewable FOGs

Kerosene (HFP HEFA-SK)

Phase 1 Alcohol-to-Jet Synthetic Kerosene . . TBD
ASTM D4054 Tt with Aromatics (ATJ-SKA) Sugars and lignocellulosics
ASTM D4054 Phase 1 Integrated Hydropyrolysis and s o TBD

OEM Review  Hydroconversion (IH2)
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ASTM I?Ier\dlng
e Pathway Feedstocks limit by
Certification
volume
Phase 2 Fast Pyrolysis + upgrading, HDCJ TBD
ASTM D4054 . hydrotreated depolymerized Lignocellulosics
Testing ..
cellulosic jet
ASTM D4054 N/A Hydrothermal Liquefaction Sugars and cellulosics TBD
Based on the source: (CAAFI, Fuel Qualification, 2020)
* To be determined further
3.2.2.1 HEFA group — Hydro-processed esters and fatty acids

Hydro-processed Esters and Fatty Acids (HEFA) or Hydroprocessed Renewable Jet Fuels (HRJ) fuels are considered as
leading alternative replacements for conventional jet fuel. HEFA production routes involve feedstocks such as vegetable
oils, used cooking oils, and oil-bearing crops and algae, which undergo a deoxygenation reaction followed by the
addition of hydrogen to break down the compounds into hydrocarbons, followed by further refining steps to obtain a
mix of fuels (Pavlenko, Searle, & Christensen, 2019)(CAAFI, 2020). HEFA-SPK production routes involve the chemical
transformation of the fatty compounds (the FOGs) to hydrocarbons by catalytic deoxygenation of either triglyceride or
secondary esters produced by the transesterification of triglycerides with inexpensive alcohol (Robota et al., 2013)
(CAAFI, 2020).

3.2.2.2 HFS group — Hydroprocessed Fermented Sugar production routes

Hydro-processed Fermented Sugar-Synthetic Isoparaffins (HFS-SIP) formerly known as direct-sugar-to-hydrocarbon
(DSHC) fuel is a drop-in SAF made by microbial conversion of sugars to hydrocarbons (CAAFI, 2020). The HFS-SIP process
utilizes genetically modified microorganisms to convert sugar into hydrocarbons or lipids. In one of these cases, these
microorganisms, instead of producing ethanol, produce substances such as farnesene (synthetic iso-paraffin (SIP)) that
can be converted into a product with as good characteristics as aviation fuel (ICAO, Sustainable Aviation Fuels Guide,
2018). In this process, no by-products from the main conversion process are formed: farnesane is the only product.
Farnesane derived from hydro-processed fermented sugars has been certified for use in commercial engines (Pavlenko
et al, 2019).

3.2.23 FT group — Fischer-Tropsch production routes

Fischer-Tropsch (FT) is a process by which synthesis gas (or syngas, a mixture of carbon monoxide and hydrogen) can be
converted into ultra-clean fuels and value-added chemicals. FT-SPK combines biomass gasification (or co-gasification
with coal) with FT synthesis and catalytic cracking to produce synthetic paraffinic kerosene (SPK) from the usage of
feedstocks such as lignocellulosic biomass and municipal solid wastes (Mawhood et al., 2016) (Pavlenko, Searle, &
Christensen, 2019) (Michailos & Bridgwater, 2019). The FT-SPK route incorporates three major process blocks: the
production of syngas by steam reforming/gasification; the conversion of syngas to aliphatic hydrocarbons and water
(the FT synthesis process) by CO polymerization and hydrogenation follows; the product of FT (Speight, 2014)(van Dyk
& Saddler, 2017). The production of FT-SPK/A is like the FT process but also produces synthetic aromatics along with
paraffin and introduces the migration toward fuels that offer a full spectrum of molecules found in petroleum-based jet
fuel, rather than just paraffin (CAAFI, 2020).
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3.2.24 HTL group — Hydrothermal Liquefaction production routes

Hydrothermal liquefaction (HTL) is a thermal depolymerization process used to convert wet biomass into bio-oil or
biocrude under moderate temperature and high pressure to produce bio-crude which can be upgraded to jet fuel (Ltd,
2019). Just like Fast Pyrolysis production route, it is not certified or in the process of being so by ASTM, either as
freestanding upgrading - or as a coprocessing strategy (ASTM, 2020)(CAAFI, 2020). However, HTL production route
shows promising economic and environmental data in the published source and has been used for multiple reviews,
and therefore it comes under the report discussions and was included in the sustainability performance Section 3.5 and
3.6.

3.2.2.5 FP or HDCJ group — Fast Pyrolysis or Hydrotreated Depolymerized Cellulosic Jet
production routes

Fast pyrolysis (FP) is a process in which organic materials are rapidly heated to 450 — 600 °C in the absence of air, which
facilitates the production of organic vapours, pyrolysis gases and charcoal. After that, the organic vapours from FP are
condensed to bio-oil (Venderbosch, 2010). FP is not approved by ASTM, either as freestanding upgrading - or as a
coprocessing strategy (and no application is currently under review) (ASTM, 2020)(CAAFI, 2020). FP or HDCJ production
route, however, has been economically and environmentally assessed under different published sources, and therefore

it comes under the report discussions and was included in the sustainability performance Sections 3.5 and 3.6.

3.2.2.6 ATJ group — Alcohol-to-Jet production routes

Alcohol-to-jet (ATJ) fuel, also called alcohol oligomerization, is fuel converted from alcohols, such as methanol, ethanol,
butanol, and long-chain fatty alcohols. The two primary alcohol sources used for ATJ fuel are ethanol and butanol, which
can be obtained by the fermentation of sugary, starchy, and lignocellulosic biomass, such as sugarcane, corn grain and
switchgrass (Yao et al., 2017) (Pavlenko, Searle, & Christensen, 2019).

ATJ processes extract polymer sugars from a biomass feedstock via mechanical, chemical or biological means. The
polymer sugars are then decomposed to monomer sugars and metabolized (or fermented) by an engineered
microorganism to an alcohol platform molecule (ethanol or isobutanol) (Yao et al., 2017). A typical three-step ATJ
process that converts alcohols to jet fuel includes alcohol dehydration, oligomerization and hydrogenation-and-
fractionation to yield a fuel product slate which includes some proportion of drop-in jet fuel or blendstock (Wang & Tao,
2016)(CAAFI, 2020).

3.2.2.7 IH? group — Integrated hydropyrolysis and hydroconversion

Integrated hydropyrolysis and hydroconversion (IH?) is currently at phase 1 research report under ASTM D4054. The
technology is an alternative thermochemical biomass conversion technology to fast pyrolysis plus hydroconversion or
catalytic pyrolysis plus hydroconversion, to produce hydrocarbon fuels from biomass (Marker T. L.-T., 2014). IH? offers
a direct route for producing hydrocarbon gasoline and diesel fuels or blending components. These components allow
inherent infrastructure compatibility, have an established large market and can be easily transported. The process
integrates hydropyrolysis and hydroconversion. The exothermic nature of hydropyrolysis eliminates the need for
recirculation of the solid heat carrier which is required for conventional endothermic pyrolysis (Marker T. L., 2012). IH?
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production route, however, has been economically and environmentally assessed under different published sources,
and therefore it comes under the report discussions and was included in the sustainability performance Sections 3.5
and 3.6.

3.2.2.8 HDO group — Hydro-deoxygenation production routes or Aqueous Phase
Reforming (APR)

Hydro-deoxygenation (HDO) production route, also known as Aqueous Phase Reforming (APR), is a technology that has
been commercialized to produce renewable diesel, and HDO bio-jet fuels are used in demonstration/commercial flights
and testing phases for approval by ASTM, nowadays. Due to its technological maturity, it is expected that this pathway
will play a major role in producing low carbon intensity jet fuels (Chu, 2017). The production process includes
hydrogenation, (hydro-)deoxygenation, isomerization and hydrocracking stages. HDO process is quite similar to the
HEFA-processes, however, HDO production routes use sugars and cellulosic feedstock as material for bio-oil production,
while the HEFA processes directly use oil-based feedstocks (Chu, 2017).

Hydro-deoxygenation Synthetic Kerosene (HDO-SK) is molecularly similar to their petroleum counterparts, with the
notable difference being a lack of aromatic content (CAAFI, 2020) (Chu, 2017). Hydrodeoxygenated Synthesized
Aromatic Kerosene (HDO-SAK) is produced similar so HDO-SK, but it however composed of approximately 95% mono-
aromatic compounds (CAAFI, 2020) (Canteenwalla, 2016). HDO production route was not covered in the published

sources and multiple reviews, and therefore it was not included under the report discussions.

3.2.2.9 CH group - Catalytic Hydrothermolysis production routes

Catalytic Hydrothermolysis Synthetic Kerosene (CH-SK), also known as catalytic hydrothermolysis jet fuel (CHJ) has been
approved by ASTM in D7566 in February 2020 (CAAFI, 2020). The production process as, consists of four main steps: a
cleanup step, called hydrothermal cleanup (HCU); the actual conversion step, called catalytic hydrothermolysis (CH); a
mild hydrotreating step; and a final distillation step (ARA, 2020). During the CH process, clean free fatty acid (FFA) oil
from the HCU process is combined with preheated feed water and then passed to the CH reactor. In the CH reactor,
under very high temperature and pressure conditions, a single-phase is formed consisting of FFA and supercritical water
where the FFAs are cracked, isomerized, and cyclized into paraffin, isoparaffin, cycloparaffin, and aromatic compounds,
a product called “CH crude” oil. The CH crude oil produced by the CH conversion process contains thousands of isomers
distributed over the entire boiling range of jet and diesel fuels. The Biofuels isoconversion process was developed by
ARA in partnership with Chevron Lummus Global, Euglena Co Ltd is another producer (ARA, 2020). CH production route
was not covered in the published sources and multiple reviews, and therefore it was not included under the report

discussions.

3.3 Non-biobased SAFs (e-fuels)

The Power-to-Gas/Liquids/Fuels (PtX) is a novel concept of sustainable aviation fuels production named e-fuels or
synthetic fuels. E-fuels are produced from the synergy of hydrogen and captured carbon dioxide (COz2) using electricity
as the principal power source. Figure 3-1 provided a schematic showing the production of e-fuels. The principal
advantages of e-fuels are that they have a relatively high energy density, they use the existing energy infrastructure and
are compatible with existing internal combustion engines, albeit with slight modifications (FCH, 2019).
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The capture of carbon dioxide from high concentration carbon dioxide industrial processes (e.g. steelworks, cement or
ammonia production, etc.) or power generation is one of the possible cheap sources of carbon (Carbon Capture and
Storage, CCS), but it can also be obtained from the air through direct air capture (DAC). However, DAC technologies are
currently under development and testing phase (Society, 2019). For the e-fuels section, hydrogen will be presented as
an intermediate product used for e-fuels production. Hydrogen production routes will not be covered under the section

and will be presented under the section for non-drop-in fuels production.

3.3.1 Eligible pathways to produce non-biobased SAFs

According to the report from the German Environmental Agency (Schmidt & Weindorf, 2016), there are two main
production PtL production routes: the Fischer-Tropsch (FT) and the methanol (MeOH) production route (Table 3-2). In
terms of energy efficiency, both PtL production routes require an almost equal amount of energy to produce e-fuel. In
terms of the sensitivity, both are highly sensitive to the point of how well waste heat from syntheses can be recuperated
and used in, e.g., electrolysis or CO2 provision. Table 3-2 below represents the ASTM certification status of the e-fuels
production routes.

Table 3-2: E-fuel production pathways and ASTM status: Approved and on application

Cooen s e ™

ASTM D7566 Approved Fischer-Tropsch (FT) synthesis and upgrading 50%
ASTM D7566 Pending Methanol (MeOH) synthesis and conversion TBD**

Based on the source: (Schmidt & Weindorf, 2016) (Malins, 2017) (Karl Hauptmeier, Electrofuel / e-Fuel, Production Pathways and Costs, 2018)
(ICAO, 2019) (ICAO, Power-to-Liquid (PtL) for Aviation, 2020)
*Oxymethylene Ether

** To be determined further

3.3.1.1 PtL group — Power to Liquid production routes

Power-to-Liquids (PtL) is a production pathway for liquid hydrocarbons based on electric energy, water, and CO,. This
process creates synthesis gas by using hydrogen produced with electrolysis of renewable electricity and CO; either from
industrial facilities or captured from the air. Renewable electricity can be supplied by a connection to the grid or by
directly connecting to renewable electricity installations. To obtain potentially 100% CO. reductions over the life cycle,
COz can be captured from the air by using Direct Air Capture (DAC) technology.

To produce jet fuel two possible pathways can be used (FCH, 2019):
e  Fischer-Tropsch (FT) synthesis and upgrading.
e Methanol (MeOH) synthesis and conversion coupled with renewable energy sources (e.g. solar, wind, hydro,
etc.)

The potential for PtL-kerosene grows if the technology to capture CO2 from the air matures. This technology is essential
to make the process fully sustainable in the long term. Factors that influence the economic viability of the project are
the process efficiency, the scale-up possibilities and the capital investment costs. Furthermore, the availability of
renewable electricity needs to be scaled-up worldwide to provide PtL with renewable electricity input (Schmidt &
Weindorf, 2016).
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3.4 Technological Readiness Level (TRL) of pathways for
drop-in SAF production

Currently there are 7 ASTM approved production pathways for biofuels and 1 ASTM approved e-fuel conversion
pathway for blending with Jet-A/Jet-A1 (see Table 3-1, EAER, 2019), which will be described in the sections below. Table
3-3 below presents a grouping of the production routes, which was developed with the aim to facilitate an efficient
analysis, representation, and discussion of the ASTM approved production routes.

Table 3-3: Grouping of the production routes for the report analysis
| Group _ [Pathway | Finalproduct
Hydroprocessed Esters and Fatty Acids Synthetic Paraffinic Kerosene (HEFA-SPK) Bio-jet fuel

Hydroprocessed Hydrocarbons, Esters and Fatty Acids Synthetic Paraffinic Kerosene (HHC-

HEFA SPK or HC-HEFA-SPK) Bio-jet fuel

High Freeze Point Hydroprocessed Esters and Fatty Acids Synthetic Kerosene (HFP HEFA-SK) Bio-jet fuel

HFS Hydroprocessed Fermented Sugars to Synthetic Isoparaffins (HFS-SIP) Bio-jet fuel
= Fischer-Tropsch Synthetic Paraffinic Kerosene (FT-SPK) Bio-jet fuel
Fischer-Tropsch Synthetic Paraffinic Kerosene with Aromatics (FT-SPK/A) Bio-jet fuel
HTL Hydrothermal Liquefaction Bio-jet fuel
FP or HDCJ Fast Pyrolysis + upgrading Bio-jet fuel
AT) Alcohol to Jet Synthetic Paraffinic Kerosene (ATJ-SPK) Bio-jet fuel
Alcohol-to-Jet Synthetic Kerosene with Aromatics (ATJ-SKA) Bio-jet fuel
1H2 Integrated Hydropyrolysis and Hydroconversion (IH2) Bio-jet fuel
Hydro-deoxygenation Synthetic Kerosene (HDO-SK) Bio-jet fuel
HPO Hydro-deoxygenation Synthetic Aromatic Kerosene (HDO-SAK) Bio-jet fuel
CH Catalytic Hydrothermolysis Synthetic Kerosene (CH-SK) Bio-jet fuel
il Fischer-Tropsch (FT) synthesis and upgrading E-fuel
Methanol (MeOH) synthesis and conversion E-fuel

Based on the source: (CAAFI, Fuel Qualification, 2020) (Schmidt & Weindorf, 2016) (Malins, 2017) (Karl Hauptmeier, Electrofuel / e-Fuel, Production

Pathways and Costs, 2018)

3.4.1 TRL comparison of drop-in production routes

As per the methodological approach presented under Section 2.4, Technology Readiness Level was reviewed in synergy
with Feedstock Readiness Level and Fuel Readiness Level.

34.1.1 FSRL

For bio-jet production routes, Feedstock Readiness Level has been considered as per methodological approach
represented under the Sections 2.2.3 and 2.4 and represented under Table 3-43. According to the Table 3-4, SAF
production chains based on canola, corn and its residues, and switchgrass have a relatively high readiness level, while
of the reviewed feedstocks show low scores or are still under FSRL certification procedures (USDA, 2020), (Commission,

3 However, EU biomass availability is still a significant indicator to focus at. Therefore Table 3-4 includes the possibility of international trading of biomass to qualify FSRL.
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2019), (CAAFI, Feedstock List (as of 3/2018), 2018). It must be considered, however, that these assessments are based

on specific locations, and that most of the crops are available in the EU or could be traded.

Table 3-4: Feedstock Readiness Level for the feedstock presented in the literature review

Feedstock Feedstock type _ EU availability

Agro residues
Bagasse

Beef tallow
Camelina
Canola
Carinata

Corn grain
Corn stover
Eucalyptus
Jatropha
Macauba
Manure
Microalgae oil
MSW

Palm oil
