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ABSTRACT



Climate change is an undeniable reality, with its increasingly severe conse-
quences becoming more evident year by year. Due to its considerable con-
tribution to climate change, also commercial air transport needs to mitigate
its climate forcing. Main causes for aviation’s climate forcing are contrails,
fossil fuel-based carbon dioxide emissions, and nitrogen oxide emissions.
These causes are all directly related to the combustion of conventional, i.e.,
crude oil-based, kerosene in aircraft engines. Thus, identification and inte-
gration of alternatives to conventional kerosene might be an option to lower
the climate forcing of commercial aviation.

Within this context, the overarching goal of this thesis is to develop a
better understanding about the role of fuel-related measures to mitigate cli-
mate forcing of aviation and about the factors mainly influencing their cli-
mate forcing mitigation potential. Two aspects are examined in detail: The
identification of pathways to provide alternative aviation fuels and the in-
tegration of such alternative aviation fuels into the commercial air
transport system. Concerning fuel provision pathways, altering the proper-
ties of conventional kerosene by hydroprocessing is studied as well as the
provision of aviation fuels from renewable sources of energy. For the sys-
tem integration, various strategies to maximize the reduction of climate
forcing for a given amount of alternative kerosene are explored and associ-
ated operational efforts required to implement such strategies are dis-
cussed. Furthermore, central levers for a timely market introduction of al-
ternatives to conventional kerosene are identified.

For a transitional period, additional hydroprocessing of conventional
kerosene to lower its aromatics content would allow for substantial short-
term contrail-related climate forcing reductions, even when considering ad-
ditional carbon dioxide emissions released by hydroprocessing itself. Re-
newably sourced kerosene is essential to mitigate aviation’s carbon diox-
ide-related climate forcing, since it allows to substitute the presently used
fossil fuel-based kerosene used in aviation. Furthermore, targeting paraf-
finic kerosene (either from renewable sources of energy or hydroprocessed
crude oil-based kerosene) to flights with a particularly high contrail-related
climate forcing can substantially mitigate contrail-related climate forcing.
But the associated implications for the system integration of such a strategy
become increasingly complex, the more specifically individual flights or
even segments of flights are targeted.
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1 Background

This chapter describes the fundamentals of aviation climate
impacts (section 1.2) and uses powerfuels (i.e., renewably
sourced kerosene from non-biogenic feedstock) as example
to discuss the mitigation potential of fuel-related measures
in terms of the different climate effect categories (sec-
tion 1.3). The chapter concludes with a discussion to which
extent the climate impacts of aviation could be affected by
the introduction of powerfuels as one example of renewably
sourced kerosene (1.4).



Climate Impacts of Aviation and the
Potential of Aviation Powerfuels towards
their Mitigation

Quante, Gunnar; Voigt, Christiane; Kaltschmitt, Martin (2025):

Climate Impacts of Aviation and the Potential of Aviation Powerfuels Toward
Their Mitigation, in POWERFUELS: Status and prospects, [S.L.]:

SPRINGER INTERNATIONAL PU, 2025, pp. 879-904.

Typesetting and formatting are slightly adjusted to ensure consistency within this thesis.

Abstract

The UN Conference of the Parties, representing nearly all UN member
states, agreed in the Paris Agreement to “hold the increase in the global av-
erage temperature to well below 2 °C above pre-industrial levels and pur-
suing efforts to limit the temperature increase to 1.5 °C above pre-industrial
levels”.

The International Civil Aviation Organization (ICAO) and the Interna-
tional Air Transport Association (IATA) have set a “Net-Zero Carbon Emis-
sions” target by 2050. While the Paris Agreement focuses on limiting global
temperature increase, the aviation industry targets primarily address CO>
emissions. However, aviation’s climate impact extends beyond CO2 to con-
trails and indirect effects of nitrogen oxide (NOyx) emissions. Research
shows that only one-third of aviation’s climate impact (in terms of effective
radiative forcing, ERF) is due to CO;, with the remaining two-thirds from
the other non-COz-related climate impacts. The largest climate impacts of
aviation, in order, are contrails, CO2 emissions, and NOy effects.

Addressing only CO2 emissions would overlook a significant portion of
aviation’s climate impact, making it essential to consider all related climate
factors to align aviation industry targets with the Paris Agreement. This
chapter first describes aviation’s climate effects and then explores how in-
creased use of powerfuels as example for renewably sourced kerosene
might influence its overall climate impact.
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1.1 Introduction

Manifold human activities affect the earth’s weather system in the short-
term and the climate system in the longer term. The primary cause of these
substantial changes is the combustion of fossil fuel-based energy carriers,
resulting mainly in carbon dioxide (CO2) emissions. In addition, emissions
of other climate-effective gases such as methane (CH4), nitrous oxide and
halogenated gases, aerosols and their direct and indirect effects on
clouds (e.g., aviation contrails) contribute to anthropogenic climate
change (Figure 1.1).

Contributions to 2010-2019 warming relative
Observed warming to 1850-1900 assessed from radiative forcing studies
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Figure1.1  Observed global warming (left) and associated drivers (right), adopted from [1]

The influence of human activities on weather and climate results not only
in an increase of globally averaged surface temperature levels. Further-
more, global mean sea levels increase, glaciers retreat, extreme weather
events such as concurrent heatwaves and heavy precipitation occur more
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frequently and climate zones are shifting poleward [1]. These develop-
ments are more and more visible; e.g., basically all glaciers within the Euro-
pean alps are rapidly disappearing since a couple of years.

Hence, the UN Conference of the Parties (COP), representing almost all
United Nations (UN) member states, agreed within the so-called Paris
Agreement to “hold the increase in the global average temperature to well
below 2 °C above pre-industrial levels and pursuing efforts to limit the tem-
perature increase to 1.5 °C above pre-industrial levels” [2].

A central element of this Paris Agreement is the definition of nationally
determined contributions, which require each party of the agreement to lay
out mitigation measures to constrain anthropogenic climate change to the
abovementioned global average temperature increase [2].

The national framework of the nationally determined contributions is
difficult to apply to international transport modes, such as aviation and the
maritime sector; e.g., the greenhouse gas (GHG) emissions for a flight / ship
journey carrying passengers / freight of various nationalities from one
country to another, potentially even with an intermediate stop in a third
country, can be allocated in manifold ways.

The two international aviation organizations, the International Civil
Aviation Organization (ICAO) and the International Air Transport Associa-
tion (IATA) both defined a “Net-Zero Carbon Emissions” target by 2050 [3,
4]. Both targets focus on the abatement of CO; emissions, while the Paris
Agreement defines a maximum in globally averaged temperature change.
This difference is important because the climate impact of aviation does not
only result from “classical” greenhouse gases like CO2, but also from con-
trails and indirect effects of nitrogen oxide (NOx) emissions (among others).
The current state of research attributes around one third of aviation’s cli-
mate impact (in terms of effective radiative forcing (ERF)) to CO2 emissions
and the remaining two thirds to other, so-called “non-CO2” climate
terms [5]. The largest climate effects of aviation are (by decreasing order of
magnitude) contrails, CO2 emissions and indirect effects from NOx emis-
sions. Mitigating only the climate impact of aviation’s CO; emissions would
omit a significant share of aviation’s climate impact. Therefore, a consider-
ation of all aviation-related climate terms is indispensable to align the avi-
ation industries mitigation targets with the Paris Agreement.

The aim of this paper is to describe and characterize the climate effects
of aviation and then to discuss the effects of a potentially increased use of
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powerfuels! onto aviation’s overall climate impact. The paper is structured
accordingly, while the discussion of the individual climate terms is sorted
by their magnitude in terms of effective radiative forcing (ERF).

1.2 Climate Impacts of Aviation

The aviation sector consumed around 300 Mt of fuel (mainly fossil fuel-
based kerosene) in the year 2018 resulting in CO; emissions of about 1 Gt
(2018) [5, 6]. This corresponds to approximately 2.4 % of the worldwide
anthropogenic CO; emissions and ~0.9 % of the anthropogenic effective ra-
diative forcing due to emissions of greenhouse gases (GHG) [5, 7]. Contrails
and indirect effects from NOx emissions (among others) increase the overall
climate impact beyond gaseous emissions. Keeping this in mind, an assess-
ment of aviation’s impact on climate available to date estimates a climate
impact for the time period between 1940 and 2018 to 101 mW/m? in terms
of effective radiative forcing (ERF) [5]. This corresponds to 3.5 % of the
overall anthropogenic climate forcing of 2 840 mW /m? (time span 1750 un-
til 2019) [7].

Following Figure 1.2, the most prominent effect of aviation on climate
are contrails, in particular contrail-cirrus cluster at night. Compared to that,
CO2 emissions and indirect effects of NOx emissions contribute less to the
effective radiative forcing (ERF). Beside this, water vapor emissions in the
stratosphere, aerosol-radiation effects and aerosol-cloud interaction have
a still relevant but smaller climate impact than the aforementioned climate
terms [5]. Below, those climate terms and their cause-and-effect relation-
ships are described in detail.

1.2.1 Contrails

The climate impact of contrails has been estimated as 57.4 (17 to
98) mW/m? in terms of effective radiative forcing (ERF). This corresponds
to ~56 % of the overall aviation-related effective radiative forcing (ERF)
until 2018 [5].

"In the context of this chapter, the term “powerfuels” refers to fuels produced based on electrical
power. “Aviation powerfuels” more specifically denotes powerfuels suitable for the use in aviation
turbine engines.
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Figure1.2  Global Aviation Effective Radiative Forcing (ERF) Terms for the time 1940 to 2018,
adopted from [5]

The formation of contrails is triggered by particles (soot and aerosols) emit-
ted from aircraft engines. These particles serve as condensation nuclei ini-
tiating the condensation of water. When during a flight at the typical cruis-
ing altitude of a commercial airplane, the hot engine exhaust mixes with the
cool ambient air, rapidly cools down and can reach values above the satu-
ration vapor pressure. In those cases, the water vapor will condense on the
nuclei, freeze instantaneously and form a line-shaped condensation trail
("contrail”) behind the respective aircraft engine / turbine [8]. These con-
trails affect the earth’s radiative balance by scattering incoming solar radi-
ation (cooling effect) and absorb outgoing terrestrial heat radiation (warm-
ing effect). Hence, the climate effect of an individual contrail strongly de-
pends on the time of the day or more precisely the solar zenith angle. In
general, around noon contrails tend to have a cooling climate impact, while
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they have a clearly warming impact at night, as they do not scatter any solar
irradiation, but absorb the outgoing terrestrial heat radiation and reemit it
at a colder temperature compared to the ground.

Figure 1.3 shows the cumulative density function for annual energy
forcing (EF) by share of contrail forming flights for a global fleet dataset
between 2019 and 2021 [9]. Thus, only ~20 % of the flights produce con-
trails. Most of them are short and medium range flights during the day and
are therefore characterized by a slightly cooling effect. Nevertheless, the
impact of warming contrails clearly outweighs cooling contrails. As a result,
the net impact of aviation contrails on global climate is warming. Simulta-
neously, the majority of the warming contrail climate impact is caused by
less than 5 % of all flights.
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Figure1.3 Cumulative density function of the annual energy forcing (EF) of the percentage of con-
trail forming flights (for simplicity, warming contrails are described by EF values > 1and cooling con-
trails by EF values < 1) adopted from [9]

The contrail climate impact over the time of the day is shown for flights in
the North Atlantic flight corridor for each day in the year 2019 in Figure
1.4 [10]. The distinction between a mainly warming impact at night (red
colors) and a predominantly cooling impact during day (green colors) can
be seen by the horizontal change in contrail cirrus net radiative forc-
ing (RF). As all investigated flights take place on the Northern hemisphere,
a seasonal trend becomes visible by the vertical change in Figure 1.4. On the
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Northern hemisphere, days are shorter in winter and accordingly, times
with a warming contrail climate impact increase for winter days.

Contrail formation is initiated when the mixture of aircraft engine ex-
haust and ambient air becomes supersaturated with regard to water under
the presence of condensation nuclei. The thermodynamic conditions (tem-
perature, humidity) under which a supersaturation and thus contrail for-
mation occurs, can be determined by the Schmidt-Appleman criterion
(SAC) [11, 12]. They depend on the local meteorological situation (pressure
and humidity of the surrounding air) and selected aircraft properties (e.g.,
propulsive efficiency, released combustion heat and water vapor emissions
due to fuel combustion) [11, 13, 14].

(a) Contrail cirrus net RF (mW m~2)
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Figure1.4 Contrail cirrus net radiative forcing (RF) by time of day (x-axis) and calendar day (y-axis),
adopted from [10]

Different particles can serve as condensation nuclei for aviation contrails.
Aircraft engines emit soot and ultrafine aqueous particles. Additionally, the
ambient air contains typically high numbers of aerosols. The amount of soot
emissions for a given engine are strongly affected by fuel composition on
the fuel side and design aspects as well as the maintenance situation on en-
gine / turbine side. Aviation kerosene typically consists of different hydro-
carbon species, such as straight chain alkanes, cycloalkanes and aromatics.
Especially aromatics act as an initial soot precursor, due to their molecular
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structure, specifically the strong molecular bonds in the aromatic ring.
Among different hydrocarbon components contained in jet fuel / kerosene,
the soot formation tendency roughly decreases from poly- to monocyclic
aromatics via cycloalkanes towards alkanes [15].

The variation of the molecular structure of the hydrocarbon species
also affects the mass fraction of hydrogen contained. For example, the al-
kane Tridecan (C13Hz2s) shows a hydrogen content of ~15.2 m-%, cycloal-
kanes have a hydrogen content of ~14.3 m-%, the mono-aromatic Benzene
is characterized by a hydrogen content of ~7.7 m-%, and the bicyclic naph-
thalene (C10Hs) shows even a hydrogen content of ~6.3 m-%. Therefore, for
currently used engines / turbines in commercial airplanes, the hydrogen
content of a particular kerosene can serve as simplified estimate for its
sooting tendency [15-19].

Particulate matter emissions of most modern aircraft engines / tur-
bines range from 10* to 1016 particles/kg - fuel (soot-rich regime, Figure
1.5). For these engines / turbines, soot particles are the predominant con-
densation nuclei. Here, the number of ice crystals formed under the respec-
tive weather conditions within the cruising altitude is roughly proportion-
ate to the number of soot particles emitted [17, 20-23].

Soot-poor Soot-rich
— >

1016 -

Conditions well below
formation threshold
temperature (T =0 -12 K)

10%

14 |
10 Conditions near

formation threshold
temperature (T = 0)

Enhanced activation of
ultrafine aqueous particles

1013 L

Nucleated ice crystal number per kg fuel

Variable ambient aerosol

. o Current emisions
levels and time of activation

1012 L L L s
10" 10 10" 10 10"
Emitted soot particle number per kg fuel

Figure1.5 Effect of soot particle emissions on nucleated ice crystal numbers, adopted from[8]
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Ambitions to further increase engine / turbine efficiency and to im-
prove local air quality around airports have facilitated the development of
engines / turbines with substantially reduced soot emissions. Assuming
that modern or future engines / turbines can reduce soot emissions sub-
stantially below 1014 particles/kg of fuel burned, another process would be-
come important for ice nucleation. In this range (soot-poor regime), ice nu-
cleation is primarily initiated by ultrafine aqueous particles and aerosols
from ambient air.

The lifetime of a contrail is mainly determined by processes taking
place after ice nucleation. If further mixing and cooling of engine / turbine
exhaust and ambient air results in sub-saturation, the contrail diminishes
relatively fast and its climate impact is small. In some atmospheric regions,
however, the relative humidity with respect to ice is greater than
100 % (ice-super-saturated regions). If a contrail is formed under these cir-
cumstances, it grows by uptake of water vapor from the ambient air, and
can reach a contrail lifetime up to a few hours (so-called persistent con-
trail). Such persistent contrails typically exist for several hours but usually
not longer than one day [24-26]. Thus, this type of contrails can cause a
large climate impact, depending on the solar zenith angle and vertical wind
shear [10, 27, 28]. Under the influence of vertical wind shear, persistent
contrails can lose their linear shape, reach large horizontal extents and form
so-called contrail-cirrus or merge into contrail-cirrus cluster. In these cases,
the large surface area further increases the contrail’s climate impact.

Concluding, the climate impact of contrails is severely influenced by at-
mospheric and aircraft parameters. The first group is comprised of the ice
saturation of the ambient air, potential wind gradients and the solar zenith
angle. The latter group depends on the aircraft’s propulsive efficiency (a pa-
rameter of the Schmidt-Appleman criterion), soot and ultrafine aqueous
particle emissions. Atmospheric parameters are externally defined by the
prevailing weather situation, hence their impact can only be mitigated by
avoiding regions with high contrail formation probability [29, 30]. High
propulsive efficiencies are generally preferred for high fuel efficiencies and
thus lower CO; emissions and operating cost. Another option in the high
soot regime of current engine technologies would be to lower soot emis-
sions, either by developing new engine / turbine technology [31] or by us-
ing fuels with a lower aromatics content / increased hydrogen content [8,
10, 17, 20]. Further studies are required to investigate the ice nucleation
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processes in the low soot regime, when the reduced abundance of soot
might lead to the activation of volatile aerosol or background aerosol.

1.2.2 Carbon Dioxide (CO.)

The climate impact of CO; has been estimated as 34.3 (28 to 40) mW/m? in
terms of effective radiative forcing (ERF). This corresponds to ~34 % of the
overall aviation-related effective radiative forcing (ERF) until the year
2018 [5].

Virtually all aviation kerosene used today consists of hydrocarbons. For
the short and medium range fleets, electric propulsion concepts, fuels cells
and hydrogen combustion are currently investigated and tested, in order to
advance their introduction into the global commercial airplane fleet. Still,
especially for long-haul aircraft, due to the long development and use times
for such airplanes and engines / turbines as well as their high development
cost and associated risks it appears unlikely that a carbon-free fuel or bat-
tery-electric solutions can be introduced fleet-wide clearly before
2050 [32].

Despite differences in the exact composition of the various groups of
hydrocarbons within aviation kerosene, for a hypothetical ideal combus-
tion the products are always water (H20) and carbon dioxide (COz). An ideal
combustion of fossil-based kerosene would yield ca. 74 gcoz/MJfel [33]. In
reality, the formation of soot and other products of non-ideal combustion
lowers this value slightly; nevertheless, due the fact that the unburned and
partly burned fuel components oxidize over time within the atmosphere, it
is advisable to stick to the value mentioned above.

Emissions from combustion are commonly referred to as “Tank-to-
Wake (TtW)” emissions. Additionally, the provision of kerosene also re-
quires energy and this causes necessarily further COz. emissions?, which
have to be added to the emission budget calculations in terms of “Well-to-
Wake (WtW)” emissions. But in basically all cases, the largest fraction of the
“Well-to-Wake (WtW)” emissions are the “Tank-to-Wake (TtW)” emissions.

Crude oil extraction and processing in “classical” refineries and trans-
portation contribute the majority of the so-called “Well-to-Tank (WtT)”

2|n particular, the provision of fuels may cause the emission of other greenhouse gases (e.g., CHs). In
the following, overall emissions of greenhouse gases are referred to as CO2. emissions and emissions
of COz specifically are referred to as CO2 emissions.
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GHG emissions. Figure 1.6 shows sources of COze emissions from fossil-
based kerosene provision and use in absolute and relative terms.

The largest fraction of the “Well-to-Tank (WtT)” emissions is caused by
crude oil refining (Figure 1.6). The upgrading of crude oil towards specifi-
cation compliant aviation fuels (kerosene type Jet A / A-1) requires hydro-
gen and heat. In present-day refineries, hydrogen is usually supplied by
steam methane reforming (SMR) or petrol coke gasification [34]. Both pro-
cesses incur GHG emissions, approximately 10 kgcoz/kgn2 for steam me-
thane reforming and about 20 kgcoz/kgn2 for petrol coke gasification [35-
38]. The provision of heat for the various upgrading processes and the cat-
alyst regeneration incurs further COz. emissions release by conventional
refineries to be allocated to kerosene [34]. As fossil resources become in-
creasingly depleted, crude oils tend to become “heavier” (i.e., the density of
the crude oil increases) and usually contains higher amounts of sulfur. As a
result, upgrading towards specification compliant fuels requires larger
amounts of hydrogen as well as thermal energy [39]. If this trend persists,
emissions from refining of fossil-based kerosene can be expected to in-
crease in the future [34].
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Figure1.6  COzeemissions of different steps in the kerosene value chain; based on [33, 40, 41] (val-
ues are indicative and will change for different crude oil types and supply chains)

Various modes of transport are available for the transportation of crude oil
and aviation kerosene. In general, shorter transport distances and scale ef-
fects from larger transport volumes can reduce transport emissions; e.g.,
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specific emissions of maritime transport are typically lower than for rail
transport, which in most cases still shows lower specific GHG emissions
than road transport.

The increasing depletion of fossil resources does not only affect emis-
sions from refinery operations, but also from crude oil extraction. Enhanced
oil recovery technologies require additional (thermal) energy usually re-
sulting in increased COze emissions. The second major influence on emis-
sions from crude oil extraction are gas flaring practices [42]. If gas from a
specific oil field is not economically saleable, it is either flared, vented or
reinjected. Flaring refers to the burning of the crude oil gas released from
the crude oil due to pressure relief during production (causing mainly CO>
emissions), while venting refers to directly releasing the gas into the atmos-
phere. Gas from oil fields typically contains methane, which has a clearly
higher mass-specific impact on global climate compared to COz. Thus, in
most cases the climate impact of flaring is lower than the climate impact of
venting. Once released, naturally occurring local and global atmospheric
circulations distribute the emitted CO; virtually uniformly across the globe.

The atmospheric lifetime of a CO; pulse emission is regulated by the fast
and the slow carbon cycle.

e The fast carbon cycle encloses land uptake of CO2 by biomass growth and
ocean uptake. It removes about a third up to half of the CO; pulse emis-
sion.

e The slow carbon cycle encloses the reaction of CO; with calcium car-
bonate and silicate weathering.

The land and ocean uptake of the CO> (fast cycle) takes place at timescales
up to 100 years, and reactions with calcium carbonate have typical time-
scales of 1 000 to 10 000 years while silicate weathering rather takes place
between 10 000 and millions of years (slow cycle) [43, 44]. The large dura-
tions of both cycles yield a thorough mixing of COz across the entire atmos-
phere and a very slow removal of CO; from the atmosphere by natural pro-
cesses.

In conclusion, CO; emissions from aviation are primarily caused by fos-
sil-based kerosene combustion in the engines / turbines and additional
emissions arise from the production / provision from crude oil. The re-
moval of CO2 from the atmosphere by natural processes takes decades to
centuries and partly even longer. Thus, a pulse emission of COz - in contrast
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to an individual contrail - is characterized by a long-lasting climate impact.
This is the reason why CO; emissions partially accumulate in the atmos-
phere over time, provided that the emissions rate is greater than the re-
moval rate, which is clearly the case for present day CO2 emission levels.

1.2.3 Nitrogen Oxide (NOx)

The net climate impact of indirect effects from emissions of NOx has been
estimated at ~17.5 (0.6 to 29) mW/m? in terms of effective radiative forc-
ing (ERF), corresponding to 18 % of the overall aviation-related ERF until
the year 2018 [5]. The term NOx commonly refers to nitric oxide (NO) and
nitrogen dioxide (NO2), since most of the nitric oxide (NO) from combustion
oxidizes to nitrogen dioxide (NO3).

As the atmospheric lifetime of NOx emissions is very short, its direct cli-
mate impact is negligibly small. However, NOx emissions affect the climate
by a short-term formation of ozone and a longer term reduction in atmos-
pheric methane [45, 46]. The increase in atmospheric ozone (03) has a
warming effect (~38 mW/m?), while the methane reduction has a cooling
effect (~- 21 mW/m?). Accordingly, the resulting net effect of NOx emis-
sions from aviation is warming. The ozone production rate and lifetime de-
pend on ambient NOx and OH concentrations. For global NOx emissions, the
methane lifetime reduction is more pronounced and the ozone production
rate is lower compared to the rather specific case of aviation NOx emissions
at aircraft cruise altitudes. Therefore, the net climate impact of global NOx
emissions is most likely cooling, while the net effect of aviation NOx emis-
sions is clearly warming (Figure 1.1) [47].

NOy are formed during fuel combustion, when molecular oxygen (02) is
dissociated to atomic oxygen (O¢) and reacts with molecular (N2) or atomic
(Ne) nitrogen inside the hottest parts of the combustor of the turbine [48].
The formation of NOx can be attributed to four different processes: Thermal
NO formation, the N2O mechanism, prompt NO formation and fuel nitric ox-
ide formation [49]. The first three processes describe different reactions for
the oxidation of atmospheric Nz into NO and N0, while the latter refers to
the formation of NOx from fuel-bound nitrogen. Aviation kerosene typically
contains less than 2 m-% of nitrogen while the atmosphere contains
~75 m-% of nitrogen. Thus, the reaction of fuel-bound nitrogen is of lower
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importance for the overall NOx formation [49]. Nevertheless, the contribu-
tion of each formation process largely depends on combustion temperature
and equivalence ratio (actual vs. stoichiometric fuel / air-ratio) [31, 49, 50].

In general, an equivalence ratio close to one yields the highest combus-
tion temperature and pressure. This in turn results in increased NOx emis-
sions (Figure 1.7). For high thrust settings and high fuel efficiency, however,
higher combustion chamber temperatures would be desirable [31]. This
causes a trade-off between engine / turbine efficiency and NOx formation.
To counteract this trade-off, the design of combustors has become increas-
ingly advanced with the goal to facilitate both, low nitrogen oxide NOx emis-
sions as well as a high fuel efficiency (e.g., the “Rich-Quench-Lean” (RQL)
combustor) [31, 49].
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Figure1.7 Nitrogen oxide (NOyx) formation as function of fuel/air ratio (“equivalence ratio”),
adopted from [49]

Once NOx emissions are emitted from the engine / turbine exhaust, a com-
bination of photochemical and catalytical processes alter the atmospheric
composition and thus indirectly its radiative balance. Photochemical reac-
tions with OH yield in an increase in atmospheric Oz at the expense of NOx
and atmospheric CHas. Catalytical reactions result in an Oz decrease. These
reactions strongly depend on the background concentration ratio of NO, OH
and O3. For low ratios the O3 depletion is dominant, while higher ratios fa-
vor an O3 increase [46]. As the NO / O3 ratio changes geographically, also
the effect of nitrogen oxide NOx emissions on atmospheric ozone (03) varies
regionally [51]. The CH4 decrease is less regionally dependent, due to me-
thane’s CH4 comparatively long average atmospheric lifetime of 8 to 9 a, al-
lowing for thorough atmospheric mixing [52].
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In conclusion, the climate impact of indirect NOy effects is to a large extend
determined by the engines / turbines thrust setting and combustor design,
as well as the flight route. Aviation kerosene properties do not substantially
influence overall NOx emissions, since the amount of NOy formed from fuel-
bound nitrogen contribute only to a (very) small share to the overall NOx
emissions.

1.2.4 Water Vapor (H.0) in the Stratosphere

The climate impact of water vapor within the stratosphere has been esti-
mated as 2.0 (0.8 to 3.2) mW/m? in terms of effective radiative forcing
(ERF). This corresponds to ~2 % of the overall aviation-related effective ra-
diative forcing (ERF) until 2018 [5].

Weather phenomena (e.g., wind, clouds and rain) occur in the tropo-
sphere, the lowest atmospheric layer. Within this layer, atmospheric circu-
lations cause horizontal and vertical movements of air masses and thus
wash out additional water emissions comparatively fast. The boundary be-
tween the troposphere and stratosphere (atmospheric layer above the
troposphere) is called tropopause. Its height changes with latitude, reach-
ing higher elevations above ground in equatorial (~16 km) than in polar
regions (~8 km). Cruise altitudes of present-day aircraft vary between 9
and 13 km height and thus tend to take place in the stratosphere more fre-
quently with increasing latitude [53]. Due to the atmospheric stability of the
troposphere, the vertical exchange of air masses between troposphere and
stratosphere is quite limited. Once injected into the stratosphere, the life-
time of water vapor increases as it follows the general circulation patterns.
For this reason, the lifetime of water vapor emissions is substantially higher
in the stratosphere compared to the troposphere. Hence, the climate impact
of water vapor emissions becomes significant in the stratosphere. This is
particularly relevant for potential supersonic flights, which would usually
take place at even higher altitudes than most commercial flights today [54].

1.2.5 Aerosol Effects

Aerosol effects can be distinguished as direct influence of aerosols on radi-
ation and indirect effects from aerosols altering the optical properties of
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clouds and thereby affecting the earth’s radiative balance. The climate im-
pact of aerosol-radiation effects has been estimated as 0.9(0.1 to
4.0) mW/m? in terms of effective radiative forcing (ERF) for soot emissions
and -7.4 (-19 to -2.6) mW/m? for sulfur aerosols. Estimates of aerosol-cloud
interaction effects exhibit large uncertainties presently preventing the for-
mulation of best estimate values [5].

1.2.5.1 Aerosol-radiation Effects

Emissions of soot and sulfate aerosols have a direct forcing impact by scat-
tering and absorbing radiation. Soot primarily absorbs incoming short-
wave radiation and hence has a warming impact. Sulfate aerosols in turn
mainly scatter incoming short-wave radiation, less solar radiation reaches
the ground and thus they have a cooling impact [5, 55] (for the formation
mechanism of soot see section 1.2.1).

Sulfate aerosols are formed by the full oxidation of sulfur components
contained within aviation kerosene. Lower levels of sulfur contained in avi-
ation kerosene would directly reduce the emissions of sulfate aerosols as
well as the activation of co-emitted soot particles and their associated cli-
mate impacts.

1.2.5.2 Aerosol-cloud Interaction

In addition to contrail formation, both, supercooled aqueous solutions (e.g.,
sulfate aerosol particles) and insoluble ice nuclei particles (e.g., dust parti-
cles and soot) can trigger the formation of ice in cirrus clouds and they can
modify existing cirrus and low level clouds [56]. They occur in the back-
ground atmosphere, and their concentration is affected by aircraft emitting
soot and sulfate aerosols. As the processes governing the formation and the
modification of clouds from those particles are not yet scientifically well
understood, the magnitude and sign of the resulting impact on climate is
still unclear. Some studies suggest that their absolute value may be even
larger than contrail-related climate effects (warming or cooling) [57-63].
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1.2.1 CO;and Non-CO, Effects

The comparison of aviation CO; and Non-CO: effects requires careful con-
sideration of their spatiotemporal characteristics. This can be illustrated by
an exemplary comparison of CO2 emissions and contrails.

In temporal terms, contrails exist not longer than one day, but a portion
of a COz pulse emission remains in the atmosphere for more than hundred
years. For a given point in time, the climate impact of contrails is deter-
mined by all contrails existing in this particular moment. But for CO2, not
only current, but also historic emissions need to be considered, even for
centuries. In other words, while the climate impact of contrails is primarily
determined by the present situation, the climate impact of CO; (partially)
accumulates over time.

In spatial terms, contrails affect mostly their coverage area resulting in
aregionally constrained strong climate impact. Due to the large global var-
iations in air traffic density, the contrail climate impact is regionally very
inhomogeneous and concentrated within the flight corridors and in heavily
flown areas, where they contribute significantly the anthropogenic radia-
tive forcing (Figure 1.8) (i.e., contrails have a large climate impact region-
ally). CO2, however, mixes very well in the atmosphere and thus its regional
differences are negligibly small.

(a) 2019 contrail cirrus annual mean net RF (mW m™2)
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Figure1.8 Contrail cirrus annual mean net radiative forcing for 2019, adopted from [9]

Different climate metrics can be distinguished following the driver-re-
sponse-impact chain (Figure 1.9). Uncertainties increase from emissions /
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radiative forcing via temperature change estimates which require climate
modelling towards socio-economic impacts. However, measures such as
welfare loss or other indicators would be desirable from a socio-economic
perspective, as these are common targets for political measures instead of
physical state variables such as the earth’s radiative balance.
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Figure1.9 Driver-response-impact chain of climate effects from greenhouse-gas (GHG) emis-
sions, adopted from [65]

These aspects complicate a generally valid comparison between different
aviation climate terms. At first, the choice of a metric needs to find a balance
between low uncertainty and relevance for policy. Secondly, the choice of
time horizon has a strong influence on e.g, global warming poten-
tials (GWP) or absolute temperature change potential (ATP) used to com-
pare different climate terms. The time horizon is decisive for the relative
weight placed on effects taking place on different time scales. Hence, their
choice is rather a value judgement than a physically based selection [64].
Instead, the weighting of short- and long-term effects is rather a political
than a scientific decision about how much emphasis should be placed on
the situation today versus the mid- to long-term future.
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1.3 Climate Impact Mitigation Potentials
of Aviation Powerfuels

The average service duration for commercial aircraft is around 20 to
30 years. This results in long delays for the adoption of new technologies.
In order to facilitate their timely introduction, renewably-sourced kerosene
is often required to be “drop-in capable”. This means that they are approved
for in-service aircraft and infrastructure without any modifications. To
meet this requirement, renewably-sourced kerosene and thus also aviation
powerfuels have to fulfill the same specification as fossil-based kerosene
plus some additional requirements. But in reality, some characteristic dif-
ferences between aviation powerfuels and fossil-based kerosene remain.

There are virtually no aromatics in neat aviation powerfuels3 yielding
in a ~1to 2 m-% higher hydrogen content, resulting in a slightly (<5 %)
increased gravimetric energy content and marginally increased water
emissions from combustion. Another difference is that the carbon con-
tained in aviation powerfuels is sourced from recent carbon sources (e.g.,
the atmosphere, biomass) instead of fossil resources. Aviation powerfuels
also contain hardly any molecules contaminated with heteroatoms, such as
sulfur or nitrogen.

Against this background, climate relevant properties of aviation power-
fuels and their effect on aviation’s climate impact are qualitatively dis-
cussed below. As there is hardly any effect of aviation kerosene type on avi-
ation NOx emissions [15, 67], a discussion of the impact of aviation power-
fuels on this climate term is omitted. The following aspects are discussed in
depth.

e The lack of aromatics in aviation powerfuels can reduce the contrail cli-
mate impact (chapter 1.3.1).

e The use of carbon from renewable sources allows for large reductions in
lifecycle CO2 emissions (chapter 1.3.2).

3Currently, alternative kerosene are only certified to be used as blend with fossil-based kerosene as per
ASTM D7566. But, ASTM is currently developing a standard for unblended alternative aviation fuels
(status 2023) [66].
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e Water vapor in the atmosphere, aerosol-radiation effects and aerosol-
cloud interactions could be affected to some extent. Since their magni-
tude is most likely far smaller and some of their effects on weather and
climate are not yet scientifically well understood, potential effects from

using aviation powerfuels on these climate terms are briefly summa-
rized (1.3.3).

1.3.1 Contrails

Figure 1.10 shows the relationship between increasing the aviation kero-
sene hydrogen content by higher blend ratios of renewably sourced kero-
sene and the relative change in contrail climate impact relevant parameters.
The lower amount of aromatic components in renewably-sourced kerosene
(including aviation powerfuels) results in a reduction of soot formation and
their higher hydrogen content leads to a slight increase in water emissions
from combustion.
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Figure1.10 Changesin non-volatile soot particle emissions, contrail formation potential, contrail
lifetime, contrail cover, and contrail climate impact in terms of radiative forcing and energy forcing
per contrail distance when increasing the hydrogen content of aviation kerosene (left), adopted
from [10]

Various in-flight measurement campaigns studied engines / turbines emit-
ting in the soot-rich regime and several of them investigated the effect of a
reduced content in aromatics and an increased content in hydrogen on the
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soot particle emission numbers and ice nucleation [14, 17, 22, 48, 68]. Evi-
dently, ice crystal numbers decrease proportionally with soot particle emis-
sions. Therefore, the optical thickness of the contrail is reduced compared
to contrails from fossil-based kerosene. As the water available for ice parti-
cle formation remains roughly constant, it condenses on fewer ice particles
growing under these circumstances to larger sizes [17, 20]. These heavier
ice particles tend to sediment faster into warmer air masses / warmer parts
of the atmosphere, where they sublimate by reducing the lifetime of the
contrails. Both effects - i.e., the faster sedimentation causing a reduced con-
trail lifetime and the reduced optical depth reducing the contrail cover -
help to reduce the contrail climate impact [28]. For engines / turbines emit-
ting in the soot-poor regime it is not yet clear to which extent this effect
diminishes and how ice nucleation on ultrafine volatile particles and low
levels of background aerosols affects the climate impact of contrails formed
from those engines / turbines [22]. Aviation powerfuels, which typically
contain hardly any sulfur, might reduce the ice nucleation on sulfate aero-
sols.

The increase in water emissions slightly enhances the occurrence of
contrails (Figure 1.10) [10]. The exhaust air contains more water from com-
bustion, which increases the likelihood that its mixing with ambient air re-
sults (at least temporarily) in supersaturation and subsequent condensa-
tion. Also, the higher energy content of the fuel changes the range of atmos-
pheric conditions under which the contrails can form. Even though the use
of aviation powerfuels can slightly increase contrail occurrence, modeling
studies suggest that this effect is not as pronounced as the reduction in con-
trail lifetime. Hence, a net reduction in contrail climate impact can be ex-
pected from using aviation powerfuels, especially for high blend shares or
especially neat aviation powerfuels.

So far, only few studies on the effect of renewably sourced kerosene on
the contrail climate impact exist. One uses a global model and finds that a
50 % reduction in ice crystals lowers the contrail climate impact in terms
of radiative forcing (RF) by almost 25 % [28]. Another study of the North
Atlantic flight corridor finds for a 50 % reduction in soot emissions and ice
crystals in contrails a related reduction in radiative forcing from contrails
of ~42 % [10].

Current market shares of renewably-sourced aviation kerosene are be-
low 1 %, aviation powerfuels are not even produced at commercial scale
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yet[32]. As only a small fraction of all flights causes climate-relevant con-
trails, the targeted supply of renewably sourced aviation fuels could enable
a faster contrail-climate impact reduction [10]. As of now, the implications
of infrastructural changes and associated cost are unclear for a targeted use
of renewably-sourced kerosene. Hence, aviation powerfuels can substan-
tially reduce the contrail-climate impact of aviation, but the exact extent of
this reduction remains uncertain.

1.3.2 Carbon Dioxide (CO.)

As shown by Figure 1.6, the majority of COz. emissions from aviation kero-
sene stems from their combustion in aircraft engines / turbines. A smaller,
but still relevant share of COz. emissions is created during fuel refining,
transport and crude oil extraction.

The fundamental approach of renewably-sourced kerosene (including
aviation powerfuels) is to replace the carbon of fossil origin contained in
fossil-based kerosene by carbon of renewable sources. The carbon of these
sources stems more or less directly from atmospheric COz and is bound by
various biological and/or thermochemical processes within the powerfuel.
In such a way, a closed carbon cycle is established preventing the net in-
crease of atmospheric CO; levels. Since the “Tank-to-Wake (TtW)” emis-
sions from combustion remain unaffected and only the net emissions of the
fuel’s entire lifecycle are reduced, the net effect is often referred to as
“lifecycle CO2 emissions”.

However, the closed carbon cycle is a simplification, the fuel needs to
be produced and transported also resulting in so-called secondary emis-
sions. These are caused by e.g., energy provision or logistics. Literature in-
dicates that the residual emissions of aviation powerfuels range from 1 to
27 gC02¢/M] [69-72]. This amounts to less than a third of the I[CAO standard
emissions value for fossil-based kerosene [33]. Additionally, it is most likely
that over time these secondary emissions are more and more reduced be-
cause the overall energy system needs to be increasingly defossilized to ful-
fill the goals of the Paris Agreement and thus e.g., fuel logistics should show
less and less GHG emissions.

As Figure 1.11 illustrates, hydrogen production and direct-air-capture
(DAC) of COz are the main contributors towards the residual COz. emissions
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of aviation powerfuels. This can be traced back to the provision of renewa-
bly sourced electricity in both cases. Hence, the key determinant for the
COze emissions of aviation powerfuels is the emission factor of the electric-
ity source used. For both conversion routes, the Fischer-Tropsch and the
Methanol-to-Jet route, heat integration can cover most of the heat de-
mands [73]. Hence, energy demands (and associated emissions) for the pro-
vision of heat can be neglected.
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Figure1.11 Exemplary lifecycle emissions of an aviation powerfuel (FT-SPK using electricity from
wind power plants; DAC — Direct-Air-Capture, GWP — Global Warming Potential, SAF — Sustainable
Aviation Fuel,), adopted from [72]

Another factor comes into play when comparing fossil-based kerosene and
aviation powerfuels. Aviation powerfuels primarily consist of alkanes
(chapter 1.2.1), while fossil-based kerosene also contains various cyclic hy-
drocarbon components. This results in a slightly higher energy and hydro-
gen content of aviation powerfuels. In comparison with fossil-based kero-
sene, the increased hydrogen content yields slightly higher water and
slightly lower CO2 emissions assuming a fully stoichiometric combustion.
In terms of “Well-to-Tank (WtT)” emissions, aviation powerfuels pro-
vide a further mitigation potential. The provision of such synthetic fuels is
realized by the Fischer-Tropsch or Methanol-to-Jet route and thus in theory
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powered fully by renewably sourced electricity; thus, the respective GHG
emissions on the fossil fuel side can be avoided. The pendant to crude oil
refining for aviation powerfuels is the upgrading to specification compliant
aviation kerosene. If this step is also powered by renewably sourced elec-
tricity and renewably sourced hydrogen is used, CO2e emissions of this step
can also be mitigated to a large extent or even fully avoided. Due to the
“drop-in” requirement, logistics for aviation powerfuels will most likely be
similar to those of fossil-based kerosene. Emissions in this area might de-
crease, provided that the overall defossilation of the transport sector pro-
gresses and “green” fuels are used during the various transport processes.

The emissions factor of the electricity used to produce aviation power-
fuels largely determines their lifecycle COz. emissions. If the power would
be supplied from a coal-fired power plant, the powerfuels’ life-cycle COz¢
emissions would be higher than those of fossil-based kerosene. If power
from renewable sources (e.g., wind mills, photovoltaic systems) is used in-
stead, far lower life-cycle CO2e emission values can be achieved. However,
it seems questionable to achieve net zero emissions without additional CO>
sequestration (e.g., to mitigate residual emissions from the construction of
wind or photovoltaic power plants) [69-72] on the short-term; on the long
term this seems to be possible if defossilation of our overall economy pro-
gresses.

1.3.3 Water Vapor and Aerosol Climate Impacts

The increased hydrogen content of aviation powerfuels slightly shifts the
stoichiometric ratio between the final oxidation products CO2 and H;O0 to-
wards H20. While CO; emissions marginally decrease, H,0 emissions in-
crease slightly. For flights within the stratosphere, this would also slightly
increase the climate impact of water vapor emission.

The reduction in soot emissions does not only affect contrail formation,
but also reduces aerosol-related climate impacts from soot. Aviation pow-
erfuels are virtually free of sulfur, hence also effects of sulfate emissions are
reduced or even avoided. In which direction (more warming / more cool-
ing) this changes the net climate impact of direct and indirect aerosol effects
still needs to be investigated [54].
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1.4 Conclusion

In 2015, a global consensus was reached to limit global warming below 2 °C
in order to prevent detrimental effects of anthropogenic climate change. In-
ternational aviation climate mitigation goals currently focus on the abate-
ment of CO; emissions. Aviation powerfuels are considered a key measure
to achieve these mitigation goals. However, the climate impact of aviation
does not only result from CO2ze emissions, but - beside other effects of minor
importance - also contrails and indirect NOy effects contribute substantially
to the total climate impact from aviation. Against this background, this
chapter quantifies and describes aviation climate terms first. Then, the cur-
rent knowledge on the effect of aviation powerfuels on the overall climate
impact from aviation is summarized.

By decreasing order of magnitude, the individual contributions to the
total effective radiative forcing (ERF) from aviation are contrails, emissions
of COze, indirect effects of NOy and - to a substantially smaller extent - water
vapor in the stratosphere as well as direct and indirect aerosol effects.

e The climate impact of contrails is determined by atmospheric and air-
craft-related parameters. While the first group includes ice saturation of
the ambient air, potential wind gradients and the solar zenith angle, the
latter primarily depends on the aircraft’s propulsive efficiency, fuel and
engine / turbine parameters (soot and ultrafine aqueous particle emis-
sions).

e (O emissions from aviation are primarily caused by fuel combustion in
the engines / turbines and emissions from crude extraction and refining.

¢ Indirect NOy climate effects are to a large extend determined by the en-
gine’s / turbines thrust setting and combustor design, as well as the flight
route; fuel properties do not substantially influence overall NOx emis-
sions.

e Emissions of water vapor become climate-relevant for flights in the strat-
osphere due to the increased atmospheric residence time in this atmos-
pheric layer.

e Direct and indirect aerosol climate effects are caused by soot and sulfate
aerosol emissions. They cause warming and cooling climate effects; how-
ever, especially in the case of indirect aerosol effects the magnitude of
the climate impact is highly uncertain.
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The use of aviation powerfuels has significant effects on contrail formation
and lifecycle COz. emissions. For the contrail-related climate impact, avia-
tion powerfuels reduce the emissions of soot particles (at least in the soot
emission regimes of most present-day aircraft engines / turbines) and in
the end shorten the contrail lifetime and reduce the associated net climate
impact of contrails. A quantification of the contrail climate mitigation po-
tential of renewably sourced kerosene is still ongoing, existing studies
range between 30 % and 60 %. However, those studies would require mar-
ket shares of alternative aviation fuels of around 50 % or more, and current
market shares are below 1 %. As just a small fraction of all flights causes
contrail formation, targeting those flights specifically with renewably
sourced kerosene might allow for a faster reduction in aviation’s climate
impact while their market matures.

In principle, aviation powerfuels can reduce the CO2e emissions of avia-
tion by more than 80 % and in theory on a longer perspective by 100 %.
However, this is only realistic if the electricity used for fuel production orig-
inates from renewable sources of energy, such as wind power or solar radi-
ation used by wind mills and photovoltaic power plants. Electricity provi-
sion with higher COz. emissions can even result in lifecycle COz. emissions
clearly above the values for fossil-based kerosene.

Other aviation climate terms remain largely unaffected by the use of
aviation powerfuels (indirect NOy effects) or are substantially smaller than
the aforementioned climate terms. As contrails and COze emissions account
for a large share of aviation’s climate impact, aviation powerfuels allow for
a substantial reduction of aviation’s overall climate impact and are not lim-
ited to COze emissions.

In the future, targeting flight routes with a particularly high contrail-
climate impact might enable faster reductions in aviation’s climate impact.
Further studies and flight experiments are required to improve the under-
standing of the necessary requirements of a targeted fuel use.
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Chapter 1 describes the physical, societal and economic ra-
tionales for mitigating climate forcing globally and also spe-
cifically for the commercial air transport system. All climate
effects of aviation are at least indirectly related to the com-
bustion of aviation fuel in a jet engine. Two of three main avi-
ation climate terms, contrails and carbon dioxide emissions,
can be substantially altered by changing the aviation fuel in
use.

For these reasons, the identification and integration of
alternatives to the current use of conventional, i.e., crude oil-
based, aviation fuel (i.e., kerosene) deserve a profound ex-
amination. Therefore, this chapter first identifies gaps in ex-
isting research about alternative aviation fuels (section 2.1)
and then formulates research objectives (section 2.2)
emerging from the aforementioned research gaps. In the
end, the approach chosen to derive conclusions for the re-
search objectives is described (section 2.3).
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2.1 Research Gaps

To date, extensive research has already been conducted about the use of
alternative aviation fuels. The underlying motivation, however, changed
from fundamental research (development of first jet engines for aircraft)
and resource scarcity (e.g., during the Second World War or the Oil Crises)
towards environmental rationales. Already in the years 1936 and 1937, H.-
J. Pabst von Ohain drafted a demonstration jet engine using hydrogen as
fuel [31]. During the Second World War, about two thirds of the German avi-
ation fuel was supplied by the Fischer-Tropsch process using coal instead
of crude oil as feedstock [74]. In principle, this process could also be sup-
plied by feedstock from renewable sources of energy (cf. section 3.3.4). In
the year 1957, an American B57 bomber aircraft was modified for the use
of hydrogen in one of two engines and several flights were conducted using
liquid hydrogen for about 20 min during cruise [75]. Later on, in the year
1988, a Russian airliner, the Tupolev 155, was successfully modified to use
hydrogen in one of its three engines [76]. In the early 2000’s, the Cryoplane
project investigated the development of a commercial airliner fuelled by hy-
drogen [76]. With the approval of the first alternative pathways for the pro-
vision of kerosene in 2009 and 2011, an increasing amount of flights were
conducted using kerosene from renewable sources of energy [77]. In 2021,
the aircraft manufacturer Airbus announced the goal to build a commercial
aircraft using liquid hydrogen to be market-ready until 2035 [78].

At present, the vast majority of aviation fuel in use is conventional ker-
osene (i.e., kerosene from fossil crude oil). Nevertheless, market shares of
renewably sourced kerosene are currently clearly still below 1 % [79]; hy-
drogen is not used at all for any commercial flight [80]. Apparently, further
factors besides the technological availability of an alternative aviation fuel
determine the degree to which it is adopted.

For this reason, this thesis examines two aspects. These are on the one
side the provision of fuels and on the other their integration into the air
transport system. Due to the time-critical nature of climate change, also the
temporal availability of any fuel-related climate forcing reduction measure
is considered. A short-term (until the year 2030), a medium-term (between
the years 2030 and 2050) and a long-term (from the year 2050 onwards)
time horizon are considered.
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2.1.1 Fuel Provision

The aspect of fuel provision primarily concerns the identification of alter-
native aviation fuels and an estimation of their effect on aviation’s climate
forcing. Alternative aviation fuels can be provided either by altering con-
ventional kerosene or by replacing it with a fuel showing similar character-
istics as fossil kerosene but being of non-fossil origin. The knowledge docu-
mented in existing literature as well as still open research gaps for the as-
pect of fuel provision are summarized in Figure 2.1.

Altering conventional kerosene Replacing conventional kerosene

Systematic & comprehensive comparison of
drop-in and non drop-in aviation fuels

Altering the properties of
conventional kerosene by
hydroprocessing

Techno-economic assessments
(non-)biogenic drop-in aviation fuels

Techno-economic assessments
non drop-in aviation fuels

Identification of
fuel options

Climate impacts

Climate impacts of using
(non-)biogenic drop-in aviation fuels

hydroprocessed kerosene

CO; climate impacts
non drop-in aviation fuels

Estimation of
climate forcing

' | | Existing research |

Figure 2.1 Existing knowledge and identified research gaps for the aspect of fuel provision

Altering conventional kerosene can be realized by an additional hydro-
processing step added during the processing of crude oil to kerosene. This
process step allows to reduce the kerosene’s aromatic content; i.e,, it in-
creases its hydrogen content and thus lowers its overall sooting tendency
and subsequently reduces the associated contrail climate forcing (cf. sec-
tion 1.3.1).

Changing the properties of conventional kerosene to reduce aviation’s
climate forcing has been investigated so far in depth by a few studies only.
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Some of them focus on the removal of naphthalene, a bi-cyclic aromatic hy-
drocarbon [81-83], while others focus more broadly on a reduction of soot
precursors, mainly aromatic compounds [84-86].

So far, none of these studies evaluate the change in contrail energy forc-
ing due to hydroprocessing of conventional kerosene. Furthermore, poten-
tially released carbon dioxide emissions from such an additional fuel pro-
cessing step have not yet been assessed, even though in some cases they
may be hardly avoidable, e.g., for the removal of aromatic compounds.

Replacing conventional kerosene could be realized by using fuels
produced from renewable sources of energy. Typically, such fuels cause
fewer / no carbon dioxide emissions compared to fossil fuel-based kero-
sene, since they either do not contain carbon or use carbon as feedstock,
which has been synthesized by using carbon dioxide from the atmos-
phere (cf. section 1.3.2, Figure 1.11).

Such fuels have been examined by a broad range of studies already for
several years. These studies typically focus on the identification of potential
fuel options (1) and / or estimations of the resulting climate forcing of such
renewably sourced aviation fuels (2). Commonly, a distinction is made
among such alternative aviation fuels between so-called drop-in and non
drop-in fuels [87].

1. Drop-in aviation fuels are defined as compliant with the existing avia-
tion kerosene standards and are thus fully compatible with the existing
(fuel) infrastructure and aircraft (“drop-in capable”, cf. section 4.3).

2. Non drop-in fuels in turn are not compliant with current aviation kero-
sene standards and as a result their potential use would require the
modification of supply infrastructure and / or aircraft.

The state of knowledge of these two options can be summarized as follows.

e Research identifying renewably sourced drop-in aviation fuels based on
biogenic feedstock surfaced in the years before the first options were ap-
proved for the use in commercial aviation [88-97]. These options were
Fischer-Tropsch Synthesized Paraffinic Kerosene (FT-SPK) certified in
the year 2009 and Hydroprocessed Esters and Fatty Acids Synthesized
Paraffinic Kerosene (HEFA-SPK) certified in the year 2011. By the time, a
range of demonstration flights were conducted in order to examine the
implications for routine flight operations of using such renewably
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sourced kerosene [98]. Increasing societal and political concerns of a po-
tential competition between fuel production and feedstock for food and
feed initiated increasing interest in renewably sourced kerosene from
non-biogenic feedstock [69, 73, 99-104]. In recent years, further studies
also investigated processes combining biogenic and non-biogenic feed-
stock [105-107] while only very few studies compare biogenic and non-
biogenic options against each other [87]. Non drop-in fuels have also
been investigated for a long time, whereof noteworthy examples are the
use of hydrogen in flight experiments in the years 1957 [75] and
1988 [108]. During the Cryoplane project in the year 2001 [76] and
within subsequent research projects, such as Airbus ZEROe study
launched in 2021 [78], various studies examined the design of hydrogen-
fuelled aircraft[76, 78, 109-114] as well as implications from their
use [115-118]. But also other fuel options, such as the direct use of eth-
anol, have been investigated [119, 120].

e The climate forcing of these alternative fuel options has mostly been es-
timated for carbon dioxide-related climate impacts [121-128]. Addition-
ally, the influence of renewably sourced drop-in fuels on contrails has
been studied extensively by flight experiments and simulation-based
studies [15, 17, 18, 20, 28, 68, 129-131]. For non drop-in fuels, far less
studies on contrail-related climate impacts are available [132]. Never-
theless, flight experiments to collect data on contrail formation from hy-
drogen- fuelled gas turbines are presently being conducted [133].

Despite the variety of available studies on replacing conventional kerosene,
such studies mostly focus on a set of selected or even individual processes.
So far, no studies are available which systematically compare a broad range
of drop-in and non drop-in fuel options from biogenic and non-biogenic
sources for aviation.

2.1.2 System Integration

The system integration of fuel-related measures to lower aviation’s climate
forcing is subject to a trade-off between minimizing aviation’s climate forc-
ing and the associated efforts for its system integration. Options with a sim-
pler system integration and high mitigation potentials represent particu-
larly promising measures to mitigate aviation’s climate forcing. In this the-
sis, three fields of action, namely the targeted use of alternative kerosene,
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current blending requirements and the overall air transport system’s dy-
namics are discussed. The existing state of knowledge documented within
literature and the still open research gaps are summarized in Figure 2.2.

Targeted use Blending requirements System dynamics
System studies of alternative
Blending of non-biogenic ferls' market ramp-up
Efforts for segregated supply kerosene considering demand feedbacks

Implications of
system integration

| System studies of alternative

Blending of biogenic kerosene el e e

Targeted use for various
allocation cases

<)
“5‘ £ === ===
s 8 :
;.E, e L » Research gap
S L [ Existi h
£8 | Targeted use for ] xisting researc
‘3‘, £ non-segregated supply
WS

Targeted use for
flight specific allocation

Figure 2.2 Existing knowledge and identified research gaps for the aspect of system integration

The targeted use of alternative kerosene refers to using paraffinic kero-
sene primarily in situations where particularly climate relevant contrails
are formed. Since only a fraction of all flights causes warming contrails, such
a concept might allow for larger reductions in contrail-related climate forc-
ing compared to uniformly allocating a given amount of paraffinic kerosene
to all flights considered (cf. section 1.4).

A recent study for the airspace over the North Atlantic region found that
allocating a 50 % blend of paraffinic and crude oil-based kerosene to the
most contrail climate-relevant flights reduced overall contrail energy forc-
ing by about 10 %. A uniform allocation would however lower the contrail
energy forcing only by 0.6 % [10]. This case would require a segregated fuel
supply and thus make its system integration more complex. For this reason,
the supply of a 50 % blend of paraffinic and conventional kerosene via the
existing fuel system, e.g., at night or in autumn and winter, has been inves-
tigated [134].

However, varying degrees of allocation precision, i.e., how accurately
the kerosene blend is allocated to contrail-forming conditions, have not yet
been compared against each other. Additionally, operational efforts to real-
ize a segregated / targeted kerosene supply have not been analyzed scien-
tifically so far.
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Current blending requirements for renewably sourced kerosene (cf. sec-
tion 1.3) inherently constrain its potential lifecycle carbon dioxide mitiga-
tion potential and thus necessarily limit the achievable reduction in contrail
energy forcing [10]. Hence, to maximize the mitigation potentials of inte-
grating paraffinic kerosene in the air transport system, the use of ideally
neat paraffinic kerosene would be necessary. Various studies discuss cur-
rent fuel specifications and implications for blending [135-141] and also
describe pathways towards higher blend shares to allow for an increased
carbon dioxide-related climate forcing reduction [142, 143].

So far, these studies are based on kerosene from biogenic feedstock.
Studies about implications from blending renewably sourced kerosene
from non-biogenic feedstock are presently not publicly available.

The existing air transport system’s dynamics are subject to a variety
of feedback loops and interdependencies [144-146]. Interventions affect-
ing such systems are prone to unexpected, counterintuitive outcomes such
as rebound or backfire effects [145, 147]. For this reason, an in-depth un-
derstanding of the air transport system'’s behavior is required for the suc-
cessful integration of fuel-related measures to lower the climate forcing of
aviation. Such air transport system studies often focus on modelling (parts
of) the air transport system [148-154], or the resulting climate forcing from
different fleet development scenarios [155-157]. A third focal point are pol-
icy measures to incentivize the use of fuel-related mitigation options [30,
45, 46, 158].

However, only few studies include aspects of system dynamics (e.g., de-
mand reductions by higher ticket prices due to higher fuel cost). Addition-
ally, different types of renewably sourced kerosene (e.g., from biogenic and
non-biogenic sources) are usually not considered as well.

In summary, for both aspects, fuel provision and system integration, the
following research gaps exist.

e Altering the properties of crude oil-based kerosene to reduce contrail-
climate forcing by weighing the resulting contrail-related climate forcing
reductions against a potential carbon dioxide trade-off due to fuel pro-
cessing

e A systematic comparison of drop-in and non drop-in aviation fuel op-
tions from biogenic and non-biogenic feedstock against each other
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e (Change in contrail-related climate forcing for varying degrees of alloca-
tion precision

o Efforts to integrate a segregated / targeted fuel supply into the air
transport system

¢ Blending implications for renewably sourced kerosene from non-bio-
genic feedstock

e Studying the dynamics of the air transport system while considering de-
mand feedback-induced effects of introducing different renewably
sourced kerosene types

2.2 Research Objectives

In light of these research gaps, the primary goal of this thesis is to contribute
towards a better understanding about the role of fuel-related measures to
mitigate climate forcing of aviation. Both aspects, fuel provision and system
integration are essential for understanding the potential of any fuel-related
mitigation measure. Moreover, the urgency of mitigating anthropogenic cli-
mate change mandates consideration of the duration to implement any po-
tential mitigation measure. Thus, the following section discusses this over-
all research goal from both aspects, fuel provision and system integration
and derives research questions and objectives from the research gaps iden-
tified in section 0.

2.2.1 Fuel Provision

For the aspect of fuel provision, various options exist to either alter the
properties of conventional kerosene or to provide aviation fuels from re-
newable sources of energy. This raises the following questions.

1. Which processes are available to alter the properties of conventional
kerosene or to provide aviation fuels from renewable sources of en-
ergy?

2. Which are the main influencing factors on the carbon dioxide-re-
lated climate forcing of such fuel options?

3. Which are the main influencing factors on the contrail-related cli-
mate forcing of such fuel options?
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Figure 2.3 shows the research area for fuel provision, differentiated by car-
bon dioxide and contrail-related climate mitigation potentials. As described
in chapter 1, changing aviation fuel primarily affects the contrail- and car-
bon dioxide-related climate forcing of aviation, while other climate effects
such as nitrogen oxide emissions largely remain unaffected. Contrail- and
carbon dioxide-related climate effects are studied here individually, since
their interrelations with fuel-related mitigation measures differ considera-
bly, contrails and carbon dioxide act on very different timescales on the
global climate and the contrail-related climate forcing is still subject to con-
siderable uncertainties.
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Figure 2.3 Research area concerning the aspect of fuel provision. Both, contrail- and carbon diox-
ide-related climate effects are considered. Question marks exemplarily indicate potential results for
different fuel provision pathways such as a moderate contrail-related climate forcing mitigation, but
no change in carbon dioxide-related climate forcing (left), a large mitigation of carbon dioxide-re-
lated climate forcing, but hardly any change in contrail-related climate forcing (lower right) or a large
mitigation of both climate effects (upperright).

Itis very likely that at least a certain (substantial) share of the aviation fuel
market will still be supplied by conventional (i.e., crude oil-based) kerosene
in the next decade. During this transitional period (i.e., during the time re-
quired for the market-ramp up of renewably sourced kerosene) altering the
properties of established conventional kerosene might allow for an addi-
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tional climate forcing reduction. Hence, the research objective here is to de-
scribe options to either alter the properties of conventional kerosene or to
provide alternative aviation fuels in order to lower aviation’s climate forc-
ing (Research Question 1). An additional processing of conventional kero-
sene could in turn incur additional climate forcing. Hence, the contrail-re-
lated climate forcing reduction of additionally processing conventional ker-
osene (Research Question 2) needs to be weighed against potential in-
creases in climate-forcing, e.g., in terms of additional carbon dioxide emis-
sions (Research Questions 3).

For replacing conventional kerosene by renewably sourced kerosene
options, the objective is to analyze drop-in and non drop-in fuel options
from biogenic and non-biogenic feedstock for their potential use as fuel for
commercial aviation (Research Question 1). This assessment should build
upon a comprehensive description of requirements and conversion path-
ways for such renewably sourced kerosene options and include a set of as-
sessment criteria along the entire fuel provision chain. Among these crite-
ria, the climate forcing mitigation potential will be of central importance
(Research Questions 2 and 3).

2.2.2 System Integration

The aspect of integrating fuel-related measures into the air transport sys-
tem determines the extent to which the fuel-related mitigation measures
characterized in section 2.2.1 can be realized. This raises the following re-
search questions.
4. Which options exist to integrate kerosene with lower climate forcing
than conventional kerosene in the air transport system?
5. To which extent do these options require changes of / within the air
transport system?
6. Which are the main influencing factors on the climate forcing of such
integration options?

Figure 2.4 shows the research area weighing their potential climate forcing
against their system integration. The simpler the integration of a particular
measure within the air transport system, the more likely is its implementa-
tion. Thus, the system integration potential for any fuel related measure will
be defined by both, its system integration and the resulting change in cli-
mate forcing.
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Figure 2.4 Research area concerning the aspect of system integration. Ideally, a large climate forc-
ing mitigation can be achieved with a comparatively simple system integration. Question marks ex-

emplarily indicate potential results for different system integration strategies: Large climate forcing
mitigation, but a complex system integration (left), moderate climate forcing mitigation and a mod-
erate system integration (center) or a large climate forcing mitigation with a simple system integra-
tion (upper right).

A targeted use of paraffinic kerosene (blends) allows for allocating the cur-
rently limited available volumes of such kerosene more precisely towards
those flights or flight segments with the highest contrail-related climate
forcing and thus also to maximize the associated climate-forcing mitigation
potential. Investigating such mitigation potentials for increasing allocation
precision embodies a further research objective. At the same time, a higher
degree of allocation precision will increase the complexity of its system in-
tegration, mainly due to increasingly demanding requirements for the seg-
regated fuel supply and potential aircraft modifications. Hence, the next re-
search objective is to investigate the operational efforts for a segregated
paraffinic kerosene supply.

The currently existing fuel specifications limit the use of paraffinic ker-
osene to blend ratios of 50 m-%, which clearly limits the maximum possible
contrail- and carbon dioxide-related climate forcing mitigation. Thus, a fur-
ther objective is to examine current kerosene specifications, to highlight
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properties critical for blending and to discuss potential pathways towards
higher blend shares or even neat paraffinic kerosene.

The last research objective aims at the level of the global air transport
system. As mentioned above, several economic and infrastructural barriers
currently impede the market ramp up of renewably sourced kerosene. This
research objective aims at understanding the air transport system’s dynam-
ics and identifying levers to efficiently incentivize the ramp up of kerosene
with lower climate forcing compared to conventional kerosene.

2.3 Research Approach

In order to derive conclusions about the role fuel-related measures can pos-
sibly take to mitigate the climate forcing of aviation, this thesis cumulates
different studies evaluating various aspects of the overarching research ob-
jective. The following section first describes the thesis’ overall structure and
how it addresses the research questions raised above (section 2.3.1). Sub-
sequently, the content of the remaining chapters is briefly outlined (sec-
tions 2.3.2 to 2.3.4).

2.3.1 Overall Structure

Figure 2.5 shows the overall structure of this thesis. Following the back-
ground chapter (chapter 1) and these introductory sections (chapter 2), the
aspect of fuel provision is discussed (chapter 3). It begins with an option to
alter the properties of conventional kerosene, namely additional hydropro-
cessing of fossil fuel-based aviation kerosene. Thereafter, renewable fuel
options for aviation are broadly investigated (drop-in and non drop-in
fuels), followed by a focus on drop-in options (“sustainable aviation fuels”).
The results are summarized and discussed in the synthesis for the aspect of
fuel provision.
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Figure 2.5 Structure of the thesis

Next, the system integration is covered (chapter 4). In this chapter, the tar-
geted use of paraffinic kerosene is studied for different degrees of allocation
precision. Then, the system integration of such a segregated fuel supply is
investigated based on a real-world demonstration. The last two sections fo-
cus on implications from blending and studying the dynamics of the existing
air transport system. Again, the results are summarized and discussed sub-
sequently in the synthesis for system integration. At the end, the overarch-
ing results are summarized and an outlook on future developments is pro-
vided (chapter 5).

This thesis is comprised of five peer-reviewed scientific journal articles,
three chapters of scientific books and four sections forming the framework
for the research conducted and summarizing and discussing the respective
results. The individual chapters address the aforementioned research ques-
tions as listed in Table 2.1.
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Table 2.1 Thesis structure and addressed research questions; chapter set in bold have been previously pub-
lished in scientific journals with a strict peer-review process; RQ - research question

Chapter Title RQ1 RQ2 RQ3 RQ4 RQS5
1 1 Background
2 Research Gaps, Objectives & Approach

31 Hydroprocessing of Fossil Fuel-based Aviation

Kerosene X X
3.2 Renewable Fuel Options for Aviation X X X
3.2 Sustainable Aviation Fuels X X X
3.3 X X
3.4 Synthesis - Fuel Provision X X X
41 Targeted Use of Paraffinic Kerosene X
4.2 Segregated Supply of Sustainable Aviation Fuel X X
4.3 Blending of Aviation Powerfuels X
44 Simulgtion-Based Analysis of the Potential of Al- > >
ternative Fuels
4.5 Synthesis - System Integration X X
5 Summary and Outlook X X X X X

2.3.2 Fuel Provision

This first part addresses the aspect of fuel provision. Following the order of
the research objectives derived in section 2.2.1, the following studies are
included.

e Hydroprocessing of Fossil Fuel-based Aviation Kerosene. The hydropro-
cessing of fossil fuel-based kerosene for short-term aviation climate forc-
ing mitigation is assessed. This is performed by weighing the change in
contrail energy forcing for using hydroprocessed instead of conventional
kerosene against the energy forcing of carbon dioxide emissions released
by the respective hydroprocessing step within the refinery.

e Renewable Fuel Options for Aviation. A wide range of aviation fuel options
are investigated for their potential to reduce carbon dioxide-related cli-
mate forcing based on nine specific assessment criteria. The fuel options
analyzed include blended synthetic kerosene, neat synthetic kerosene,
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three alcohols (i.e., methanol, ethanol, butanol) and three gases (i.e., me-
thane, ammonia, hydrogen).

e Sustainable Aviation Fuels. Systemic requirements for renewably sourced
kerosene from the consumption- and the provision-related perspective
are outlined. Based on those requirements, currently approved provision
pathways for renewably sourced kerosene are described.

e Synthesis - Fuel Provision. This part summarizes the research results re-
garding the aspect of fuel provision. Provision pathways are outlined
first and then the main influential factors on carbon dioxide and contrail-
related climate forcing are discussed and compared to conventional ker-
osene. The respective results are compared against other not fuel-related
mitigation measures and future research areas are outlined.

2.3.3 System Integration

Within this part, the aspect of integrating alternative aviation fuels into the
air transport system are investigated. The following studies are included,
following the order of the research objectives in section 2.2.2.

e Targeted Use of Paraffinic Kerosene. A targeted allocation of paraffinic,
i.e.,, aromatic component-free, kerosene is evaluated. The contrail energy
forcing of a reference fleet powered by conventional kerosene is com-
pared against a uniform, a flight-specific, and a flight segment-specific
approach.

e Segregated Supply of Sustainable Aviation Fuel. Here, operational efforts
for the segregated supply of low-contrail kerosene to 84 demonstration
flights conducted between Stockholm and Copenhagen from 17t January
2023 to 31 February 2023 are described and an estimation of climate
forcing mitigation potentials is provided.

e Blending of Aviation Powerfuels. Blending of renewably sourced kerosene
from non-biogenic feedstock is investigated by highlighting different fuel
properties critical for blending. Furthermore, the influence of these
properties on permissible blending ratios is discussed. An outlook on po-
tential pathways towards increasing maximum permissible blend shares
of renewably sourced kerosene is additionally provided.
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e Simulation-Based Analysis of the Potential of Alternative Fuels. Key levers
for the market ramp up of renewably sourced kerosene are derived from
a system dynamics model of the air transport system. This model is ap-
plied to hypothetical incentive schemes to stimulate the use of renewably
sourced kerosene.

e Synthesis — System Integration. This final part summarizes the research
results regarding the integration of alternative aviation fuels within the
air transport system. Different options to integrate the fuel-related miti-
gation measures in the air transport system are described and subse-
quently discussed against their climate forcing and implications for sys-
tem integration. Finally, these fuel-related options are compared against
other mitigation measures from literature and future research areas are
highlighted.

2.3.4 Summary and Outlook

This chapter summarizes the results of the previous chapters. Based here-
upon, an outlook is derived for further future research developments con-
cerning the climate forcing mitigation measures discussed in the previous
chapters.
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Provision

This chapter covers the provision of alternative aviation
fuels and a comparison of their climate impact with conven-
tional kerosene. At first, options for altering the properties
of fossil-based kerosene to reduce the climate impact of avi-
ation are studied (3.1). Then, replacing conventional kero-
sene by using renewable drop-in and non drop-in aviation
fuel options is evaluated (3.2) and drop-in sustainable avia-
tion fuels are studied in greater detail (3.3). The last section
summarizes the results and thus identifies suitable provi-
sion pathways for alternative aviation fuels and lists main
influential factors on aviation’s contrail- and carbon dioxide-
related climate impacts (3.4).
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3.1 Hydroprocessing of Fossil Fuel-based
Aviation Kerosene

- Technology Options and Climate Impact
Mitigation Potentials

Quante, Gunnar; Vof3, Steffen; Bullerdiek, Nils; Voigt, Christiane; Kaltschmitt, Martin (2024):
Hydroprocessing of fossil fuel-based aviation kerosene - Technology options and climate impact mit-
igation potentials. In Atmospheric Environment: X 22, p. 100259.

DOI:10.1016/j.aea0a.2024.100259.

Typesetting and formatting are slightly adjusted to ensure consistency within this thesis.

Abstract

Aviation contributes about 4 % of global anthropogenic climate forcing pri-
marily by contrails, CO; and NOx emissions. Renewably sourced aviation
kerosene can help to reduce the climate impact from CO2 and from contrails,
but so far, its production capacities are very small. Hence, the climate im-
pact of using fossil fuel-based kerosene with a hydrogen content increased
by hydroprocessing as short-term mitigation measure is studied here.
Therefore, the change in net energy forcing (AEFue) in 2019 is calculated as
the sum of the change in contrail energy forcing (AEFcontrai1) and additional
CO2 emissions (AEFnyaroprocessing) from aviation kerosene hydroprocessing
(AEFnet = AEF contrait + AEFnydroprocessing)- The results show that hydroprocessed
aviation kerosene can reduce the net energy forcing EF,.; by about 33 %
with AEFnydroprocessing penalty of 5 %-points. Increasing the hydroprocessing
severity increases the relative climate benefit, which is only slightly affected
by the emissions factor for hydroprocessing or the choice of the time hori-
zon. Data limitations about fuel composition and its effect on contrails and
climate cause considerable uncertainties and the fuel’s compliance with
specification standards needs consideration. This study on the climate ef-
fect of hydroprocessed fossil kerosene can help to assess near-term
measures to reduce the climate impact from aviation.
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3.1.1 Introduction

Today, the contribution of the air transport sector to global anthropogenic
climate forcing is estimated to be 3.5-4 %. This climate impact is caused by
the release of greenhouse gases (GHG), mainly CO2, and several other effects
not directly related to CO;. CO2 presently accounts for roughly one-third of
aviation’s effective radiative forcing (ERF)[5, 159], the remaining two-
thirds consist of contrail effects, indirect effects of NOx emissions, and di-
rect and indirect aerosol effects (by decreasing order of magnitude) [5]. The
ERF of contrails has been estimated as 58 (17-98) mW/m?, corresponding
to 57 % of the overall aviation-related ERF until 2018 [5, 159].

In the decades before the Covid-19 pandemic, the global air traffic vol-
ume grew by 3-4 %/year. Despite the disruptions due to the pan-
demic [129], areturn to pre-pandemic growth rates is expected in the years
to come [160]. Expected growth rates of international commerecial air traffic
by around 4 %/year do overcompensate reductions of passenger-specific
fuel consumption by about 1.3 %/year [156]. As a result, if these rates re-
main constant, global aviation growth will continue to outpace efficiency
gains; i.e., the worldwide commercial aviation kerosene consumption and
associated effects on global climate are very likely to increase. Studies ex-
pect that the global aviation’s CO; emissions might more than double within
the next 20 years to values clearly above 2 Gt of COz in 2050 [156]. Since
non-CO; effects are a result of aviation kerosene combustion, they very
likely also increase in the future; if no measures for their mitigation are
taken [156]. Thus, the air transport sector urgently needs to lower both, its
CO2 and non-CO? related climate impact in order to reduce its overall cli-
mate impact effectively and promptly.

Initially, contrails form when the exhaust emitted by aviation kerosene
combustion cools down and condenses mainly on the particles emitted from
the turbines. The droplets formed subsequently freeze into ice crystals if
temperatures are sufficiently low. Depending on temperature and humidity
of the surrounding atmosphere, contrails can be short lived, but in ice su-
persaturated air they can persist for several hours [24, 25] and potentially
spread over large areas, thereby lose their linear shape and develop into
contrail cirrus. Finally, the contrail cirrus dissolves because its ice crystals
sublimate [161], e.g., by sedimentation into warmer and dryer air masses.
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Whether or not a contrail forms can be determined by the Schmidt- Apple-
man criterion (SAC). It defines a threshold temperature below which con-
trail formation occurs [11, 12, 16]. This temperature depends on ambient
conditions (pressure, humidity) and aircraft properties [162, 163] includ-
ing propulsive efficiency, released combustion heat, and water vapor emis-
sions due to aviation kerosene combustion [13]. On a microphysical level,
contrail formation is characterized by the condensation of gases (mainly
water vapor) onto aerosol particles. Water droplets form on non-volatile
and ultrafine aqueous aerosol particles in the cooling engine exhaust. For
the soot-rich emission regime of present aircraft (1014 to 1015 parti-
cles/kgsel), condensation on soot particles is the dominant contrail for-
mation process. In this regime, ice crystal numbers are nearly proportional
to the number of emitted soot particles [8, 22, 131]. However, for tempera-
tures close to the SAC criterion only a fraction of soot particles is activated
and the aircraft’s aerodynamic vortices additionally reduce the fraction of
soot particles activated for ice nucleation [22, 163-165]. Various experi-
mental measurements have shown that within the soot-rich regime, a re-
duction in soot particle emission numbers yields fewer but larger initial ice
crystals [16, 17, 20, 68].

Aromatic aviation kerosene components are efficient soot precursors
due to their tightly bound ring structure and a lower hydrogen content re-
sulting from conjugated double bonds [18, 68]. Therefore, reducing the ar-
omatic content of aviation kerosene lowers soot emission numbers which
in turn causes fewer but larger initial ice crystals[17]. Due to their in-
creased weight they sediment faster into warmer and/or drier air layers [8].
Eventually, this results in faster sublimation, a shorter contrail lifetime, and
hence a reduced climate impact [10]. Simultaneously, reducing the aromat-
ics content of a particular fuel increases its overall hydrogen content. The
consequence is that the water emissions from combustion are rising and
thus slightly increase contrail occurrence [10]. Simultaneously, the in-
creased hydrogen content (and also the reduced sulfur content) increases
the fuel’s mass-specific energy content and slightly decreases mass-specific
COz emissions. Accordingly, reducing the aromatics content of aviation ker-
osene poses a potential fuel-related measure to lower the contrail climate
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impact. Renewably sourced aviation kerosene* usually exhibits a much re-
duced aromatics content compared to fossil fuel-based kerosene. Flight ex-
periments demonstrated that their use reduces soot particle number emis-
sions [15-17, 19, 68] and thus subsequently the contrail climate impact [28,
166]. However, more than 99 % of the global aviation kerosene supply is
presently produced from fossil fuel sources. While roughly 311 Mt/year of
fossil fuel-based kerosene are consumed, production volumes of renewably
sourced kerosene are estimated at around 0.2 Mt/year[167, 168]. Even
when considering recent initiatives to ramp up the production of renewably
sourced kerosene, most studies indicate significant market shares of renew-
ably sourced kerosene (> 10 %) not before 2030 [144, 169, 170].

For fossil fuel-based kerosene, hydrothermal processing can reduce
their aromatics content considerably and the technology is available at in-
dustrial scale [82]. Mild hydroprocessing primarily involves the removal of
sulfur and (under certain conditions) the saturation of aromatics into cyclo-
alkanes. Harsher process conditions also result in breaking of aromatic
rings into acyclic alkanes. In refineries currently operated, the hydrogen re-
quired for hydroprocessing is often provided by steam methane reforming
(SMR) of natural gas and sometimes via petrol coke gasification [39, 171].
These pathways cause substantial CO; emissions, which incur an additional
climate impact. Thus, the resulting net effect between reduced contrail cli-
mate impact and an increased CO2 climate impact from aviation kerosene
hydroprocessing needs to be evaluated carefully, as it might result in an
overall increased climate impact. While few studies exist about hydropro-
cessed fossil-based kerosene [84], no study could be found which quantifies
the associated climate impact mitigation potential.

This paper aims to analyse the net climate-impact of hydroprocessing
of aviation kerosene from various types of crude oil with the goal to reduce
the climate impact from contrails. Notably, this affects the climate impact
from aviation’s CO; emissions only marginally, but it might provide a fast
and feasible option to reduce the overall climate impact from current avia-
tion kerosene use. Only technological options being available in the short-
term (up to 5 years) are selected for this assessment, to evaluate and assess
a short-term mitigation option. Section 3.1.2.1 examines relevant changes

4 Such fuels are often referred to as “sustainable aviation fuel” or “SAF”. However, this term is not used
here, as the fuel’s renewable origin does not guarantee the fulfilment of other sustainability aspects
(e.g., biodiversity or social criteria).
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of aviation kerosene composition by hydroprocessing. The contrail for-
mation process and the cause-and-effect chain for contrail climate impacts
and associated methods and data for its estimation are presented in Appen-
dix A.

Based on this, the climate impact reduction potential is analysed and
implications on specification compliance are discussed (section 3.1.3.2.2).
Finally, the results are summarized and potential further research areas are
highlighted.

3.1.2 Methods and Data

This study evaluates aviation kerosene processing strategies differing in
processing intensity (Figure 3.1). The central criterion for the assessment
is the resulting change in net energy forcing, defined as amount of energy
added to the Earth-atmosphere system.

Aviation kerosene processin Contrail climate impact
i — |
‘ Crude Ol ‘ ‘ Hydrogen ‘ Contrail-cirrus prediction mode

Hydroprocessing no processing

no processing——»

~ ;
AN /\ ——mild conditions—
- >~ <
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Hydroprocessing climate penalty . Asse,ssment . Contrail climate benefit
(AEFhyaraprocessing) ™  Change in net contrail energy forcing (AEFpe) [ (AEFsontrai)
verop 9 AEFpet = AEFhydroprocessing + AEFcontrail

Figure3.1 Methodological approach: The assessment is based on the change in net energy forcing
(AEFnet), which weighs the climate penalty of additional aviation kerosene hydroprocessing (AEFhydropro-
cessing) With the contrail climate benefit (AEFcontrait) resulting from an increased fuel hydrogen content.

The choice of any metric to compare the climate impacts of CO; emissions
and contrails is inherently limited; namely by large uncertainties in the con-
trail efficacy [5, 9, 172-176], differences in time horizons considered and
lacking consensus on a common metric [10]. The choice of energy forcing as
climate metric follows previous studies, which also compare a reduction in
contrail climate impacts and additional CO2 emissions [10, 29, 177]. The cli-
mate penalty of additional aviation kerosene hydroprocessing (AEFuydropro-
cessing) and the climate benefit of less climate effective contrails are consid-
ered (AEFcontrait)- Based hereupon, the net change in energy forcing (AEFne)
is derived as the sum of the change in energy forcing from additional CO>
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emissions due to mild and harsh hydroprocessing (AEFhydroprocessing) and the
change in energy forcing from contrails (AEFcon¢rair) in 2019.

3.1.2.1 Aviation Kerosene Processing

The contrail climate impact can be reduced by reducing soot precursors in
aviation kerosene. The sooting tendency decreases roughly from poly-to
mono-cyclic aromatics via cyclo- and iso-alkanes to unbranched al-
kanes [15, 18]. In this order, the respective hydrogen content of the aviation
kerosene components increases. Thus, the hydrogen content is often used
as proxy for the sooting tendency of aviation kerosene during combustion
in aircraft turbines. Various in-flight and on-ground measurement cam-
paigns support the validity and the limitations of this proxy [15-17]. The
hydrogen content of aviation kerosene can be increased by hydropro-
cessing. This is a commonly used process used for fuel finishing within mod-
ern refineries [39]. Hydrogen is added to the fossil straight-run kerosene
derived from crude oil under elevated pressure and temperature conditions
and reacts with heteroatoms (e.g., sulfur) and - depending on process con-
ditions - saturates aromatics or even cracks cyclic components to al-
kanes [39, 178].

3.1.2.1.1 Effecton Aviation Kerosene Properties

The composition of crude oil and its aviation kerosene fraction varies
greatly, typically depending on the crude oil’s respective reservoir. The ex-
isting studies on the distribution of hydrogen contents of conventional avi-
ation kerosene [135, 179, 180] indicate a mean hydrogen content of 14.1 m-
% with a single standard deviation o = 0.2 m-% points and a sample size
n=57. Here, only large, international airports are considered. These are
typically supplied by pipelines and operate large fuel storage tanks result-
ing in an averaging tendency for the kerosene properties. The maximum
permissible sulfur content of aviation kerosene is 0.3 m-% [181].
Hydroprocessing at comparatively mild processing conditions (typi-
cally 270-340 °C, 15 - 30 bar [39], “hydrotreatment”) involves the removal
of contaminants such as e.g., sulfur and the saturation of unsaturated com-
ponents, such as alkenes. The saturation of aromatics into cycloalkanes can
also be achieved within the upper temperature and pressure range, but typ-
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ically aromatics will not be cracked to acyclic alkanes. Reactions by decreas-
ing ease of reaction are heteroatom removal (mainly sulfur), a saturation of
olefins, and then saturation of aromatics. Accordingly, for a substantial re-
duction in aromatics, the majority of the sulfur in the feed will be re-
moved [39]. The hydrogen demand is estimated based on the stoichiometric
reactions for removing all sulfur in the feed and a conversion of 50 % of the
feed’s aromatics content into cycloalkanes. A conversion to acyclic alkanes
is rather unlikely due to the mild process conditions during such a hy-
drotreatment. Based on these assumptions, the hydrogen content of the
conventional aviation kerosene can increase by 0.3 m-% points (cf. Appen-
dix A).

In contrast, substantially harsher process conditions (typically
370 - 510 °C, 140 - 170 bar [39], “hydrocracking”) even enable cracking of
aromatics to acyclic alkanes. Typical reactions for such conditions are
(again by decreasing ease of reaction) heteroatom removal, olefin satura-
tion followed by the saturation of rings, cracking of cycloalkanes, and fi-
nally, the cracking of acyclic alkanes [182]. It is also assumed that all sulfur
is removed and now 80 % of the aromatics in the feed are saturated and
broken to acyclic alkanes. Hence, the hydrogen content of the conventional
aviation kerosene can increase by about 0.7 m-% points (cf. Appendix A)

Aviation kerosene specifications limit the sulfur content of conventional
aviation kerosene to 0.3 m-% [181]. However, studies on distributions of
aviation kerosene show that the majority of fossil-fuel based aviation kero-
sene contains not more than 0.15 m-% sulfur [135, 180]. To indicate the full
value range, the sulfur content in this study is varied uniformly from
0.0 to 0.3 m-%. Typically, sulfur occurs in the form of heteroatoms. During
hydroprocessing, these heteroatoms are saturated by hydrogen and release
sulfur as hydrogen sulfide (H2S).

3.1.2.1.2 Climate Impacts of Aviation Kerosene Processing

Presently, most hydrogen is produced from steam methane reforming
(SMR) and coal / coke / petrol coke gasification (8.2 Exa-Joule (EJ]) and 3.2
EJ in 2019, respectively [35]). A minor amount is produced from water elec-
trolysis (less than 0.1 EJ [35]). The first two options result in substantial
GHG emissions (about 10 kg CO2/kgn2 for steam methane reforming (SMR)
and about 20 kg COz/kgu> for petrol coke gasification [36-39]). In case of
electrolysis, the lifecycle CO; emissions strongly depend on emissions from
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the provision of the electricity used for water splitting. In principle, if the
entire power for electrolysis is provided from renewable sources, hydrogen
from water electrolysis could be produced with almost zero COz emissions.
Thus, the emissions factor for hydrogen provision is varied between
0 kg CO2/kgn2 and 20 kg CO2/kgnz2. Hydroprocessing is an exothermic pro-
cess [39] and thus CO; emissions from potential heat demands or benefits
from heat integration are not considered.

The energy forcing of the additional CO; emissions from hydropro-
cessing is calculated as a measure for the climate penalty of aviation kero-
sene processing. The energy forcing is calculated based on the absolute
global warming potential (AGWP) of a carbon dioxide (CO2) pulse emission
for time horizons (TH) of 20, 50 and 100 years [10](Eq. 1).

AGW P, ry is the mass-specific, absolute global warming potential of
C02(2.39%x10-14,5.35x10-14,8.8x10-1* Wyr kgl m2fora 20 /50 / 100 year
time horizon [44, 183], respectively). S.,tn refers to the earth’s sur-
face (5.101x101%m?)[184]. mp, denotes the mass of CO; emitted by the
additional hydroprocessing and is calculated as the product of the flight da-
taset’s fuel consumption (cf. section 3.1.2.2, Appendix A), the fuel mass-spe-
cific amount of hydrogen required for hydroprocessing and the emissions
factor for hydrogen provision. Accordingly, m;y, corresponds to the
amount of CO2, which would have been released if all fuel used in the flight
dataset considered here would have been hydroprocessed. The increased
hydrogen content results in an increasing gravimetric energy content of the
aviation kerosene and thus reduces the flight dataset’s fuel consumption.
Accordingly, the amount of fuel to be hydroprocessed decreases and also
CO2 emissions from kerosene combustion decrease. While the first effect is
taken into account, the reduction in CO; emissions from aviation kerosene
combustion is not taken into account here. As the reduction in combustion-
related CO2 would (partly) compensate for the additional emissions from
hydroprocessing, the change in net energy forcing (AEFue:) can be consid-
ered as conservative estimate (cf. Appendix A). The use of flight data from
the year 2019 eliminates uncertainties from air traffic development scenar-
ios as well as uncertainties from assumptions on future meteorological con-
ditions. The inter-annual variability of the simulation results is discussed in

section 3.1.3.1.4.

TH (Eq. 1)
CO, EF [/] = RF¢o; (t) dt x Searth
0
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3.1.2.2 Contrail Climate Impact

The contrail climate impact is estimated using the so-called contrail cirrus
prediction model (CoCiP) from its open source distribution pycontrails /
CoCiP version 48.1 [9, 10, 164, 177, 185, 186]. This model simulates the life
cycle of contrail segments formed along individual flight trajectories [164].

In the contrail cirrus prediction (CoCiP) model, when consecutive way-
points meet the Schmidt-Appleman criterion (SAC), contrail formation is as-
sumed. The soot emissions number influences the initial number of ice crys-
tals within the contrail. However, a lower boundary is introduced at 1013
kg-1to consider ambient aerosols and organic particles as ice nuclei [8]. Ad-
ditionally, the ambient temperature affects the initial number of ice crystals,
as well as the soot activation rate [16] and the fraction of ice particles that
survive the wake vortex phase [164]. Contrail segments enduring the wake
vortex phase are simulated in the model using time steps of 1800 s until
they reach their end-of-life conditions; i.e., the contrail ice crystal number
decreases below the background ice nuclei concentration (<103 m-3), the
contrail’s optical depth Tcontrail is less than 107, or the lifetime surpasses a
maximum of 24 h [164]. The contrail cirrus prediction (CoCiP) model calcu-
lates the local contrail radiative forcing (RF') for each waypoint, which rep-
resents the change in radiative flux over the contrail area [10]. The contrail
energy forcing is calculated as the product of the contrail segment RF’,
length, and width integrated over the contrail segment's lifetime [14, 177,
186]. The efficacy of the contrail radiative forcing is assumed to be unity,
neglecting secondary effects such as the reduction of natural cloudiness as
a result of contrail formation [5]. Such secondary effects are beyond the
scope of this study, the sensitivity of the results to various efficacies is
shown in Appendix A.

The simulations cover 797,602 departing flights from the five largest
European airports in the year 2019 by passenger numbers [187], namely
London-Heathrow, Paris Charles-de-Gaulle, Amsterdam Schiphol, Frankfurt
International and Madrid-Barajas. For the uncertainty assessment, selected
months from the years 2018 and 2023 are compared against the same four
months related to the year 2019. Flight trajectories are loaded from the
OpenSky Automatic Dependent Surveillance Broadcast (ADS-B) data-
base [188]. Aircraft performance is based on the EUROCONTROL Base of
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Aircraft Data Family 3.15 [189, 190] and the International Civil Aviation Au-
thority (ICAO) Emission Databank (EDB) [191]. Meteorological data is used
from the European Centre for Medium-Range Weather Forecast fifth gener-
ation high-resolution reanalysis (ECWMF ERA5) [192] (0.25° x 0.25° hori-
zontal resolution for 37 pressure levels and at a temporal resolution of 1 h).
The ERAS5 humidity fields are adjusted to in-situ observations using the so-
called method of exponential scaling with latitude correction [9]. These da-
tasets and methods have been extensively documented [9, 10, 131, 164,
177, 186, 193]. The average hydrogen content of all fuel supplied to the
abovementioned airports is increased gradually in 8 increments from
14.1 m-% up to 14.9 m-% and the fuel’s hydrogen content-based soot par-
ticle emission index is calculated [10]. The resulting contrail energy forcing
is weighted against the energy forcing of the additional CO; emissions from
additional hydroprocessing of aviation kerosene. The resulting net climate
impact is evaluated for a range of hydrogen provision methods (petrol coke
gasification, steam methane reforming, water electrolysis) and time hori-
zons (20, 50 and 100 years). By default, the effect of fuel sulfur changes is
not considered in the calculation of the contrail energy forcing. Several
studies [17, 21, 194-197] suggest that a lower fuel sulfur content might fur-
ther reduce the ice nucleation efficiency of the soot particles and would sub-
sequently also lower the contrail’s energy forcing. Accordingly, the simula-
tions can also be considered conservative in this regard. Furthermore, the
emission of sulfate aerosols has a direct and indirect (via aerosol cloud-in-
teraction) climate impact. As both, direct and indirect climate impacts are
still associated with large uncertainties [5], robust conclusions on the net
climate impact of a kerosene sulfur reduction cannot be drawn so far and
this effect is excluded here.

3.1.3 Results and Discussion

3.1.3.1 Results

The measures studied here do not tackle CO; emissions from the combus-
tion of fossil fuel-based kerosene. Therefore, from a mid- to long-term per-
spective, switching towards renewably sourced kerosene will be necessary,
particularly because of the long atmospheric lifetime of CO2. For the
timespan while the availability of renewably sourced kerosene is limited,
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the climate effects of hydroprocessing fossil fuel-based kerosene are as-
sessed here.

3.1.3.1.1 Variation of Crude Oil

Table 3.1 summarizes hydrogen demand and resulting CO2 emissions for
different aviation kerosene processing strategies and hydrogen sources.
Sulfur contents at the specification limit can increase overall hydrogen de-
mand by 2.5-5 %.

Table 3.1 Hydrogen demand of each aviation kerosene processing strategy and estimates for the resulting
CO2 emissions

Type of hy- Hz demand Additional COz emissions
dropro- [kgHZ/tKerosene] [kgCOZ/tKerosene]
cessing ([gcoz/M]])

Totallll  aromatics sulfur highlal mediumf@  lowlal

conversionldl  removallal

Reference case 0 0 0 0 0 0
(0) (0) (0)
Mild hydropro- 4 -4.2 4 0-0.2 80 -84 40 -42 0
cessing (1.82-1.91) (0.91-095) (0)
Harsh hydro- 8-8.2 8 0-0.2 160 - 164 80-82 0
processing (3.64-3.73) (1.82-1.86) (0]

[alrounded figures

Figure 3.2 compares the energy forcing of CO2 emissions from hydropro-
cessing (EFnydroprocessing, < ) with the associated contrail climate impact (EF-
contrail, © ) for each day in the year 2019 assuming hydrogen from steam me-
thane reforming (SMR) and a time horizon of 50 years. Additionally, the
mean net energy forcing per day is depicted (EFuet, X ) and Figure 3.3 com-
pares the relative changes.

The daily (intra-annual) variation in contrail energy forcing is shown to
indicate the daily variations in AEF ontrail. AEFcontrail ranges from individual
days with a cooling climate impact to days with EF ontrail being five or more
times higher than the mean. The mean EF,. per day from contrails is
< 5*101¢ ], while some of the daily variations significantly exceed this value.
EFnydroprocessing 1S significantly smaller, the additional CO; emissions due to
hydroprocessing reduce the climate benefit from a reduction in energy forc-
ing from contrails non-visibly in this figure representation. The largest
changes in EFy are caused by the reduced soot emissions and ice crystal
number in contrails from the hydroprocessed fuel. The climate impact of
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hydroprocessing increases for harsher process conditions, since they result
in an increased hydrogen demand (and thus EFhydroprocessing)- For the hydro-
genation of aromatics to cycloalkanes (mainly mild hydroprocessing), less
hydrogen is required than for hydrocracking to acyclic alkanes (mainly
harsh hydroprocessing). In principle, higher sulfur contents increase the re-
sulting climate impact, as the removal of sulfur incurs an additional hydro-
gen demand. However, against the daily variation in contrail energy forcing,
this effect is barely noticeable. Due to the large daily variation of the contrail
climate impact, in the following sections the annual sums of the hydropro-
cessing and contrail climate impact for the year 2019 are used and will be
compared to other years later on (section 3.1.3.1.4).
contrail energy forcing EF contrail for each day

& CO, climate penalty EFpnydroprocessing (average per day)

X net contrail energy forcing EF,et (average per day)
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Figure3.2 Energy forcing of CO2emissions from hydroprocessing (EFnydroprocessing, < ) per day, contrail
energy forcing for each simulated day (EFcontrail, o ) and mean net energy forcing per day in 2019 (EF-
net, X ), forincreasing fuel hydrogen content (m-% mass-percentage); error bars indicate the double
standard deviation from the mean) assuming medium hydrogen provision emissions and a 50-year
time horizon

Figure 3.3 shows the annual change in AEF ontrail, AEFhydroprocessing and the re-
sulting AEF,e: for increasing hydrogen content by increased hydropro-
cessing for the flight dataset from the five largest European airports in
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2019. The mean hydrogen content of fossil kerosene (cf. section 3.1.2.1.1)
of 14.1 m-% is chosen as reference (no relative change in energy forcing).
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Figure3.3 Changeinenergyforcing forincreasing kerosene hydrogen content in m-% mass-per-
centage by CO; emissions from hydroprocessing (AEFhydroprocessing, < ), by contrails ( AEFcontrair, © ) and the
resulting net effect (AEFnet, X ) for a 50-year time horizon

In general, the reduction in contrail energy forcing intensifies with increas-
ing hydroprocessing intensity. The climate impact reduction does not in-
crease linearly, but rather weakens in particular for high hydrogen con-
tents, due to the increasing climate penalty of increasingly intense hydro-
processing. Additionally, contrail occurrence slightly increases with in-
creasing hydrogen content [10] and thus further dampens the gain in cli-
mate impact reduction. This is shown by a decreased reduction rate of AEF-
contrail fOr higher hydrogen contents of the harshly hydroprocessed fuels and
the higher AEFnyaroprocessing for higher hydroprocessing intensities, both lead
to a decrease in the sensitivity of the AEFy.: with higher hydroprocessing
intensity. Furthermore, high sulfur contents marginally increase hydropro-
cessing emissions. Accordingly, kerosene from crude oil with low aromatics
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and low sulfur content would be preferable from a climate perspective. The
contrail climate benefit AEF ontrair increases significantly from mild (~ 20 %)
to harsh processing conditions (~ 38 %). The hydroprocessing climate pen-
alty AEFhydroprocessing is small and also increases from mild (~1 %) to harsh
conditions (~ 3 %), and leads to a net energy forcing reduction potential of
hydroprocessing AEFy.: of about 18 % for mild and about 33 % for harsh
processing conditions.

3.1.3.1.2 Variation of Greenhouse Gas (GHG) Emissions Intensity
of Hydrogen Provision

Figure 3.4 shows the variation of net energy forcing for different hydrogen
provision pathways. The highest reduction potentials (~35 % reduction)
are achieved in the case of low hydrogen provision emissions ( V ), which
could potentially be realized by using renewably sourced hydrogen. Next is
the medium emissions factor ( X , ~ 33 % reduction), while the lowest po-
tential exists for high specific emissions ( A , ~ 31 % reduction).

The differences in hydrogen provision pathways can be explained by
their different degrees of emission intensity. In case of the (idealized) as-
sumption of hydrogen provision with no CO; emissions (e.g., by electrolysis
powered by renewable energy sources), the net climate impact reduction
AEFy: corresponds to the reduction in contrail climate impact AEF ontrai and
increases by about 3 % points compared to a medium emissions factor for
hydroprocessing (~10 kgcoz/kgnz). For high emission intensities
(~20 kgcoz/kgnz) the climate impact reduction is slightly dampened (~3 %-
points) by the COz emissions AEFnydroprocessing- Note that a potential climate
impact reduction from lower in-flight CO2 emissions due to an increased
gravimetric energy content is excluded in this study (cf. 3.1.2.1.2). Hypo-
thetically, net CO; emissions might even decrease when considering both,
the increased gravimetric energy content and hydroprocessing with suffi-
ciently low CO2 emissions.

Consequentially, the lower the CO; emissions from hydrogen provision,
the greater the climate-impact mitigation potential. However, even the use
of hydrogen from processes causing high CO2 emissions would still enable
a reduction in net energy forcing by more than 30 % for harsh hydropro-
cessing.
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Figure3.4 Changeinenergy forcing (AEFner) versus hydrogen content (m-% mass-percentage) for
hydrogen provided with high (a ), medium (X ) and low COz emissions (V') for a 50-year time horizon

3.1.3.1.3 Variation of the Time Horizon

Figure 3.5 shows the net energy forcing for a time-horizon of 20 years ( V ),
50 years (X ) and 100 years ( A ). A medium emissions intensity of hydro-
gen provision is assumed (10 kgcoz/kgnz). The net climate impact decreases
with increasing processing intensity for all time horizons considered. The
reduction potential for a 20 year time horizon is slightly larger than the
50 year and 100 year perspective, but this choice of the time horizon has
only a small effect on the relative changes in AEF ;.

The lifetime of a contrail lies within several hours, which is very short
compared to all time-horizons considered. Hence, variations in the contrail-
related energy forcing are not altered by the different time horizons. As a
long-lived greenhouse-gas, CO; has an atmospheric lifetime from decades
to centuries. A longer time horizon considers a longer effect duration of CO>
emissions and thus increases the energy forcing from a COz pulse emission.
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Therefore, the time horizon affects the contribution of CO2 emissions from
hydroprocessing towards the net energy forcing. However, since the cli-
mate impact of CO; emissions from hydroprocessing is quite small com-
pared to the mean contrail climate impact, a large reduction in climate im-
pact can still be observed even for adverse cases with high emission inten-
sities. Thus, Figure 3.5 clearly shows that not only for short-time frames
(i.e, 20 years), but also in the longer-term (here 100 years) hydropro-
cessing of fossil fuel-based kerosene yields additional climate impact reduc-
tions, which are most pronounced for harsh processing conditions.

V 20-year time horizon X 50-year time horizon A 100-year time horizon
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;
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Figure3.5 Changeinenergyforcing foratime horizon of 20 years (Vv ), 50 years (X )and 100 years
(a)assuming medium hydrogen provision emissions (m-% mass-percentage)

3.1.3.1.4 Uncertainty Assessment

Figure 3.6 shows net energy forcing per month for the different hydropro-
cessing strategies for 2018 (O ), 2019 ( @ ) and 2023 (<) to investigate
the impact from different weather systems and air traffic volumes. To en-
hance computational efficiency, January, April, July and October were se-
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lected as representative months for each season. Trajectory data for Octo-
ber 2023 were not available in the OpenSky database and are thus not taken
into account. In Fig. 6, the left ordinate shows the net energy forcing per
month in absolute terms and the right ordinate shows the relative change
in net energy forcing.

QO net contrail energy forcing EFper (2018) +y  change in net energy forcing AEF,e: (2018)
O net contrail energy forcing EFpet (2019) < change in net energy forcing AEF,e: (2019)
& net contrail energy forcing EF,e: (2023) A change in net energy forcing AEF,e; (2023)
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Figure3.6 Netenergy forcingin absolute (left ordinate, empty symbols) and relative terms (right
ordinate, star symbols) for January, April, July and October and different years assuming medium hy-
drogen provision emissions and a 50-year time horizon (m-% mass-percentage)

In absolute terms, the net energy forcing shows a clear inter-annual varia-
bility (e.g., ~20 % for 14.1 m-% hydrogen content between 2023 and 2019).
Both, inter-annual weather variability and different air traffic volumes con-
tribute to this variation.

In relative terms, however, the inter-annual variability is substantially
reduced to a few percentage points. By using the reference case (hydrogen
content 14.1 m-%) as baseline, the effects of different air traffic volumes or
inter-annual weather variability can largely be excluded.

In conclusion, the absolute reduction in energy forcing for the hydro-
processing intensities varies with the overall climate impact of contrails
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among different years. However, the relative potential to mitigate the net
contrail climate impact for a particular year appears to be rather consistent
inter-annually. It amounts to about 18 % for mild hydroprocessing and
about 33 % for harsh hydroprocessing.

3.1.3.2 Discussion

3.1.3.2.1 Climate Impact Reduction Potential

The climate benefits of reducing the contrail energy forcing by means of ad-
ditional fuel processing outweigh the climate penalty of CO2 emissions from
aviation kerosene hydroprocessing. Based on the taken assumptions, this is
not only the case for hydrogen provision with high CO2 emissions, but also
when longer timeframes (up to 100 years) are considered for the climate
impacts.

The influential factors on climate impact (fuel hydrogen, and aromatic
content, CO2 emissions from hydrogen provision) could either be influenced
by a particularly favourable crude oil (with high hydrogen and thus low ar-
omatics content) and / or hydroprocessing based on hydrogen produced
from renewably sourced energy. The development of future crude oil prop-
erties is primarily driven by overall crude oil demand for which aviation
kerosene demand plays a minor role only. Thus, the future development of
overall crude oil demand and its associated properties is difficult to pre-
dict [39]. Simultaneously, renewably sourced hydrogen is increasingly con-
sidered as an important energy carrier for the future [198, 199]. Accord-
ingly, using hydrogen with low lifecycle CO2 emissions seems to be more
realistic than a dedicated sourcing of favourable crude oils.

Hydroprocessing of aviation kerosene creates several secondary ef-
fects, not considered here. The increase in hydrogen content also increases
the gravimetric energy density of the “low-contrail” fuel. However, this
change in fuel consumption also reduces the CO; related climate impact of
fuel combustion. This effect would counterbalance the CO climate impact
of hydroprocessing. Since this study assumes stoichiometric reactions for
fuel processing and a broadly aggregated combustion model, a valid com-
parison of both effects requires further research. Additionally, the reduced
aromatics content results in fewer soot particle emissions, which in turn re-
duces air pollution and thus improves air quality in particular at airports.
The kerosene’s sulfur content does not only affect the hydrogen required
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for hydroprocessing but potentially also the number of soot particles acti-
vated into ice and hence the contrail climate impact. Various studies [17,
131, 194-197] describe the fuel sulfur content as contributing factor to-
wards soot particle activation. For modern jet turbines with soot emissions
in the low-soot regime, the activation of sulfur aerosols might gain im-
portance for contrail formation [131]. In terms of emissions, lower sulfur
emissions will improve air quality at airports and reduce the acid rain po-
tential.

Previous studies investigated costs and environmental benefits of re-
moving naphtalenes from aviation kerosene [81, 85] and estimate a smaller
impact on reducing soot emissions and thus subsequent climate impact. As
these studies only consider the removal of multi-cyclic aromatics, their
measures are not as severe as those discussed here.

Some limitations remain inherent to this study, such as a more specific
refinery configuration, detailed aviation kerosene composition after hydro-
processing and the influence of individual fuel components (e.g., cycloal-
kanes) on contrail formation. Due to the limited availability of aviation ker-
osene properties, the distribution of aviation kerosene hydrogen content is
based here on 57 samples from the World Fuel Survey [179]. In light of the
strong regional variations of contrail climate impacts, a regionally differen-
tiated study with a larger dataset might allow for more detailed results.
Straight-run kerosene differs largely from vacuum-gas oil (the usual feed of
a hydrocracker). Hence, it is questionable if both could be processed simul-
taneously in the same processing unit. A more detailed simulation study of
the process would require considering interdependencies with other prod-
ucts and detailed processing flows. Here, the effects of individual aviation
kerosene components (e.g., aromatics or cycloalkanes) are aggregated by
using their hydrogen content. More detailed combustion chemistry models
and measurements of effects on contrail formation are necessary to validate
these initial findings.

3.1.3.2.2 Specification Compliance

Standardized fuel specifications define the permissible chemical and physi-
cal properties of aviation kerosene. Mainly, these are laid out in the specifi-
cation ASTM D1655 [181]; other specification standards exist in some coun-
tries (e.g., Russia and China). Their requirements, properties, and limita-
tions are - in the case of commercial aviation - similar to those defined by
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ASTM [200]. Renewably sourced kerosene must comply with the ASTM-
standard D7566, which includes a lower limit of 8 vol-% aromatics content
for renewably sourced kerosene. This limit has been introduced because ar-
omatics can play an important role in sealing tightness and fuel quantity
measurements among others [135, 137]. Especially legacy aircraft are con-
sidered susceptive to a risk of e. g., fuel leakages due to deteriorated seal
tightness after prolonged exposition with aromatics free aviation kerosene.
For these reasons, compliance with the prescribed aromatics content is a
critical issue also for hydroprocessed fossil-based kerosene, even though
the specification for fossil-based kerosene, ASTM D1655 does not include a
lower limit for the aromatics content.

Table 3.2 shows the change in aromatics content for the different avia-
tion kerosene processing strategies and the resulting net energy forcing re-
duction (for medium hydrogen provision emissions, 50 year time horizon).
Mild hydroprocessing achieves an aromatics content in the range of the
ASTM-standard D7566 lower limit and in turn a reduction in net energy
forcing by about 18 %. Harsher process conditions would remove aromatics
beyond the minimum content, but also allow for a larger net energy forcing
reduction of about 33 %.

Table 3.2 Hydrogen and aromatics content and associated energy forcing reduction (medium hydrogen pro-
vision emissions, 50 year time horizon)

: ) -
Processing case Hydrogen content Aromatics [m-%]  Net energy forcing

[m-%] (incl. Napthalene) reduction [%]
Reference case ~14.1 ~16.0 0
Mild hydropro- ~14.4 ~8.0 18
cessing
Harsh hydropro- ~14.8 ~3.2 33
cessing

Based on these values, mild hydroprocessing appears rather unproblematic
from a specification compliance perspective. Harsh hydroprocessing at
global scale would thus most likely require additional developments of the
current fuel specifications [142].

Thus, in the short-term, the aromatics content of aviation kerosene
could be reduced within the current limits, i.e., down to 8 vol-%. This avia-
tion kerosene could be used in all aircraft, even in older legacy aircraft with
sensitive sealing materials. The drawback of this option is a limited net en-
ergy forcing reduction at about 18 % (Table 3.2). As most present-day re-
fineries already use mild hydroprocessing (“hydrotreatment”), e.g., for road
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transport fuel desulfurization, this option might even incur comparatively
low refinery modifications.

The climate mitigation potentials of harsh hydroprocessing would most
likely require additional measures to ensure safe operation also for legacy
aircraft. These measures could involve the development of an additional
fuel standard for low contrail kerosene. Newly produced aircraft could po-
tentially be certified for this standard. Some of the currently used aircraft
could potentially be modified, e.g., by replacing particular fuel sealings or
sensors with components compatible with such a low contrail kerosene.
Moreover, it should be evaluated which legacy aircraft cannot be modified
and would not be compatible with such a new fuel standard.

The increased hydrogen content due to fuel processing strategies con-
tent of the aviation kerosene produced (e.g., density). However, the rela-
tionships between aviation kerosene composition and resulting properties
are very complex [201, 202], hence a comprehensive study of all specifica-
tion-related aviation kerosene properties would be required to ensure safe
operation of air transport. This would most likely involve the analysis of
physical volumes of hydroprocessed fossil-fuel based kerosene and is thus
far beyond the scope of this study [142, 201].

Additionally, a reduced aromatics content of fossil-based kerosene
might incur challenges for its blending with renewably sourced kerosene,
since the latter typically does barely contain any aromatics. As soon as the
aromatics content of the blend decreases below 8 %, it would fall out of the
limits of the current specification. The adjustment of both specifications,
ASTM D1655 and ASTM D7566 as described above and an increasing fleet
penetration of modern aircraft might alleviate this constraint.

3.1.3.3 Conclusion

Based on these results, increasing the hydrogen content of aviation kero-
sene, and thus reducing sulfur and aromatics content, allows for a short-
term reduction in aviation’s contrail-climate impact. Increased hydropro-
cessing intensity improves the mitigation potential but also raises associ-
ated uncertainties. The results discussed above show a reduction in net en-
ergy forcing between about 18 % (mild conditions) and about 33 % (harsh
conditions) seems achievable by hydroprocessing for the case of medium
emissions from hydrogen provision. The climate impact reduction potential
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is influenced by the unprocessed kerosene fraction’s hydrogen and aromat-
ics content and the CO; emissions intensity of hydrogen provision. The use
of hydrogen with a low emissions intensity (e.g., from renewable sources)
seems to be a promising option to further reduce the climate penalty of fuel
processing.

A potential future option to balance the climate impact reduction and
additional CO; emissions more efficiently would be to use such a “low-con-
trail” fuel only on flights where contrails form with a warming climate im-
pact. As only a small percentage of the flights are responsible for a large
share of the contrail climate impact, this might reduce the required amount
of aviation kerosene to be treated [10, 185, 186]; e.g., for the North Atlantic
flight corridor, around 3-12 % of the flights cause around 80 % of the con-
trail climate impact [186]. Supplying low-contrail kerosene (regardless of
its fossil/renewable origin) specifically to the most climate-relevant flights
would necessitate to segregate logistics infrastructures to accommodate for
two different aviation kerosene types. Associated costs and emissions and
their trade-off with additional climate benefits could be another area for
further research.

The extent to which the benefits estimated in this analysis are further
constrained, e.g., by the effects of individual aviation kerosene components
on contrail formation or constraints from aviation kerosene specifications,
is yet to be determined.

While this study provides a first insight into the potential of hydropro-
cessing of fossil-based kerosene to reduce aviation’s climate impact, given
the above-mentioned uncertainties, many open questions remain and pro-
vide potential for surprises. Therefore, before additional hydroprocessing
of kerosene can be implemented as climate mitigation measure, specific un-
certainties inherent to this study need to be reduced.

For instance, more precise hydroprocessing models might provide
more detailed data on the resulting aviation kerosene composition and thus
on specification compliance. For harsh hydroprocessing, compliance with
current fuel specifications appears to be a critical issue especially for legacy
aircraft. The abovementioned safety concerns have to be addressed and fuel
specifications need to evolve accordingly. Moreover, comprehensive exper-
imental data and detailed studies on the emission properties of such a hy-
droprocessed, “low-contrail” fuel would be required to provide insights into
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potential aircraft and infrastructure modifications, as well as on the magni-
tude of the climate impact reduction. More detailed combustion models and
an extended suite of ground and cruise measurements of the effects of the
hydroprocessed, “low-contrail” fuel on contrail formation are required to
evaluate these initial findings. Additionally, a study of the associated cost of
hydroprocessing, e.g., by increased hydrogen demand and switching to re-
newably sourced hydrogen would be interesting from an economic per-
spective. This particularly holds true for the cost as function of hydrogen
content, since presumably cost are over-proportionately higher for remov-
ing all aromatics compared to a partial reduction in aromatics content by
milder hydroprocessing. Based on this relationship, marginal abatement
cost for hydroprocessing of fossil-based kerosene could be determined and
allow for a comparison with other aviation climate impact mitigation
measures.
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3.2 Renewable Fuel Options For Aviation
- A System-wide Comparison Of Drop-in
And Non Drop-in Fuel Options
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Renewable fuel options for aviation - A System-Wide comparison of Drop-In and non Drop-In fuel
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Typesetting and formatting are slightly adjusted to ensure consistency within this thesis.

Abstract

The air transport sector’s contribution to anthropogenic climate forcing is
estimated at around 4 %. In this respect, alternative fuels are considered as
a key measure to reduce greenhouse gas emissions within the air transport
system and thus to reduce the contribution of commercial aviation to an-
thropogenic climate change. Nevertheless, so far, the usage-shares of alter-
native fuels are below 1 %. Thus, the goal of this paper is to analyse a broad
selection of aviation fuel options for their greenhouse gas reduction poten-
tial based on a set of nine assessment criteria. The fuel options studied are
blended synthetic kerosene and neat synthetic kerosene fuels, three alco-
hols (methanol, ethanol and butanol) and three gases (methane, ammonia
and hydrogen). For these fuels a multi-criteria assessment based on a five-
step ordinal scale is performed. The assessment results show that the avail-
ability of some biogenic feedstock is not sufficient to replace the present
overall energy demand of aviation; while the availability of non-biogenic
fuels might increase in the near- to mid-term. In general, alternative kero-
sene-like fuel options are mainly constrained by lacking production capaci-
ties, while alcohols and gases considered are constrained by aircraft modi-
fications or development of new aircraft types. All discussed fuel options
have the potential to mitigate greenhouse gas emissions of commercial avi-
ation substantially also from a life cycle perspective. Within the next decade,
especially alternative kerosene-like options with (intermediate) products
experiencing demand from other sectors, such as FT-SPK or AtJ-SPK, show
a high development potential. The same holds for hydrogen provided that a
hydrogen fueled aircraft will be brought successfully to the market.
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3.2.1 Introduction

The air transport sector emitted about 1 Gt of CO; globally in 2018 corre-
sponding to approximately 2.4 % of the world wide anthropogenic CO:
emissions [5]. With regards to overall anthropogenic climate forcing, recent
studies estimate the air transport sector’s contribution at around 4 % by
taking non CO; effects additionally into consideration [8]. Also, air traffic
volumes grew by ca. 4 %/an in the past decades and despite a sharp de-
crease due to the Covid-19 pandemicin 2020, a return to pre-pandemic lev-
els is expected and based on current developments most likely [160]. In the
longer term, the air transport sector will continue to grow - like in the past
- with a high probability at average growth rates of approximately
4 %/a [156]. In contrast, technological and operational measures to in-
crease fuel efficiency reduced the passenger-specific fuel consumption of
air-travel by about 1.3 %/a [156]. Assuming for the years to come the out-
lined air traffic growth is constant and the named fuel efficiency improve-
ments can be sustained, aviation’s emissions could rise to above 2 Gt of CO;
in 2050 [156].

In view of these circumstances, the commercial aviation sector is re-
quired to lower its climate impact effectively and swiftly. In 2021, the Inter-
national Air Travel Association (IATA) raised previous GHG reduction emis-
sion targets for the air transport sector to a net-carbon neutral GHG emis-
sion level in 2050. Also, the International Civil Aviation Organization (ICAO)
presently develops a “long-term aspirational goal” in addition to its present
aim of a carbon-neutral growth from 2020 onwards [3, 203]. One of the key
measures to achieve these goals is the use of “green” aviation fuels (i.e., fuel
derived from renewable energy; often-called sustainable aviation
fuels (SAF)). This means, currently used aviation fuels almost exclusively
produced from fossil crude oil (“fossil kerosene”) will have to be gradually
replaced by fuels provided from renewable sources. In this respect, primar-
ily kerosene-based fuel alternatives have been pursued so far. These fuels
can be summarised as “synthetic” kerosene>.

5In some cases this termis used to refer to fuels of non-biogenic renewable origin only or to distinguish
among different fuel options within aviation fuel specifications [204]. The use of “synthetic” in this
study includes both, options of biogenic and non-biogenic feedstock. Additionally, alternative avia-
tion fuels are often referred to as “sustainable aviation fuel” or “SAF”. However, this term will not be
used here, as the fuel’s renewable origin does not guarantee the fulfilment of other sustainability as-
pects (e.g., biodiversity or social criteria).
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To produce synthetic kerosene, the ASTM D7566 specification is applicable.
This specification presently requires the neat synthetic kerosene to be
blended with fossil kerosene [137]. After a specification compliant blending
procedure, the blend must meet the requirements of ASTM D1655, which is
the same specification as for fossil kerosene. This blend can be used within
the existing kerosene infrastructure and aircraft without any further tech-
nical modifications. Also, the blend can be seamlessly commingled with
other kerosene types being in the fuel infrastructure. Therefore, such
blends are referred to as “drop-in” aviation fuels [135].

Presently, most of the aviation fuel in use is produced from fossil crude
oil. To a minor extent, kerosene is also produced from coal or natural gas
(cf. Appendix B). Although various synthetic kerosene options of a “green”
origin have been extensively discussed and tested for nearly 15 years [200],
the usage-share of such synthetic kerosene is globally still at approximately
0.1 % related to the overall kerosene use [167, 205, 206]. The statistically
recorded production volume of kerosene of renewable origin is at around
200 kt/a compared to around 300 Mt/a of fossil kerosene [167]. Higher pro-
duction costs of synthetic kerosene compared to fossil kerosene, a lack of
production facilities as well as missing regulatory frameworks to foster a
synthetic kerosene usage are often stated as major reasons for the missing
market ramp up [87, 125, 144, 158].

Additionally, other mobility and industrial sectors claim access to the
feedstock needed to produce synthetic kerosene and are possibly willing to
pay higher prices compared to the aviation sector. This could limit the avail-
ability and cost-effective supply of feedstock for the production of synthetic
kerosene options. Simultaneously, the development and use of other fuel
options (e.g., hydrogen or methanol), receive increasing interest in other
sectors or within the overall energy system [35, 117, 207]. Hydrogen, for
example, can be produced in relatively few process steps and - in contrast
to synthetic kerosene - without the provision of a sustainable carbon
source. Therefore, hydrogen has become increasingly relevant recently as a
fuel option for aviation applications [78]. Clearly, such fuels are not drop-in
capable in contrast to blended synthetic kerosene.

Additionally, the scientific understanding of non-CO: related effects
(e.g., radiative forcing from aircraft-induced clouds or aerosol emissions)
for the assessment of the overall climate impact of aviation is increasing [5,
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8]. Studies show that using synthetic kerosene can also reduce those effects
(but most likely not entirely rule out) [17, 27].

In view of this diverse mix of fuel options and an increasing need for
climate protection in the air transport sector, the question of how to classify
and assess the various "drop-in" options among the "non drop-in" options
is becoming increasingly important. Against this background, the goal of
this paper is to analyse both drop-in and non drop-in fuel options for their
potential use as a fuel for commercial aviation. This assessment uses nine
assessment criteria including technological and system-related aspects to
compare each fuel option’s suitability as an aviation fuel option.

To achieve this goal, the selected fuel options are described in sec-
tion 3.2.2. The assessment methodology and selection of fuel options is pre-
sented in section 3.2.3, while in section 3.2.4 their assessment is conducted.
Section 3.2.5 contains the results as well as the respective discussion and
section 3.2.6 provides a brief summary and a final consideration.

3.2.2 Background

The distinction between drop-in and non drop-in fuel options is based on
whether or not a fuel option complies with the standardized fuel specifica-
tion. For the majority of the various kerosene options, this specification is
defined by the American Society for Testing Materials (ASTM) developing
the fuel standards for global civil aviation [142].

e Drop-in. The term “drop-in” fuel refers to all specification compliant avi-
ation fuels according to the ASTM D1655 specification. This includes syn-
thetic kerosene produced in accordance with ASTM D7566 and properly
blended as well as fuels produced according to ASTM D1655 by a com-
mon processing of specific renewable feedstock (e.g., used cooking oil)
or specific synthetic crude oils and fossil crude oil in conventional refin-
ing processes (Co-Processing). Drop-in fuels can be used within the ex-
isting fuelling infrastructure and the commercial aircraft fleet in opera-
tion without any technical modifications as a blend with fossil kerosene
up to a specific blending limit [208].

¢ Nondrop-in. The term “non drop-in” fuel refers to all fuel options, which
do not fulfil the ASTM D1655 requirements. Hence, this comprises also
synthetic kerosene produced in accordance with ASTM D7566 used
above the blending limit or even without any blending procedure [137].
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Based on these definitions, below the aviation fuel options selected for the
further assessment are presented and described with respect to their main
production pathways and future applications.

3.2.2.1 Selection

Today, a wide spectrum of different fuels are used for various mobility sec-
tors. Typical examples are diesel and gasoline, methane, liquefied petro-
leum gas (LPG), bioethanol, fatty-acid-methyl-ester (FAME), or even buta-
nol. Also, e.g., the chemical industry uses several of them as a bulk chemical
to be further processed to high-value products. Additionally, hydrogen is
also often added as an important future fuel option for the transport sec-
tor [35]. From this broad variety, here such fuels are selected, which seem-
ingly have a high potential for a system-wide implementation within the
commercial aviation industry. This selection is based on three main criteria.
1. A fuel option is already in use as a renewable fuel option in the air
transport system or another specific sector (e.g., bioethanol).
2. Afuel option is considered as an integral part for defossilation of the
overall energy system.
3. The potential aviation fuel is liquid or gaseous under standard con-
ditions (i.e., battery-electric aircraft concepts are excluded as well as
solid fuels).

Based on these criteria, three alcohol fuel options (methanol, ethanol, buta-
nol, i.e. n-butanol and its isomers) as well as three gases (ammonia, me-
thane, hydrogen) are taken into account. For kerosene-based options,
blended and neat drop-in synthetic kerosene options are considered. Table
3.3 distinguishes the investigated fuel options as (non) drop-in fuel options.
Additionally, the considered production pathways, the present production
and the present / the future use possibilities are listed. Table 3.3 can be
summarized as follows.

e Methanol and butanol are selected due to their role as platform chemi-
cals [209]. Not only energy provision, but also the defossilation of the
chemical industry could be a good reason for their production from feed-
stock of renewable origin (criterion 2). So far, ethanol is already pro-
duced to a significant share from feedstock of renewable origin (criterion
1).
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e Ammonia, methane and hydrogen are all considered as options for stor-
age and transport of renewably sourced energy (criterion 2) [210].

e The kerosene-based options take into account all conversion pathways
being presently certified by ASTM D7566 (criterion 1). Additionally, an
unblended use as neat synthetic kerosene is also discussed.

Table 3.3

Drop-in and non drop-in fuel options considered for the assessment (A with aromatics; ABE Ace-

tone, Butanol, Ethanol; At] Alcohol-to-Jet; Cat Category; CH Catalytic Hydrothermolysis; FT Fischer-Tropsch; HC
Hydroprocessed Hydrocarbons; HEFA Hydroprocessed Esters and Fatty Acids; HFS-SIP Hydrofermented Sugars
Synthesized Isoparaffins; N/A not applicable; Ref Reference; SK Synthesized Kerosene; SPK Synthetic Paraffinic

Kerosene)
- Fuel Production P:zflil::ttion
3 . pathway productior Ref |Presentuse Future use
option . (fossil origin
considered -
renewable origin)
o £ Blendeq FT-SPK
g| gfSynthetic| yppa gpK
8| 5| Kerosene
ol A -
g HES-SIP 0.4Mt/as | [167, i
e FT-SPK/A <02 Mt/a 211] aviation fuel
-é Neat AtJ-SPK ’
S Synthetic | CH-SK
(% Kerosene | HC-HEFA-SPK|
| Methanol syn{ 90-100 Mt/a .
Methanol thesis <1Mt/a [212] platform chemical, fuel
< N/A fuel (additive), potable alcohol, chemi-
§ Ethanol |Fermentation 100 Mt/a [213] cal and pharmaceutical
= applications
ABE-fermen- 3.7 Mt/a platform chemi- | platform chemical,
| = Butanol tation N/A [>6] cal fuel
ol . . | fertilizer for agricul-
S fertilizer for agri- ture chemical and
'2 Ammonia Haber-Bosch 180 Mt/a [214] culture, chemical halimaceutical
2 conversion N/A and pharmaceu- ipn dustry, energy
tical industry storage a‘md fuel
. heat anq POWET | eat and power gen-
2 Fermentation 2,671 Mt/a generation, pro- | . uction
@ Methane |Methane syn- ’ [210] | duction of syngas| P .
3 : 0.1 Mt/a LT of syngas for chemi-
thesis for chemical in- cal industry. fuel
dustry Y
chemical industry,
. 70 Mt/a chemical indus- refineries, heat' and
Hydrogen| Electrolysis N/A [215] trv. refineries power generation,
Y, steel production,
fuel, energy storage

6 This value resembles the global production of FT-fuels (e.g., naphtha, gasoline, kerosene) from coal

and gas.
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3.2.2.2 Fuel Options

Kerosene based fuels. Here, kerosene based fuels are considered either as
a specification-compliant blend of a fossil and a synthetic kerosene compo-
nent or neat synthetic kerosene. Both usually consist of a range of hydro-
carbons with a typical chain length of 8 to 16 carbon atoms. The most prom-
inent hydrocarbon types in aviation fuels are n- and iso-alkanes, cycloal-
kanes and aromatics [137]. Seven conversion and two co-processing op-
tions are approved for the provision of synthetic kerosene by ASTM D7566
and ASTM D1655. From these options only the production pathways con-
sidered in the assessment are discussed here [87, 92, 94, 102, 123] (cf. Ap-
pendix B).

Conversion pathways based on Fischer-Tropsch synthesis (FT-SPK)
thermo-catalytically convert a synthesis gas (“syngas”) into long-chain hy-
drocarbons (“syncrude”). Syngas can be provided from lignocellulosic bio-
mass (e.g., forestry or agricultural residues) or non-biogenic feedstock?” (i.e.,
electricity from renewable energy, water and sustainable COz). If syngas is
produced exclusively based on “green” electricity, these fuels are often re-
ferred to as "power-to-liquid" (PtL) fuel [94, 216, 217]. The “Hydropro-
cessed Esters and Fatty Acids” (HEFA-SPK) pathway or catalytic hydrother-
molysis (CH-SK) are suitable conversion processes for lipid feedstock. Both
utilize a thermochemical conversion of lipids into long-chain hydrocarbons.
Another conversion pathway is the Alcohol-to-Jet (At]-SPK) process; here,
alcohols are converted into long-chain hydrocarbons including the jet fuel
range. Suitable feedstock for this pathway are sugar and starch and poten-
tially also lignocelluloses. Presently ethanol and iso-butanol are certified for
the production of At]-SPK [204]. This pathway shows a promising potential
for two reasons: Ethanol is already being produced from renewable feed-
stock at large scale (s. Table 3.3) and in contrast to their direct use, the con-
version of alcohols to At]-SPK does not require modifications at the infra-
structure or aircraft technology (s. 3.2.4.3). Methanol as intermediate for
AtJ-SPK is not yet certified but announcements indicate the start of the cer-
tification process for the begin of 2023 [218]. Hydroprocessed Fermented
Sugars - Synthesized Iso-paraffins (HFS-SIP) denotes a conversion path-

7 A production of syngas based on fossil feedstock (e.g., via coal gasification or methane reforming) is
also possible. Due to the fossil origin of the feedstock, this pathway is not included here.
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way, where a sugary solution is converted via biocatalysts into hydrocar-
bons. As co-processing pathways contain a large share of feedstock of fossil
origin, they are not considered here.

Due to a (slightly) different chemical composition of neat synthetic ker-
osene (depending on the specific conversion pathway), compliance with
ASTM D1655 requires additional adaptations, e.g. the addition of aromatics.
Several production pathways do not yield aromatics (e.g., HEFA- or FT-SPK)
or show a different distillation curve gradient (e.g., HFS-SIP) [142]. Theo-
retically, the same production pathways as described for synthetic kerosene
blends can be used for neat synthetic kerosene production. To which extent
all conversion pathways allow an unblended use has not yet been deter-
mined.

Alcohols (Methanol, Ethanol, Butanol). Methanol is also produced
from syngas (above and Appendix B) [219]. The origin of methanol (i.e., fos-
sil or renewable) is thus primarily determined by the used syngas. The ma-
jority of the present methanol production utilizes fossil-based syngas. Com-
pared to that, the major production pathway for ethanol is an anaerobic fer-
mentation of a sugar solution produced from naturally available sugar or
converted from starch. Ethanol is basically the only alcohol that is currently
produced from renewable feedstock at industrial scale [220, 221].

“Green” butanol is produced via the Acetone, Butanol, Ethanol (ABE-)
fermentation realised by bacteria. As different products (acetone, butanol,
ethanol) are provided, there is a need to separate this product spectrum af-
terwards [220, 222]. In principle, the products of the ABE-fermentation
could be used as a blend. However, this option is excluded from this study
to limit the number of fuel options, as other combinations of fuel options
might also appear advantageous (e.g. blending a small amount of ethanol
with fossil kerosene). Other production pathways for butanol do exist, such
as the acetaldehyde pathway or fermentation utilizing genetically engi-
neered biocatalysts. In contrast to ABE fermentation, these technologies are
at arelatively low degree of technological maturity and thus not included in
this study [223-225].

Gases (Ammonia, Methane, Hydrogen). The current ammonia pro-
duction is based on the Haber-Bosch process converting hydrogen and ni-
trogen into ammonia. Before that, nitrogen is extracted from ambient air by
an air separation process. Currently, hydrogen for such an ammonia pro-
duction is provided from natural gas via steam methane reforming. This
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provision pathway could be replaced by hydrogen provided by water elec-
trolysis using “green” electricity [118].

To produce “green” methane, biomass-based as well as electricity-
based supply pathways are possible [210, 220, 226]. These provision path-
ways either consist of biomass degradation by anaerobic digestion or me-
thane synthesis [219].

Hydrogen of renewable origin can be produced by water electrolysis. If
the electricity for such a water electrolysis is provided exclusively from sus-
tainable, renewable sources (e.g., from photovoltaic and / or wind power
plants), “green” hydrogen can be provided [35, 207, 227]. At standard con-
ditions, gases have a comparatively low volumetric energy density, which
can substantially be increased by liquefaction. However, this comes at the
cost of energy requirements and higher losses (“boil-off”) [198]. Therefore,
the present study assumes that the large scale infrastructure for fuel distri-
bution uses compressed gases, liquefaction takes place at the airport and
subsequently aircraft are being fuelled by liquefied gas.

3.2.3 Methodology

This assessment (Figure 3.7) considers nine criteria covering various as-
pects across the entire fuel value chain. The following section first describes
the methodological approach of the assessment performed and then speci-
fies the selection of assessment criteria.

For the considered fuel options, the requirements and implications as
aviation fuels are ranked according to a set of nine assessment criteria. A
five-stage uniform ordinal ranking is applied for each assessment criterion,
as considerable uncertainties exist for several of the criteria. For every as-
sessment criterion, each fuel option is ranked from 1 (“very disadvanta-
geous”) to 5 (“very advantageous”). The decision of the respective ranking
is based on an extensive assessment of literature data and other public
available information. All values mentioned reflect present-day (2022)
techno-economic parameters based on a global view. Additionally, the trend
most likely becoming visible within the next decade is discussed based on
the expected developments.

3.2 — Renewable Fuel Options For Aviation 81



Assessment criteria Fuel options Assessment

Synthetic Kerosene: blended and neat

1 - Feedstock and production
« feedstock potential

« production capacities

« fuel conversion efficiency

Ranking: current status

current status
1 (,very disadvantageous*)
trend within next decade v
5 (,very advantageous")
« individual ranking for each
Alcohols: Methanol, Ethanol, Butanol assessment criterion
> « identification of constraints for
L current status market development

2 - Logistics and airports
« logistics infrastructure
« airport infrastructure L

3 — Fuel and aircraft
« fuel properties
« aircraft modifications

I8!

trend within next decade Discussion: status next decade

« description of recognisable trends
 estimation of mid-term
developments

4 — Environment and economics
« lifecycle CO,eq emissions
« fuel costs

Gases: Ammonia, Methane, Hydrogen

current status

trend within next decade

Figure3.7 Methodological approach

The different criteria are not weighted against each other as they fall
into very different categories. Thus, they can only be compared with each
other to a very limited extent in a robust, fair, and consistent manner. Addi-
tionally, the rankings are not aggregated into a single value as this assess-
ment rather aims at illustrating the complex interplay of implications for
the use of a fuel option as an alternative aviation fuel instead of finding one
“ideal fuel option”.

Table 3.4 lists the assessment criteria to compare the different fuel op-
tions. They are grouped into three categories across an aviation fuels phys-

ical value chain and one related to overarching aspects.

Table 3.4 Assessment criteria considered for the fuel option assessment
# Assessment criterion Definition
1 Feedstock potential Availability of a particular feedstock
2 Fuel conversion effi- Energy (feedstock) required to produce a defined amount of energy
ciency per mass unit of a respective fuel option
3 Production capacities  Extent to which production capacities are available or other produc-

Logistics infrastructure

Airport infrastructure

Fuel properties
Aircraft modifications

Lifecycle COz emissions

tion infrastructure could be utilized

Extent to which transport infrastructure is available or other
transport infrastructure could be used to deliver the fuel from produc-
tion to the airport

Extent to which airport infrastructure is available for fuel storage and
handling

Chemical fuel properties and their implication for aviation use
Required technological changes and their technology readiness level
(TRL) to facilitate the use of non drop-in fuels

COz2-related climate impact of using the respective fuel option

9 Fuel cost Production costs bandwidth of a respective fuel option

e The first category comprises three criteria: feedstock potential, produc-
tion capacities, and fuel conversion efficiency.
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e Logistics and airports are evaluated by an assessment of logistics, infra-
structure, as well as fuelling and storing capabilities at airports.

e Fuel and aircraft technology is studied by investigating operational fuel
properties and aircraft modifications.

e The overarching category, environment and economics is discussed us-
ing the criteria life cycle greenhouse gas emissions and fuel costs.

Following this assessment criteria-based analysis, potential constraints for

a market development at commercial scale are discussed. Such constraints

often depend on exogenous influences, such as the development of a global

production system for hydrogen of renewable origin. Hence, the constraints

outlined below rather serve as an indication for existing bottlenecks from a

time perspective than as a reliable quantitative estimate.

Such a procedure shows clear limitations. One limiting factor is the al-
ways incomplete data availability related to one assessment time period;
additionally, most of the assessment criteria involve parameter difficult to
convert or transform to the same system boundaries. The varying degrees
of technological maturity of various processes induce further uncertainties
about key process parameter (e.g., conversion efficiency, fuel costs). Beside
this, the future trajectory of the fuel options’ potential largely depends on
the further progress of the entire energy system and thus the further devel-
opment of the global energy system. One example is the development of hy-
drogen as a possible energy carrier for a large-scale defossilation of various
industrial sectors. Thus, interdependencies with and developments of other
sectors significantly effects the air transport system’s energy provision as
well as the respective economic development. Also, costs and efforts for the
deployment of infrastructure are critical factors for the likelihood of the
market introduction of alcohols and gases as aviation fuels; a clearly uncer-
tain setting of the political frame conditions add up to this. Nevertheless,
based on such an assessment robust conclusions can be drawn.

3.2.3.1 Category 1 — Feedstock and Production

Feedstock potential. A limited feedstock availability limits production
possibilities of a fuel option. This is underlined by the fact that primary (re-
newable) energy sources as well as (sustainable) raw materials are de-
manded by various sectors being part of our overall economy - and not only
by commercial aviation. Within the five-stage ordinal ranking, a feedstock
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potential being at least two orders of magnitude greater than aviation’s en-
ergy demand is rated as “very advantageous” (5), a feedstock potential com-
parable to aviation’s energy demand is seen “neutral” (3) and a substan-
tially lower feedstock potential is rated as “very disadvantageous” (1) (Ta-
ble 3.5).

Production capacities. As the duration to ramp up production capaci-
ties can significantly delay the deployment and large-scale use of a corre-
sponding fuel option, this criterion describes the current (2022) availability
of existing fuel production capacities. The usability of an existing produc-
tion infrastructure is rated as “very advantageous” (5), first industrial
plants as “neutral” (3) and the complete lack of a corresponding production
infrastructure as “very disadvantageous” (1) (Table 3.5). Additionally, the
technology readiness level (TRL) [228] is discussed in this section.

Fuel conversion efficiency. Due to a (still) limited availability of
“green” energy as well as the respective other (sustainable) resources, a
specific conversion route to provide a certain fuel is particularly favourable
based on high conversion efficiencies. This criterion is defined as the ratio
of energy content of produced jet fuel to the required secondary renewable
energy to produce the same mass of fuel (Figure 3.8).

@ 3 system boundary for fuel |
conversion efficiency |

/ photovoltaic |
fuel option

L) e
_O_ AT conversion
g pathwa! .
Y \ wind turbine | Y possible
solar radiation KA by-products
@
biomass | J
water | desalination
\ JU )\ J \ J
Y Y Y Y
primary secondary conversion fuel options and
renewable renewable energy by-products
energy and feedstock

Figure3.8 System boundaries for the selection of literature values estimating aviation fuel conver-
sion efficiency

The values for the ranking are based on the median of estimates of present
(2022) technology. Figure 3.8 shows the system boundaries used for this
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assessment. The energy content of other by-products is not taken into ac-
count. The kerosene yield can be altered significantly by thermochemical
post-conversion processes such as hydroprocessing, thus the final kerosene
fraction is not necessarily a characteristic of a particular conversion path-
way. Therefore a 70 % kerosene fraction is assumed for all synthetic kero-
sene conversion pathways, to ensure comparability. A median lower than
20 % is ranked as “very disadvantageous” (1), between 40 % and 60 % as
“neutral” (3) and above 80 % as “very advantageous” (5) (Table 3.5).

3.2.3.2 Category 2 — Logistics and Airports

Logistics infrastructure. The extent to which logistics and transport infra-
structures are currently available for the respective fuels determines the
practicability for a global deployment of these fuel options. If an existing
logistics infrastructure is available for fuel transportation to airports, this
ranks “very advantageous” (5). The possibility to modify infrastructure
ranks “neutral” (3) and no existing usable infrastructure is considered “very
disadvantageous” (1) (Table 3.5).

Airport infrastructure. Safety and operational implications create
considerable differences between fuel logistics to and at the airport. This
criterion assesses, to which extent storage and fueling infrastructure at air-
ports would need to be modified / adapted / newly developed for the use of
the fuel options discussed. Similar as for logistics infrastructure, if existing
storage and fueling infrastructure can be used for a particular fuel option,
this ranks “very advantageous” (5). The need for modifications of infra-
structure ranks “neutral” (3) and no existing usable infrastructure is con-
sidered “very disadvantageous” (1) (Table 3.5).

3.2.3.3 Category 3 — Fuel and Aircraft

Operational fuel properties. Fuel properties might have significant effects
on the flight performance and flight profiles of an aircraft. Thus, this crite-
rion evaluates chemical-physical properties of fuel options (e.g., energy and
storage density). Favourable operational range improvements (storage
density > 5 % above fossil kerosene average of 43.25 M] /kg [135]) are con-
sidered as “very advantageous” (5), small range improvements / losses
(storage density + 1 % 43.25 M]/kg[135]) as “neutral” (3) and a significant
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reduction in aircraft range (storage density >50% below 43.25
M]/kg [135]) as “very disadvantageous” (1) (Table 3.5).

Aircraft design/modifications. Due to high technological and regula-
tory safety requirements in aviation, the design of a new aircraft as well as
aircraft modifications due to another fuel can be associated with high tech-
nological efforts, economic risks and considerable time requirements [229].
This criterion compares technological modification requirements of cur-
rently certified aircraft technology to enable the use of an alternative fuel
option. A “new” fuel option is rated as “very advantageous” (5) if there is no
need for modification compared to today's overall aircraft configuration.
Minor modifications are rated “neutral” (3) and a need for a new aircraft
design and associated certification is ranked as “very disadvantageous” (1)
(Table 3.5).

3.2.3.4 Category 4 — Environment and Economics

Lifecycle COzeq emissions. This criterion evaluates the life cycle green-
house gas emissions of the fuel options. COzeq emissions below 25
g CO2¢q/M] are considered to be “very advantageous”(5), 50 to
75 g CO2¢q/M] as being “neutral” (3) and COz-emissions in a similar range
compared to fossil kerosene (at or above 95 g COz¢q/M] [230]) as “very dis-
advantageous” (1) (Table 3.5). All emission estimates consider the present
state of technology.

But, a significant part of aviation’s climate effect does not linearly de-
pend on fuel burn [5]. As hardly any data exists describing the magnitude of
such non-COz-effects for non-kerosene fuel types (e.g., ethanol or ammo-
nia), these effects are not included in the ranking [5, 231].

Fuel cost. The provision costs of each fuel option are a key determinant
of airline economic performance® [232]. The median of published values
from techno-economic analyses of different fuel conversion technologies is
used to rank the various fuel options. All cost estimates use real, present

©

The use of several of the considered fuel options would require the design of a new aircraft. This is
usually associated with high development cost for such an aircraft and engine manufacturer and high
investment cost for airlines. However, results of existing design studies differ significantly with re-
gard to the magnitude of these cost [76,111]. Therefore, they are not taken into account in the rank-

ing.
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day (ca. 2020/22) costs. Costs below 20 €/G]J are considered “very advan-
tageous” (5), between 40 and 60 €/G] are ranked “neutral” (3) and costs
above 80 €/G] “very disadvantageous” (1) (Table 3.5).

Table 3.5 Ranges for the ranking of each assessment criterion
# Assessment 1 2 3 4 5
criterion
1 Feedstock po-|Feedstock po- |Feedstock po- |Feedstock po- |Feedstock po- |Feedstock po-
tential tential signifi- [tential below |tential up to tential more tential more
cantly below |aviation energy |one order of  |than one order |than two orders
energy demand |demand magnitude of magnitude |of magnitude
of aviation greater than  |greater than |greater than
aviation energy |aviation energy |aviation energy
demand demand demand

2 Production

No existing

<5 plants at

First industrial

Current renew-

Current renew-

capacities production demonstration |plants able production|able production
infrastructure |scale amounts to amounts to
<5%o0f2019 |>5%of2019
global aviation |aviation energy
energy demand |demand
3 Fuel conver- <20 % 20-40% 40-60% 60 -80 % >80 %

sion

efficiency
4 Logistics No existing Major modifica-|Existing logis- |Minor modifica-Usable logistics
infrastructure|logistics tions of existing|tics infrastruc- |tions of existing|infrastructure
infrastructure |infrastructure |ture can be infrastructure |exists for long-
required or re- |modified or widespread |range transport
gionally limited infrastructure
infrastructure
5 Airport No existing Major modifica-|Modifications of Minor modifica-{ Usable airport
infrastructure|airport tions of existing|airport infra-  |tions of existing|infrastructure
infrastructure |infrastructure |structure nec- |infrastructure |exists
required essary
6 Fuel Significant Noticeable re- |Negligible No effect on Range
properties reduction in duction in air- |reduction in range improvements
aircraft range |craft range aircraft range |(storage den- |(storage den-
(storage den- |(storage den- |(storage den- [sity <5 % but [sity>5%
sity > 50 % be- |[sity <50 % but |sity +1 % of >1 % above above
low >1%below  |43.25M]/kg) |43.25M]/kg) |43.25 M]/kg)
43.25 MJ/kg) |43.25 MJ/kg)
7 Aircraft New design and|Major modifica-|Minor modifica- Modification of |No need for
modifications |certification tions required [tions required |only a few com-|modifications
required ponents
8 Life cycle =95 gC02eq/M]|< 95 gC0O2eq/M]|< 75 gCO2eq/M]J|< 50 gCO2eq/M]| < 25 gC0Ozeq/M]
greenhouse |(reference and = and 2 and =
gas emissions value for fossil |75 gC0Oz2eq/M] |50 gCOzeq/M] |25 gC0Ozeq/M]
kerosene)
9 Fuel cost >80 €/GJ 60-80€/G] |40-60€/G] |20-40€/G] |<20€/G]
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3.2.4 Assessment of Aviation Fuel Options

This section covers the assessment of each fuel option along the value chain
of an aviation fuel according to the criteria defined above. The main charac-
teristics related to each assessment criterion are given and the assessment
results are presented.

3.2.4.1 Feedstock and Production

Feedstock Potential. Feedstock of renewable origin can be clustered into
feedstock of biogenic (i.e., various types of biomass) and non-biogenic
origin (i.e., electricity from renewable origin together with sustainably pro-
vided carbon / CO2) [220]. A renewable provision of non-biogenic carbon /
COz can be achieved in principle by capturing atmospheric CO2 being theo-
retically available in abundance. But the present technology shows high en-
ergy requirements and significant material (and space) demands [233]. Wa-
ter for electrolysis can be provided basically unlimited by sea water desali-
nation; here the main limitation is its energy requirement [234]. Accord-
ingly, the potential for non-biogenic feedstock is ultimately determined pre-
dominantly by the availability of “green” electricity. Therefore, for the avail-
ability estimation of non-biogenic feedstock, the assessment is based on its
availability instead of the availability of water or atmospheric CO>. The use
of carbon point sources, e.g. from industrial food processing, is not taken
into account by assuming that there are abundant carbon resources from
this sector to cover the demand for commercial aviation. Figure 3.9 summa-
rizes the ranking.

Biomass feedstock can be distinguished by four main categories: lipid,
sugar, starch and lignocelluloses [220]. Sugar and starch from biomass is
not considered for this assessment, as present legal definitions for sustain-
able aviation fuels increasingly exclude feedstock being in competition with
the food and fodder market[235, 236]. Remaining and eligible biomass
feedstock are mainly non-edible crops and / or organic waste, residues and
/ or by-products (e.g., sawmill residues, sewage sludge, used cooking oil
(ucoy).

The potential for lipid containing, non-edible biomass and waste lipids is
estimated to be around 125to330Mt/a corresponding to roughly
4.6 to 12.2 E]/a[125, 167, 237] excluding edible vegetable oils (e.g., palm
oil). The potential of lignocelluloses-biomass (non-edible), organic waste,
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residues and by-products is estimated to 2,660 Mt/a corresponding to ap-
proximately 46.5 E] /a[167]. Other estimations state a potential of 125 EJ/a
for lignocelluloses-biomass [237]. For comparison, the final energy con-
sumption of aviation fuel in global commercial air transport was about
290 Mt/a fossil kerosene or 12.4 EJ/a in 2019 [238].
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Figure3.9 Comparison of potential energy provided by each feedstock category for the correspond-
ing conversion pathways (numbers in brackets indicate each fuel option’s ranking) (At) Alcohol-to-
Jet; BM Biomass; CH Catalytic Hydrothermolysis; FT Fischer-Tropsch; HEFA Hydroprocessed Esters
and Fatty Acids; HFS-SIP Hydrofermented Sugars Synthesized Isoparaffins; SK Synthesized Kerosene;
SPK Synthetic Paraffinic Kerosene; ranking: 1 — “very disadvantageous”; 2 — “disadvantageous”; 3 —
“neutral”; 4 — “advantageous; 5 — “very advantageous”; trend: N — improvement; \ — deterioration;
> —no change; ? — unclear)

These figures clearly illustrate the limited availability of lipids and thus
their limited ability as the only feedstock option to provide synthetic kero-
sene. This is especially true since conversion losses or an extra-sectoral de-
mand is not taken into account in Figure 3.9 (“disadvantageous”, 2). Some
conversion pathways based on lignocelluloses do not utilize syngas (“neu-
tral”, 3). As syngas can be provided based on lignocelluloses-biomass or re-
newably sourced electricity and / or a combination of both, pathways based
on syngas show an even higher feedstock potential (“very advanta-
geous”,5). AtJ-SPK and Methane cannot only be produced via syngas but
also directly from lignocellulose (“very advantageous”, 5). The potential for
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the utilization of renewably sourced electricity is very high (“very advanta-
geous”, 5). However, it is currently limited by capacities to convert e.g. solar
energy to electricity. Even though a strong ramp up of “green” electricity is
most likely in many regions of the world, the present use does by far not
match its potential [239]. For this assessment criterion, limitations by lack-
ing production capacities are not taken into account as the availability of
production capacities is discussed in the following section.

Trend within next decade. Due to their characteristic as waste and / or
residue, the availability of lipid-based feedstock keeps most likely constant
in the decade to come. Substituting lipid-based fuels in road transport by
battery-powered vehicles might improve their availability for aviation.

Similarly, the availability of lignocelluloses waste and residues will not
change substantially. An extension of the feedstock bases may be realized if
lignocelluloses-biomass is cultivated with agricultural methods and / or the
existing potentials are more extensively used. Assuming that non-biogenic
renewable energy sources are utilized more intensively, their availability
can increase drastically. Bearing in mind increasing global ambitions to ful-
fil the legally defined greenhouse gas reduction goals, such a development
appears at least possible [169]. However, it remains uncertain, to which ex-
tent increasing demand from other sectors outbalances the increased avail-
ability of non-biogenic feedstock.

Production Capacities. There are hardly any production capacities for
the synthetic kerosene options assessed (less than 0.3 Mt/a, ca.0.013
EJ/a) [240]. For FT-SPK based on renewable feedstock presently only
demonstration facilities exist (TRL 7) [87, 95]. However, the fact that large
commercial FT-plants for fossil feedstock exist in South Africa (coal), Qatar
(natural gas) and Malaysia (coal) [74], might potentially ease the transition
of renewable FT-SPK from TRL towards commercial scale. A few commer-
cial plants produce HEFA-SPK (“neutral”, 3); but most of them focus on the
production of renewable diesel. This is also the pathway with the highest
TRL (8 to 9) [87, 216]. For AtJ-SPK and HFS-SIP the conversion of sugar /
starch is more developed (TRL 7 to 8) compared to the feedstock lignocel-
luloses (TRL 5 to 6) [87]. CH-SK is still in the demonstration stage (TRL 3 to
4)[87, 216].

Almost the entire global methanol production (90 to 100 Mt/a,
ca.2 EJ/a) is based on (fossil-based) syngas. But the provision of syngas
from renewable resources is still not implemented [46]. Similar to FT-SPK,
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these (fossil-based) production capacities might ease the transition of
methanol from renewably sourced syngas towards commercial scale. For
“direct” “green” methanol synthesis only a few, small-scale plants are under
operation (“neutral”, 3; TRL 8) [212, 219, 226].

Most of the global ethanol production (100 Mt/a, ca. 3 EJ/a) is currently
renewably sourced (“very advantageous”, 5), but mostly based on sugar and
/ or starch (TRL 9) [213]. As these types of feedstock are increasingly ex-
cluded for fuel production due to legal sustainability criteria, lignocellu-
loses-biomass would need to be converted to ensure long-term compli-
ance (TRL 6) [221, 235, 236, 241]. To provide sugar for fermentation from
lignocelluloses-biomass pretreatment steps for saccharification are addi-
tionally required, such as comminuting and subsequent hydrolysis or steam
explosion [220]. Globally, 3.7 Mt/a (ca. 0.1 EJ/a) of fossil-fuel based butanol
is produced being clearly less compared to methanol or ethanol [119, 242].
Production capacities for renewably sourced butanol are hardly available
so far, because existing ABE-fermentation capacities have been shut down
due to economic reasons in recent years (TRL 6 to 7) [222]. Currently, no
production capacities for “green” butanol greater than a demonstration
scale exist (“disadvantageous”, 2) [243].

Table 3.6 Existing production capacities and resulting ranking (At] Alcohol-to-Jet; BM Biomass; BtL Biomass-
to-Liquid; CH Catalytic Hydrothermolysis; FT Fischer-Tropsch; HEFA Hydroprocessed Esters and Fatty Acids;
HFS-SIP Hydrofermented Sugars Synthesized Isoparaffins; LC Lignocellulosic; S Sugar/Starch; SK Synthesized
Kerosene; SPK Synthetic Paraffinic Kerosene; PtL Power-to-Liquid; ranking: 1 - “very disadvantageous”; 2 - “dis-
advantageous”; 3 - “neutral”; 4 - “advantageous; 5 - “very advantageous”; trend: /N - improvement; \V - deterio-
ration; = - no change; ? - unclear)

# Fuel option Production capacities Ranking Trend TRL
1 Blended Syn- FT-SPK (BtL) > 7
2 thetic Kero- FT-SPK (PtL) N 7
sene and HEFA-SPK o . > 8-9
Neat Synthetic At]-SPK First industrial plants 3 A 7.8
Kerosene HFS-SIP > 7-8
CH-SK > 3-4
3 Methanol First industrial plants 3 N 8
4 Ethanol Current renewable produc- 5 > 9 (S-BM)
tion > 5 % 6 (LC-BM)
of global aviation demand
5 Butanol < 5 plants at 2 > 6-7
demonstration scale
6 Ammonia < 5 plants at 2 ? 8-9
demonstration scale
7 Methane First industrial plants 3 ? 8-9
8 Hydrogen First industrial plants 3 n 8

3.2 — Renewable Fuel Options For Aviation 91



Ammonia production exists at industrial, global scale (180 Mt/a, ca.
3 EJ/a) [214]. If renewably sourced hydrogen and “green” electricity would
be used, these capacities could produce “renewable” ammonia. However,
this is currently not realised at scales larger than demonstration scale (“dis-
advantageous”, 2; TRL 8 to 9) [214].

The major share of the current methane use originates from the con-
sumption of natural gas [210]. Only a few methane production plants (bio-
gas plants) based on biomass exist (< 0.2 EJ/a). Even though this production
of so-called “biomethane” is technologically well-developed (TRL 9), it
seems unrealistic for them to fulfil aviation’s energy demands (“neutral”, 3).
For electricity based methane no industrial scale plants exist (TRL 6) [210,
226].

Annually, about 70 Mt/a of hydrogen are produced worldwide, but only
a minor share via electrolysis of water (approximately 0.1 %, ca. 0.01 EJ/a;
“disadvantageous”, 2) [244]. However, the technology to produce hydrogen
via electrolysis is well-developed (TRL 8) [35, 227]. Additionally, a signifi-
cant increase in renewably sourced hydrogen production is politically envi-
sioned.

Trend within next decade. The demand for aviation fuel is small com-
pared to other sectors such as road transport or the chemical industry.
Therefore, the development of production capacities for synthetic kerosene
is strongly influenced by the further development of liquid fuel / bulk chem-
ical production capacities for the overall energy system / for the industrial
sector. Here an increasing demand seems particularly likely for applica-
tions, where electrification is technologically difficult (e.g., shipping) and/or
where industry needs hydrocarbons for the respective production pro-
cess [169]. Particularly synthetic kerosene options including (intermedi-
ate) products / side products with specific application fields outside the
“classical” aviation sector would benefit (FT-SPK or At]-SPK).

Similar to synthetic kerosene, increasing demand for “green” methanol
from other sectors being significantly larger than the demand from aviation
(e.g., chemical industry) would support the ramp up of production capaci-
ties on a global scale. This is likely due to the prominent role of methanol as
bulk chemical used already within the chemical industry globally. As most
ethanol is produced based on renewable resources already today, a steep
increase in production capacities is unlikely due to existing limitations in
fertile land. However, current land / road transport can be substituted to a
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certain extent by electric vehicles and thus existing bioethanol production
could shift towards aviation and/or other sectors. Increasing interest from
the chemical industry for bioethanol as a “green” bulk chemical would most
likely further stimulate demand. As butanol is of minor importance com-
pared to methanol or ethanol, a mid-term increase in “green” butanol pro-
duction capacities seems rather unlikely.

“Green” ammonia could be used in the mid-term future for fertilizer
production and as a potential energy (or hydrogen) carrier, which might
cause a significant ramp up of renewable production capacities. If “green”
methane takes a central role as energy carrier in the future, production ca-
pacities would increase substantially (similar to synthetic kerosene and
methanol). But, a fast development of hydrogen production capacities re-
ceives significantly greater interest and investment compared to bio-
methane production [169]. Taking the ramp up of renewably sourced elec-
tricity into account, increasing production capacities for hydrogen seem to
be most likely, while the development of a possible ramp up of “green” me-
thane or “green” ammonia remains unclear for the time being.

Fuel Conversion Efficiency. Figure 3.10 compares fuel conversion ef-
ficiencies and Table 3.7 summarizes the corresponding references and
ranking. Here it becomes obvious that the variation of the conversion effi-
ciency estimates can largely be attributed to the feedstock energy content
and the energy demand for feedstock provision. In general, high feedstock
energy densities and/or low energy requirements for the conversion posi-
tively affect the fuel conversion efficiency. Simultaneously, large uncertain-
ties exist as to the differing technological maturity of the conversion path-
ways.

FT-SPK shows significant variation in the conversion efficiencies justi-
fied by different types of feedstock. Typically, FT-SPK (BtL) conversion effi-
ciencies increase with the feedstock energy content (e.g., higher values for
black liquor). For FT-SPK (PtL), low conversion efficiencies result from the
high-energy requirements of atmospheric CO2 capture. HEFA-SPK is the
technologically most mature pathway and its feedstock (lipids) is charac-
terized naturally by a relative high energy density. Thus, its conversion ef-
ficiency with a median of 0.62 is clearly the highest among the synthetic
kerosene options assessed here. The conversion efficiencies for AtJ-SPK in-
clude the conversion of biomass to alcohols, resulting in similar feedstock
energy densities for all pathways using sugar as intermediate feedstock.
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Low values of At]-SPK conversion efficiencies relate to the conversion of lig-
nocelluloses and higher values to converting sugar or starch. As no study
for At]-SPK provision based on butanol from ABE-fermentation was availa-
ble, the lower end of At]J-SPK does only take into account the conversion of
ethanol. If At]-SPK were to be provided by butanol from ABE-fermentation,
even lower conversion efficiencies would be possible. Other butanol pro-
duction pathways might yield higher conversion efficiencies (s. below). The
median of HFS-SIP is considerably lower than the median of CH-SK (0.32
compared to 0.42).

No. of literature

Ranking | Trend values

FT-SPK (BtL) 2 7 10.27 15
FT-SPK (PtL) 2 M }0.35 6
HEFA-SPK 4 > —be 4
AtJ-SPK 2 A IO.27 5
HFS-sIP 2 2 4@ 2
CH-sK s 7 0.44 2
Methanol 3 A }0.41 5
Ethanol 2 ¥ J‘O. 7 6
Butanol 1 > W 3
Ammonia 3 A W 2
Methane 3 A ———r 4
Hydrogen 5 A bes 7
0 0.1 02 03 04 05 0.6 0.7 0.8 0.9 1

Fuel conversion efficiency [MJg,e/MJsecondary energy]

Figure3.10 Median and range of aviation fuel conversion efficiencies; error bars indicate the low-
est/highest values considered (At) Alcohol-to-Jet; BtL Biomass-to-Liquid; CH Catalytic Hydrother-
molysis; FT Fischer-Tropsch; HEFA Hydroprocessed Esters and Fatty Acids; HFS-SIP Hydrofermented
Sugars Synthesized Isoparaffins; SK Synthesized Kerosene; SPK Synthetic Paraffinic Kerosene; PtL
Power-to-Liquid; ranking: 1 — “very disadvantageous”; 2 — “disadvantageous”; 3 — “neutral”; 4 —
“advantageous; 5 — “very advantageous”; trend: N — improvement; \ — deterioration; > — no
change; ? — unclear)

Values for methanol relate to different syngas feedstock. For syngas based
on biogenic feedstock, the conversion efficiency increases with increasing
energy content of the feedstock. For non-biogenic feedstock, the used car-
bon source and the associated energy requirements influence the pathway’s
conversion efficiency clearly. The conversion pathway to ethanol indicates
a lower median in comparison to methanol (0.31 and 0.41) as well as low
variations. Lower conversion efficiencies occur for ethanol production from
lignocelluloses, while higher efficiencies are given for sugar or starch. The

conversion efficiency estimates for butanol are considerably lower than for
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the other alcohols due to the limited butanol yield of the ABE-fermenta-
tion [222, 224]. This can be attributed to the fact that only the butanol (and
not ethanol or acetone) from this process is taken into account. Addition-
ally, other pathways such as fermentation by genetically engineered biocat-
alysts, might yield higher efficiencies but were excluded a priori due to their
low technological maturity (s. 3.2.2.2).

Table 3.7 Fuel conversion efficiency and resulting ranking (At] Alcohol-to-Jet; BtL Biomass-to-Liquid; CH Cat-
alytic Hydrothermolysis; FT Fischer-Tropsch; HEFA Hydroprocessed Esters and Fatty Acids; HFS-SIP Hydrofer-
mented Sugars Synthesized I[soparaffins; SK Synthesized Kerosene; SPK Synthetic Paraffinic Kerosene; PtL Power-
to-Liquid; ranking: 1 - “very disadvantageous”; 2 - “disadvantageous”; 3 - “neutral”; 4 - “advantageous; 5 - “very
advantageous”; trend: I - improvement; \V - deterioration; & - no change; ? - unclear)

# Fuel option Conversion efficiency Ranking Trend
[M]fuel/M]secondary energy]
Me- Min-Max References
dian
1 Blended FT-SPK (BtL) 0.27 0.19-0.49 [73,91, 99, 2 ?
Synthetic  FT-SPK (PtL) 0.35 0.11-0.49 122, 216, 2 N
Kerosene  HEFA-SPK 0.62 0.58-0.66 219, 245- 4 >
2 and AtJ-SPK 0.27 0.18-0.42 247] 2 N
Neat HFS-SIP 0.32 0.30-0.35 2 ?
Synthetic ~ CH-SK 0.44 0.44-0.45 3 ?
Kerosene
3 Methanol 0.41 0.15-0.54 [219, 245] 3 N
4 Ethanol 0.31 0.25-0.49 [91, 248, 2 N2
249]
5 Butanol 0.14 0.9-0.18 [224] 1 N
6 Ammonia 0.47 0.43-0.52 [214] 3 N
7 Methane 0.51 0.35-0.55 [219, 221, 3 N
245] (except Bio-
methane)
8 Hydrogen 0.66 0.59-0.89 [214, 219, 5 N
245, 250]

For the gaseous fuel options, energy requirements for liquefaction are not
taken into account. This is due to large uncertainties regarding boil off
losses during handling and fueling of cryogenic fuels. As presently aircraft
are not fueled with cryogenic fuels, their magnitude is difficult to estimate,
even though they might be significant especially for hydrogen [76]. Hydro-
gen conversion efficiencies are the highest (median of 0.66) among the gas-
eous fuel options. This is ultimately limited by the electrolyser technology
considered and potential energy requirements from liquefaction [198, 219].

For methane, values based on fermentation are mostly higher (above
0.5) than for a thermo-chemical synthesis. Methane provided from hydro-
gen and CO2 as well as ammonia using hydrogen as an intermediate product
show necessarily lower conversion efficiencies than hydrogen used as a
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pure substance (approximately 0.5 compared to 0.7). As methane and am-
monia have higher boiling points than hydrogen, their energy requirements
for liquefaction and losses by handling and fueling are potentially lower
than for hydrogen.

Trend within next decade. For synthetic kerosene based on non-biogenic
feedstock (e.g., FT-SPK (PtL)), ongoing improvements for hydrogen and car-
bon provision (electrolyser technology, direct air capture) might increase
overall fuel conversion efficiencies. In contrast, the conversion efficiency of
HEFA-SPK has already reached industrial scale at high conversion efficien-
cies and is thus unlikely to yield further substantial improvements. The in-
clusion of further feedstock, e.g. methanol, for At]-SPK might result in higher
jet fuel yields and resulting higher conversion efficiencies.

Methanol based on synthesis of non-biogenic feedstock would also ben-
efit from improvements in non-biogenic hydrogen and carbon provision.
Nevertheless, the saccharification step required for the use of lignocellu-
loses as a feedstock for ethanol will incur necessarily lower conversion ef-
ficiencies compared to using sugar / starch. The conversion efficiency of bu-
tanol is likely to improve provided that in the mid- to long-term other path-
ways than ABE-fermentation reach commercial scale.

In the light of globally increasing hydrogen production, conversion effi-
ciencies for all gases considered might improve. A particularly high poten-
tial is the development of clearly more efficient electrolysis systems. As the
provision of biomethane from fermentation already has a high conversion
efficiency (even from less promising organic feedstock) and technological
maturity, further improvements seem unlikely.

3.2.4.2 Logistics and Airports

Below, the assessment of infrastructure for fuel logistics and airport infra-
structure is conducted. The first of the two criteria (“logistics”) covers
transportation from the place of production to airports in general, while the
second criterion (“airports”) discusses peculiarities of handling the fuel op-
tions at an airport. Both criteria are summarized in Table 3.8.
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Table 3.8 Available infrastructure for logistics to and at airports and the resulting ranking (ranking: 1 - “very
disadvantageous”; 2 - “disadvantageous”; 3 - “neutral”; 4 - “advantageous; 5 - “very advantageous”; trend: M -
improvement; \V - deterioration; 2 - no change; ? - unclear)

# Fuel option Logistics Ranking Trend Airports Ranking Trend
1 Blended Usable logistics in- 5 - Usable logistics infra- 5 >
Synthetic frastructure exists structure exists
Kerosene
2 NeatSyn-  Minor modifica- 4 A Minor modifications 4 a0
thetic Kero- tions of infrastruc- of infrastructure re-
sene ture required quired
3 Methanol Existing logistics 3 ? Modifications of air- 3 >
4 Ethanol infrastructure can port infrastructure
5 Butanol be modified necessary
6 Ammonia Minor modifica- 4 ? Major modifications 1 >
7 Methane tions of existing in- A ofairport infrastruc-
frastructure or ture necessary
widespread infra-
structure
8 Hydrogen  No existing logistics 1 1 Major modifications 1 ™
infrastructure of airport infrastruc-

ture necessary

Logistics Infrastructure. Due to their drop-in characteristic, the existing
infrastructure used to supply fossil kerosene can be used without any mod-
ifications for specification compliant blends containing synthetic kerosene.
Basically, all major modes of transport can be applied (e.g., pipelines, tanker
ships, tank wagons) depending on the overall fuel demand at a particular
airport (“very advantageous”, 5) [251]. Regulatory requirements to account
for the use of synthetic kerosene may require separate logistics [208]. From
a technological point of view, also neat synthetic kerosene can be trans-
ported within the existing infrastructure. But, as long as they are specified
as non drop-in options, they would need to be physically separated from
fossil kerosene due to legal reasons (“advantageous”, 4).

For all alcohols considered here, infrastructures at global scale exist,
even though they usually lack connection to airports. But the existing logis-
tics infrastructure could be easily extended for the supply of airports be-
cause the technology is basically there (“advantageous”, 4).

For ammonia and methane, logistics infrastructures exist at a global
scale (in particular ships and pipelines, respectively). For the transport of
compressed methane, the natural gas pipeline system could be utilized (“ad-
vantageous”, 4) [214, 226]. Ammonia transportation via ship is being per-
formed at industrial scale already but the use of existing pipeline systems
might require additional efforts due to the toxicity of ammonia (“advanta-
geous”, 4) [214]. Still, most of the airports would need a connection to the
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existing infrastructure. For hydrogen, a global distribution infrastructure is
notin place yet and due to its chemical properties (e.g. the lower volumetric
energy density compared to methane) it appears unlikely that an existing
system such as the natural gas pipeline system could be modified (“very dis-
advantageous, 1) [110, 117].

Trend within next decade. For synthetic kerosene blends, no changes in
logistics infrastructure are required in the years to come. The use of neat
synthetic kerosene is presently investigated and will most likely be possible
by the end of this decade as hardly any technical changes are neces-
sary [142]. If “green” alcohols will be used at a large scale, also their
transport infrastructure might grow. To which extent this development ma-
terializes, remains questionable due to the limited importance of these fuels
for the time being. The same is true for ammonia. Logistics infrastructures
for “green” methane do already exist, while the envisioned ramp up for hy-
drogen could incentivize the development of transport infrastructure at
large scale.

Airport Infrastructure. Again, the drop-in characteristic of synthetic
kerosene blends allows for a seamless integration into the existing storage
and fuelling infrastructure at airports (“very advantageous”, 5). However,
for neat synthetic kerosene regulatory requirements or other reasons
might (partially) require separate infrastructure at the airport (“advanta-
geous”, 4). This requirement might be eased in the mid-term [142].

The use of methanol, ethanol or butanol as aviation fuel would require
at least significant modifications of aircraft, if not an entirely new design.
This, in turn would raise the need for a separate fuel handling system at
airports [251, 252]. If the existing airport infrastructure is to be used (e.g.,
aboveground storage tanks), this would most likely require a rededication
to the use of alcohols and further modifications. An alternating use of infra-
structure for alcohols and kerosene is practically unfeasible. For example,
fuel storage would need to be modified to take into account e.g. the greater
risk of corrosion and the water adsorption (“neutral”, 3) [253]. As long as
no clear indication is visible to use alcohols as an aviation fuel, a change of
this situation is highly unlikely.

For ammonia, methane, and hydrogen fuel storage and handling at the
airport would require entirely new (different) storage and refuelling sys-
tems. Foremost, facilities to liquefy the fuels would be required. The storage
of cryogenic hydrogen is particularly technologically challenging [215].
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Boil-off losses during storage and handling need to be minimized while
managing / distributing such gases at very low temperatures within a liquid
state. Based on the higher condensation temperature of ammonia, it ranks
somewhat better than methane and hydrogen (“disadvantageous”, 2 com-
pared to “very disadvantageous”, 1) (with the disadvantage of being toxic).
As for alcohols, strong changes in the airport infrastructure would be real-
ized only if a clear trend towards using these fuels is apparent.

Trend within next decade. At airports for synthetic kerosene blends no
changes in infrastructure are required and the use of neat synthetic kero-
sene will most likely be possible by the end of this decade [142]. Due to high
investment costs and interdependencies with fuel supply at other airports,
the provision of non drop-in fuel will be constrained to an option with broad
industry consensus for its use. Presently, this is only - if at all - recognizable
for hydrogen.

3.2.4.3 Fuel and Aircraft

Fuel Properties. A variety of fuel properties have been defined to be rele-
vant for a fuel to be used for commercial aviation purposes. These are for
example the energy and storage density as determinants of range, the freez-
ing point as the lower limit for the fuel temperature within the aircraft fuel
tanks and the flash point as an important safety measure [137, 254]. Here,
energy and storage density are chosen due to their significant influence on
aircraft design and flight envelope [209].

Figure 3.11 shows the energy densities (volumetric vs. gravimetric) and
estimated storage densities for the fuel options considered [109, 115-117,
209, 255, 256]. While the energy density only takes the energy of a certain
volume / mass of the fuel option into account, the storage density includes
an estimate for volume and mass requirements by the overall fuel system
(e.g., insulation for cryogenic storage).

The higher the storage density of a fuel option, the less mass / volume
is required for fuel storage on board of an aircraft (i.e., the higher the fuel’s
storage density, the more payload can be carried for a given aircraft design).
Figure 3.11 clearly underlines the advantage of synthetic kerosene options
due to their high gravimetric storage density, which is not only higher com-
pared to alcohols but also ca.2 % higher than fossil kerosene (“advanta-
geous”, 4) [135, 136]. Butanol, ethanol and methanol show lower gravimet-
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ric storage densities (Butanol and ethanol (73 % and 55 % of fossil kero-
sene average) “disadvantageous”, 2 and methanol (39 % of fossil kerosene
average) “very disadvantageous”, 1). To achieve the same range with a sim-
ilar aircraft design, a reduction in payload has to be accepted. The storage
systems incur a moderate loss.

Energy density: ¢ Synthetic Kerosene  OAlcohols OGases
Storage density: # Synthetic Kerosene ~ ®Alcohols ® Gases

40
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30 . Synthetic Kerosene (4->)
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Figure 3.11 Gravimetric vs. volumetric energy and estimated storage densities (based on lower heat-
ing value) for the fuel options considered; arrows indicate the relation between storage (full symbols)
and energy density (empty symbols); (ranking: 1 — “very disadvantageous”; 2 — “disadvantageous”; 3
— “neutral”; 4 — “advantageous; 5 — “very advantageous”; trend: N — improvement; ¥ — deteriora-
tion; > — no change; ? — unclear) [109,115-117,209, 255, 256]

A similar situation can be observed for ammonia (34 % of fossil kerosene
average, “very disadvantageous”, 1) and methane (73 % of fossil kerosene
average, “disadvantageous”, 2). Ammonia has a lower storage density (vol-
umetric and gravimetric) than methane, but both are lower than synthetic
kerosene. Losses due to the storage of liquid fuels are moderate for ammo-
nia, but more significant for methane, due to its lower freezing point and the
corresponding insulation and cooling requirements. Liquid hydrogen has a
lower volumetric storage density but a significantly greater gravimetric
storage density than synthetic kerosene. In principle, the same amount of
energy carried in form of liquid hydrogen instead of synthetic kerosene
would require a greater volume, but less weight. This effect is substantially
reduced by the large toll of the storage system for hydrogen in a liquid state
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at -253 °C (63 % of fossil kerosene average, “disadvantageous”, 2). The in-
creased volume requirement might be constrained by aircraft design limi-
tations, which would in turn incur range limitations of hydrogen fuelled air-
craft [110]. Table 3.9 summarizes the associated ranking.

Trend within next decade. For all liquid fuel options and ammonia, the
difference between energy and storage density is rather low. In case of me-
thane and hydrogen, their large scale implementation is likely to positively
affect storage technology which again yield improvements for their storage
on board of an aircraft[110, 117].

Table 3.9 Operational fuel properties and the resulting ranking (ranking: 1 - “very disadvantageous”; 2 -
“disadvantageous”; 3 - “neutral”; 4 - “advantageous; 5 - “very advantageous”; trend: N - improvement; V- de-
terioration; = - no change; ? - unclear)

# Fuel option Operational fuel properties Ranking Trend
1 Blended Synthetic Kerosene No effect on range 4 >
2 Neat Synthetic Kerosene No effect on range 4 >
3 Methanol Significant reduction in aircraft range 1 >
4 Ethanol Noticeable reduction in aircraft range 2 >
5 Butanol Noticeable reduction in aircraft range 2 >
6 Ammonia Significant reduction in aircraft range 1 >
7 Methane Noticeable reduction in aircraft range 2 N
8 Hydrogen Noticeable reduction in aircraft range 2 ()

Aircraft Modifications. The use of fuel options with an energy density
lower than kerosene in existing aircraft designs would result in a significant
loss in flight range. From an airline’s perspective this incurs significant dis-
advantages as some destinations might be out of range [90, 229]. Such a
range reduction also decreases the degree of flexibility on which routes the
aircraft can be used. As airline operations largely depend on the ability to
shift aircraft according to demand fluctuations and other operational fac-
tors, such a loss in flexibility would be disadvantageous [229].

Neat and blended synthetic kerosene have similar energy densities and
storage properties as fossil kerosene. The energy density of neat synthetic
kerosene is slightly higher than for blended synthetic kerosene [136]. Thus,
no technical adjustment would be required to maintain similar, if not even
improved payload-range properties. However, besides energy densities,
other chemical properties of neat synthetic kerosene types may vary to a
considerable extent amongst different synthetic kerosene options and com-
pared to fossil kerosene; this might require modifications for the use of un-
blended synthetic kerosene [9]. For example, most production processes for
synthetic kerosene provide a fuel being virtually free of aromatics and of
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higher energy density compared to fossil kerosene [135]. However, mini-
mum and maximum levels for aromatics are specified for drop-in kerosene
with synthetic components [135]. The lower limit (defined within
ASTM D7566, does not apply for fossil kerosene) aims to ensure the tight-
ness of sealing components and the upper limit (ASTM D1655) to constrain
soot emissions [17, 137]. From an environmental perspective, it would be
desirable to reduce the fuel’s aromatics content as far as technically possi-
ble. Modern aircraft use elastomers being less sensitive to the fuel aromat-
ics content (i.e., fluorocarbons and fluorosilicone) [142]. For some legacy
aircraft, a replacement of the sealing components might be a prerequisite
to allow for the use of neat synthetic kerosene (“advantageous”, 4), but not
for blended synthetic kerosene (“very advantageous”,5). An exchange of
the concerned fuel system components seems comparatively simple com-
pared to implications resulting from the use of e.g. neat alcohols.

The lower energy density (and the resulting storage density) of the al-
cohols considered, implies a loss in range. Various components of the fuel-
ing system (e.g., pumps, heat exchangers) would need to exchanged. Pre-
ventive measures need to be taken to avoid corrosion, microbial contami-
nation or freezing of water dissolved in the alcohols [253]. Injectors and
heat exchangers need to be replaced to facilitate the different volume flows
and chemical properties (e.g. surface tension). Similar requirements apply
to the combustion chamber design. Therefore, at least the fueling system
and engines of an alcohol-fueled aircraft would need a new design and a
time-consuming certification process (“disadvantageous”, 2). The loss in
range could be avoided by designing a new aircraft at the expense of even
longer development times [229, 232].

Among the gaseous fuel options, the implications from cryogenic stor-
age and reduced storage densities would require an entirely new design and
certification (“very disadvantageous”, 1). Aircraft designs utilizing hydro-
gen as fuel are discussed in a variety of studies [76,110, 117, 255, 257]. Cry-
ogenic hydrogen storage is usually preferred due to increased energy den-
sity. This requires significant technological developments for lightweight
storage and fuelling systems[255]. All gaseous fuel options considered
would also require the design of a gas turbine specifically designed for the
combustion of the respective gaseous fuel [100]. A modification of existing
aircraft designs does not seem feasible for any of the discussed gaseous
fuels. Accordingly, aircraft using one of the considered gases would rather
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be available in the long-term. Table 3.10 summarizes the associated rank-
ing.

Trend within next decade. Due to its relative simplicity compared with
e.g., hydrogen, using neat synthetic kerosene in existing aircraft seems fea-
sible within the decade to come. Again, the use of any of the alcohols and
gases is strictly constrained by the required industry consensus for the cor-
responding option. For the time being, this appears only realistic for hydro-
gen characterized simultaneously by the highest technological barriers.
Whether or not a hydrogen fuelled commercial aircraft will be available in
the mid- or long-term is still an open question.

Table 3.10 Aircraft modifications and the resulting ranking (ranking: 1 - “very disadvantageous”; 2 - “disad-
vantageous”; 3 - “neutral”; 4 - “advantageous; 5 - “very advantageous”; trend: 1 - improvement; \V - deteriora-
tion; = - no change; ? - unclear)

# Fuel option Aircraft Modifications Ranking Trend
1 Blended Synthetic Kerosene No need for modifications 5 >
2 Neat Synthetic Kerosene Modification of only a few components 4 n
3 Methanol Minor modifications required 2 >
4 Ethanol Minor modifications required 2 >
5 Butanol Major modifications required 2 >
6 Ammonia Major modifications required 1 >
7 Methane Major modifications required 1 >
8 Hydrogen New design and certification required 1 ?

3.2.4.4Environment and Economics

Life cycle greenhouse gas emissions. Combusting 1 kg of fossil kerosene
emits approximately 3.16 kg CO2, 1.2 kg water vapour, 1.5g (0.0015 kg)
NOy, 1.2 g (0.0012 kg) sulfur (SO2) and 0.03 g (0.00003 kg) soot. All of these
affect the earth’s radiative balance through a cascade of interrelationships
and influence the air quality around airports. Related to climate-effects, a
distinction is commonly made between CO2 and non-CO; related climate ef-
fects [5].

Figure 3.12 illustrates the broad range of potential life-cycle CO2¢q emis-
sions for many of the examined fuel options. The feedstock used and the
provision of energy needed for feedstock conversion influence the resulting
greenhouse gas emissions substantially.

In terms of the synthetic kerosene options, FT-SPK shows the lowest
median (“very advantageous”, 5). Values below zero refer to a partial re-
moval of the carbon captured into waste streams. High emission cases for
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FT-SPK conversion processes often relate to either energy intensive pro-
cessing of biomass conversion (e.g., due to (indirect) land-use change) or
indirect emissions caused by the provision of renewably sourced energy
(e.g., manufacturing processes). The medians of greenhouse gas emission
values for HEFA-SPK, At]J-SPK and HFS-SIP (all “advantageous”, 4) are
slightly higher compared to FT-SPK. These processes are generally based
on biomass; especially the extraction of lipids from biomass or the sacchar-
ification of lignocelluloses for At]-SPK or HFS-SIP is energy intensive. The
narrow bandwidth of emission estimates for CH-SK (“very advantageous”,
5) is most likely related to a low amount of accessible data. However, for
synthetic kerosene blends a maximum emission reduction of 50 % com-
pared to neat synthetic kerosene is possible due to the legal blending re-
quirement of maximum 50 vol.-%. The development of a certification for
neat synthetic kerosene is ongoing [142], accordingly the limit to lifecycle
COz reduction by blended synthetic kerosene might diminish in the near fu-
ture.

. . No. of literature
Ranking | Trend Fossil kerosene reference values

45

FT-SPK (BIL) 45 - |

I

|
FT-SPK (PtL)  4-5 A ] : 16
HEFA-SPK = 45 > o : o4
AtJ-SPK 45 > e : ot
HFS-SIP 45 > ——dy— 3 8
CH-SK 45 > i 10 | 2
Methanol 4 M | 2 : 19

1
Ethanol 4 > }42 : ¢
Butanol 2 > } = : 3
Ammonia 4 N Y : 8
Methane 4 2 } 23 : *
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Figure3.12 Median andrange of values for each fuel options life-cycle CO2eq emissions. Error bars
indicate the lowest/highest values considered (At) Alcohol-to-)et; BtL Biomass-to-Liquid; CH Cata-
lytic Hydrothermolysis; FT Fischer-Tropsch; HEFA Hydroprocessed Esters and Fatty Acids; HFS-SIP
Hydrofermented Sugars Synthesized Isoparaffins; SK Synthesized Kerosene; SPK Synthetic Paraffinic
Kerosene; PtL Power-to-Liquid; ranking: 1 — “very disadvantageous”; 2 — “disadvantageous”; 3 —
“neutral”; 4 — “advantageous; 5 — “very advantageous”; trend: NN — improvement; \ — deterioration;
> —nochange;? —unclear)

Methanol shows the greatest variety in lifecycle greenhouse gas emissions
for all fuel options considered. As this process is based on the use of syngas,
again the type of feedstock is a central determinant of the respective life
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cycle emissions. Low emissions can be attributed to lignocelluloses waste
streams, while higher emissions stem from the use of electricity provided
by photovoltaics (“advantageous”, 4). For ethanol, only fermentation of bi-
ogenic feedstock is considered; in this case, the use of lignocelluloses is as-
sociated with higher life cycle emissions compared to sugar-rich biomass
(“advantageous”, 4). As ABE-fermentation is presently not used at an indus-
trial scale, a limited amount of data is available. Among these, the extent to
which emissions from production are allocated to the various products of
such an ABE-fermentation (acetone, ethanol) influences clearly the lifecycle
emissions attributed to butanol (“disadvantageous”, 2).

In general, the median lifecycle emissions of the gases considered are
lower compared to the liquid fuel options (“very advantageous”, 5), mostly
influenced by the type of energy provision for water electrolysis. In the case
of ammonia, the broad range of different data result from the technology to
retrieve nitrogen from ambient air (e.g., cryogenic distillation, pressure-
swing adsorption) and the hydrogen provision process (low or high tem-
perature electrolysis). For the greenhouse gas emissions by methane provi-
sion either via synthesis or fermentation, no clear distinction can be made.
In case of synthesis, the choice of renewable electricity provision (wind on-
/offshore, photovoltaics) shows a substantial influence and for biomass-
based fermentation the type of feedstock (organic waste or cash crops)
largely explains the variation.

Concluding, life cycle greenhouse gas emissions of biomass-based fuels
are clearly influenced by the chosen feedstock. Additionally, for fuel options
based on “green” electricity, indirect emissions of energy provision have a
substantial effect. The potential of “negative” life cycle emissions seems ra-
ther limited. Table 3.11 depicts a summary of the resulting ranking.

Trend within next decade. For synthetic kerosene options, the improve-
ments will mostly be the approval to use neat synthetic kerosene. For non-
biogenic feedstock, increasing shares in renewable electricity and increas-
ing hydrogen provision will further lower lifecycle emissions. For fuels
based on biogenic feedstock, the influence of feedstock choice will remain
the most significant aspect and thus improvements seem unlikely. Advanc-
ing technology for methanol provision based on non-biogenic feedstock can
reduce corresponding lifecycle greenhouse gas emissions. For ethanol and
butanol, no change can be expected, as the increased use of lignocelluloses
as preferred feedstock for ethanol and butanol lowers conversion efficiency
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and raises material and energy demands. Increasing production of “green”
hydrogen and corresponding improvements in electrolyser technology do
not only lower lifecycle greenhouse gas emissions of hydrogen but also of
ammonia and methane.

Table 3.11 Life-cycle COzeq emissions and resulting ranking (At] Alcohol-to-Jet; BtL Biomass-to-Liquid; CH
Catalytic Hydrothermolysis; FT Fischer-Tropsch; HEFA Hydroprocessed Esters and Fatty Acids; HFS-SIP Hydro-
fermented Sugars Synthesized Isoparaffins; SK Synthesized Kerosene; SPK Synthetic Paraffinic Kerosene; PtL
Power-to-Liquid; ranking: 1 - “very disadvantageous”; 2 - “disadvantageous”; 3 - “neutral”; 4 - “advantageous; 5
- “very advantageous”; trend: /N - improvement; V' - deterioration; < - no change; ? - unclear)

# Fuel option Lifecycle COzeq [g COzeq/M]] Ranking Trend
Median Min-Max References

Fossil ker- 89 N/A [258] N/A N/A
osene ref-
erence

1 Blended FT- 13 -22-74 [69, 88,94, 98, 123, 5 >

2 Synthetic SPK 155, 235, 257, 259- (biogenic)
Kerosene (BtL) 262]
and FT- 1 0-62 5

Neat Syn- SPK
thetic (PtL)

Kerosene HEFA- 41 3-99 4
SPK
AtJ- 34 -11-91 4 a0
SPK (non-bio-
HFS- 33 15-52 4 genic)
SIp
CH-SK 19 18-20 5
3 Methanol 29 11-148 [219] 4 a0
4 Ethanol 42 18-69 [263] 4 >
5 Butanol 65 48-128 [264] 2 >
6 Ammonia 21 13-108 [265] 5 a0
7 Methane 23 10-77 [219] 5 a0
8 Hydrogen 18 7-29 [219, 266, 267] 5 T

Fuel Cost. The production costs of each fuel option outlined below are re-
lated to their specific energy content (based on the lower heating value), in
order to take into account differences in energy density. In general, all in-
vestigated fuel options show higher production costs compared to average
market prices for fossil kerosene. The majority of the cost variations pre-
sented in Figure 3.13 can be attributed to the influence of costs for the feed-
stock, the needed energy, as well as the effort needed for the conversion.
Table 3.12 indicates the corresponding ranking.
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Figure3.13 Present fuel costs of the considered fuel options, error bars indicate the lowest/highest
values taken into account. The solid line depicts the average price of fossil kerosene, the dashed lines
the corresponding lowest/highest price of the past 10 years as of July 2022 (AtJ Alcohol-to-Jet; BtL
Biomass-to-Liquid; CH Catalytic Hydrothermolysis; FT Fischer-Tropsch; HEFA Hydroprocessed Esters
and Fatty Acids; HFS-SIP Hydrofermented Sugars Synthesized Isoparaffins; SK Synthesized Kerosene;
SPK Synthetic Paraffinic Kerosene; PtL Power-to-Liquid; ranking: 1 — “very disadvantageous”; 2 —
“disadvantageous”; 3 — “neutral”; 4 — “advantageous; 5 — “very advantageous”; trend: N — improve-
ment; ¥ — deterioration; = — no change; ? — unclear)

Among the synthetic kerosene options, costs for FT-SPK based on “Power-
to-liquid” feedstock are considerably higher (“disadvantageous”, 2) than
those for biogenic feedstock (“advantageous”, 4). This is caused by high de-
mands for renewable electricity for the earlier [103]. The lower values for
HEFA-SPK (“advantageous”, 4) correspond to relatively low-cost feedstock
(e.g., waste animal fat), while higher values relate to the cultivation of non-
edible oils (e.g., Jatropha plants) [91, 94]. The cost estimates for At]-SPK
show a slightly higher median (“advantageous”, 4). Lower values are based
on studies considering sugar / starch (corn grain, maize) for ethanol pro-
duction [267], while higher costs are associated with lignocelluloses [91].
The analysis for the HFS-SIP process considers lignocelluloses-based feed-
stock with saccharification. The process’ relatively low degree of technolog-
ical maturity might explain its high cost estimates. CH-SK is associated with
the lowest cost estimates (“advantageous”, 4) due to the specific low-cost
feedstock options usually considered for CH-SK analyses (e.g., sewage
sludge, manure). However, a relatively low technological maturity of this
process yields uncertainties in comparison with other processes.
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Table 3.12  Fuel costs and resulting ranking. Fossil kerosene is shown for comparison (At] Alcohol-to-Jet; BtL
Biomass-to-Liquid; CH Catalytic Hydrothermolysis; FT Fischer-Tropsch; HEFA Hydroprocessed Esters and Fatty
Acids; HFS-SIP Hydrofermented Sugars Synthesized Isoparaffins; N/A not applicable; SIP Hydrofermented Sugars
Synthesized Isoparaffins; SK Synthesized Kerosene; SPK Synthetic Paraffinic Kerosene; PtL Power-to-Liquid;
ranking: 1 - “very disadvantageous”; 2 - “disadvantageous”; 3 - “neutral”; 4 - “advantageous; 5 - “very advanta-
geous”; trend: M - improvement; \ - deterioration; 2 - no change; ? - unclear)

# Fuel option Cost range [€/G]] Rank- Trend
ing
Median Min-Max References

Fossil Kerosene 129 3.9-20.9 [268] N/A N/A
1 Blended Syn- FT-SPK(BtL) 39.5  25.1-103.0 [91,93,94, 103, 167, 4 ?

thetic Kerosene FT-SPK (PtL) 65.5 50.0-73.3 219, 267] 2
2 and HEFA-SPK 28.1 21.2-47.6 4

Neat Synthetic ~ At]-SPK 37.6  19.7-80.0 4 v

Kerosene HFS-SIP 127.5 110.0-145.0 1

CH-SK 25.0 10.5-30.0 4
3 Methanol 333 16.0-70.0 [103, 209, 212, 219, 4 ?
269]

4 Ethanol 36.3 18.8-60.0 [93, 103, 269] 4 N
5 Butanol 36.6 17.0-68.9 [103, 224, 243] 4 Vv
6 Ammonia 38.2 16.7-61.3 [35, 209, 270, 271] 4 ?
7 Methane 339 14.0-63.9 [35, 209, 219, 270] 4 ?
8 Hydrogen 29.9 13.9-56.7  [35, 209, 219, 250, 270] 4 ?

Despite significantly different conversion processes, the estimates for alco-
hols are in a similar range (all “advantageous”, 4). On an energy-specific ba-
sis, they show costs comparable to HEFA-SPK or FT-SPK based on biogenic
feedstock. Again, most of the variations can be explained by varying as-
sumptions for feedstock costs. Similar to the kerosene-based options, cost
improvements could mostly be expected for feedstock types requiring fur-
ther technological developments, such as lignocelluloses for fermentation
or non-biogenic feedstock for methanol synthesis.

Values for ammonia and methane (both “advantageous”, 4) are slightly
higher than for hydrogen (“advantageous”, 4), since both options can be
produced within pathways with hydrogen as a key component. Production
pathways for methane based on fermentation of biomass residues show
very low cost estimates (ca. 14 to 25 €/G]J) indicating a low-cost option. The
variability in cost estimates for hydrogen can largely be attributed to differ-
ent methods of renewably sourced electricity provision [35, 209, 219].

Trend within next decade. The costs of synthetic kerosene based on non-
biogenic feedstock is mostly influenced by the costs of renewably sourced
electricity. Whether or not the development of electricity from renewable
sources outpaces increasing demand and thus lowers prices is uncertain.
Cost for biogenic waste as feedstock for synthetic kerosene are likely to rise
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with increasing demand as supply is limited (section 3.2.4.1). This also ap-
plies to ethanol and butanol, as their production is also based on biogenic
feedstock. The cost development for methanol is uncertain for non-biogenic
feedstock and - like biogenic synthetic kerosene - will most likely increase
for biogenic feedstock. Cost for all gases are driven by hydrogen provision
costs (except biomethane). Thus, low cost renewable electricity and sub-
stantial improvements in electrolysis technology are necessary. The latter
seems likely due to industry-wide interest in electrolyser technology.

3.2.4.5 Market Development

Based on the previous assessment of the value chains for the different fuel
options, in this section key constraints are discussed when and to which ex-
tent the various fuel options could be available for aviation. The fuel’s value
chain is subdivided into four stages: production, logistics, airport and air-
craft. Table 3.13 summarizes the constraints along each of them.

Table 3.13 Key constraints for the market development of the investigated fuel options.

# Fuel option Production Logistics Airport Aircraft
1 Blended Syn- Development of none none
thetic Kero- production capacities
sene
2 Neat Synthetic Potentially mi- Potentially modi-
Kerosene None nor modifica- fications of com-
tionsdueto  ponents due to
different different chemi-

chemical prop- cal properties
erties

3 Methanol Switch to renewably Modification = Modification of
sourced syngas of storage and existing aircraft
4 Ethanol none None fuelling infra- necessary
5 Butanol Development of plants, structure nec-
e.g. for ABE-fermenta- essary
tion
6 Ammonia Provision of renewably
sourced hydrogen and
electricity
7 Methane Provision of renewably None Development Development

and construc-

sourced hydrogen, car- - and certification
27 tion of storage .
bon and electricity .2~ of new aircraft
- and fuelling in- .
8 Hydrogen Provision of renewably Development of frastructure design

sourced electricity large-scale required
transport systems 4
(e.g., pipelines,
ships)
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The development of production capacities poses a significant constraint for
synthetic kerosene fuel options. Several processes are technologically ma-
ture (e.g.,, HEFA-SPK), but for commercial reasons existing production ca-
pacities are scarce (section 3.2.4.1). Due to their drop-in characteristic,
transportation, storage and fueling would not require any changes of the
existing system. The introduction of neat synthetic kerosene is further con-
strained by the necessity to accommodate a greater variety in fuel proper-
ties. This might imply minor modifications of the respective aircraft. In
small amounts, synthetic kerosene is available today.

The only alcohol presently produced at large scale from renewable re-
sources is ethanol. The provision of methanol via synthesis would require
the provision of a renewably sourced syngas. For butanol production, ABE-
fermentation (or another fermentation process) at large scale would be re-
quired. In principle, the existing logistics and airport infrastructure is capa-
ble of transporting liquids. Still, due to high investment cost and network
interdependencies among airports, broad consensus for a particular non
drop-in fuel option would be required. Additionally, infrastructure modifi-
cations might become necessary to facilitate larger volumes due to the alco-
hol’s lower energy densities, to ensure material compatibility and / or to
prevent microbial contamination. For all alcohols, present aircraft would at
least need to be modified to accommodate different volume flows (e.g., fuel
pumps, heat exchangers) and to be equipped with newly developed jet en-
gines suitable for alcohol combustion[64]. For both, infrastructures and air-
craft, the compatibility of materials presently in use with the respective al-
cohols will need to be evaluated and components might need to be replaced.
The time to develop and develop a jet engine for alcohol combustion ap-
pears to be the strictest constraint.

For gaseous fuel options all value chain elements need further techno-
logical developments and - similar to alcohols - consensus for a particular
option due to the high effort to establish the necessary fuel provision infra-
structure. Capacities for a production from renewable resources are tech-
nologically available but not installed at industrial scale so far. For methane,
it seems likely that the existing network to transport natural gas could be
re-used. To which extent this is feasible for ammonia and hydrogen is ques-
tionable so far. Additionally, a new fueling infrastructure (trucks, hydrant
systems) needs to be built at airports. However, the most prominent barrier
is the development and certification of new aircraft and engine types [229].
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Hence, for synthetic kerosene options the central temporal constraint is the
development of production capacities and technologies. The use of the con-
sidered alcohols as aviation fuel is predominantly limited by aircraft modi-
fications and certification as well as by the required development of pro-
duction capacities (except for ethanol). The greatest temporal barriers exist
for the gaseous fuel options. With a development of production capacities,
transport and airport infrastructure, and the development of entirely new
aircraft designs, each element of the value chain is substantially affected.
Concluding, synthetic kerosene seems like a short-term feasible option,
while the other investigated fuel options could only become available in a
mid- to long-term timeframe.

3.2.5 Overall Results

Current status. A summarised comparison of all assessment criteria and
fuel options shows Table 3.14. Synthetic kerosene options achieve the most
advantageous rankings for logistic and airport infrastructure, fuel proper-
ties and aircraft modifications.

Compared to the amount of other sectors (e.g., road transport, indus-
trial production), the feedstock demand to cover overall aviation fuel de-
mand is relatively small. It appears unlikely that the demand for aviation
fuel alone is sufficient to incentivize the use of a particular feedstock and /
or conversion process. Rather, pathways for (intermediate) products seem
more likely to develop at an industrial scale, if they can defossilize several
industrial sectors and / or can cover a higher demand. This is for example
the case for FT-SPK or At]-SPK with syncrude or methanol / ethanol / buta-
nol respectively as intermediate feedstock.

Even though neat synthetic kerosene options are not drop-in fuels by
present specification / legal constraints, enabling their use in existing infra-
structure and aircraft requires substantially less technological adaptations
than for other non drop-in fuel options. Conversion efficiency and costs of
the synthetic kerosene options varies significantly due to different produc-
tion processes and various types of feedstock. Overall, while post-produc-
tion value chain steps of the synthetic kerosene options appear advanta-
geous, the lack of production capacities is disadvantageous.

For alcohols, feedstock potentials and in case of ethanol also production
capacities rank highest. If edible feedstock which compete with food and
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fodder purposes are to be avoided for fuel production (e.g., by using ligno-
celluloses) further developments of feedstock conversion technologies are
required. All alcohols considered are already used as bulk chemicals, espe-
cially methanol and ethanol in large amounts. If these are converted to At]J-
SPK, they can become available comparatively soon without any further
technological constraints after production. The business model of airlines
currently relies to a great extent on the ability to schedule aircraft flexibly
in order to adapt to demand fluctuations, (un-)scheduled maintenance
events and other factors [229]. Additionally, airport infrastructure is used
by a variety of stakeholders more or less simultaneously. If various, incom-
patible fuels would be offered at different airports, these advantages would
not exist anymore. Consensus of the air transport industry for using a par-
ticular fuel is a prerequisite to introduce any non drop-in fuel option and to
avoid the aforementioned loss of flexibility. As of now, such an industry-
wide consensus is not recognizable. Hence, the need for aircraft modifica-
tions and / or a new aircraft design and production poses a significant bar-
rier for their use as aviation fuel.

The gaseous fuel options appear particularly advantageous in the area
of feedstock and production. Fuel conversion efficiency is highest for hydro-
gen among the gases considered. Most of the conversion pathways cur-
rently under discussion are technologically more or less mature. Yet, the re-
quirements to adopt logistics and airport infrastructures as well as fuel sys-
tem and aircraft in general are clearly higher than those for alcohols. For
this group of fuel options, the development of new aircraft designs will be
necessary and an even greater barrier than for alcohols. The development
of logistics infrastructures is in particular necessary for hydrogen. The ex-
isting natural gas logistics might be used by “green” methane or potentially
ammonia, at least from a technological perspective. The gaseous fuel op-
tions - especially hydrogen - will be required for the defossilation of several
industrial sectors, e.g., the chemical industry. This might incentivize in-
creasing production capacities and supply.

Overall, the global potential for feedstock with a rather high energy con-
tent (i.e., lipid biomass / waste) is significantly restricted. Fuels from non-
biogenic feedstock have a greater overall availability, but less production
capacities are established for their conversion and provision yet and the
conversion technology is less mature. Key determinants for fuel conversion
efficiency are the feedstock’s energy content and the technological maturity
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of the conversion process or the respective conversion concept. The need
for technological modification on both the fuel infrastructure and aircraft
side to use gaseous fuels (and also alcohols) can prevent their timely market
introduction. The key determinants for fuel costs are feedstock and energy
costs.

Drop-in options are constrained by provision steps of the value chain,
such as production capacities and (partial) technological maturity of the re-
spective conversion processes. In contrast, most of the non drop-in options
are constrained by post-production steps, i.e. the development / design of
aircraft certified to use non drop-in fuels and the implementation of infra-
structure to provide them.

A reduction of greenhouse gas emissions can be achieved by all fuel op-
tions, assuming a favourable combination of feedstock and energy provi-
sion. The certification of neat synthetic kerosene would allow for greater
greenhouse gas emission reductions of these fuel options at rather low post-
production efforts compared with e.g., the gaseous fuel options considered.

Status next decade. Table 3.14 also indicates the trends for the next
decade. For synthetic kerosene options, the availability of lipid-biomass and
lignocelluloses-biomass will remain restricted. The ranking of production
capacities for FT-SPK and AtJ-SPK from non-biogenic feedstock might im-
prove within the next decade, specifically by a potential certification of
methanol for AtJ-SPK and in general due to interest from several sectors for
their (intermediate) products. Enabling the use of neat synthetic kerosene
will reduce logistical efforts to and at airports and - most importantly -
lower life-cycle greenhouse gas emissions. To which extent the ramp up of
energy from renewable sources and increasing fuel production capacities
can yield price reductions remains uncertain. This is due to the strong influ-
ence of extra-sectoral demand for “green” energy. Even though most path-
ways based on non-biogenic feedstock are currently not available at indus-
trial scale, in the mid-term they might replace substantially greater
amounts of fossil kerosene than feedstock constrained fuel options (e.g.,
fuels based on lipid-biomass).

Also, for the alcohols considered the increasing importance of non-bio-
genic feedstock based conversion pathways is apparent. Increasing availa-
bility of “green” methanol and ethanol is more likely than for butanol, as
“green” butanol production capacities are of lower importance compared to
the others. In contrast to ethanol, the conversion efficiency for methanol
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and butanol can potentially improve. A decrease in costs appears rather un-
likely, as for methanol not only feedstock availability but also demand is
likely to increase. For ethanol and butanol (mostly from biogenic feedstock)
the feedstock availability is additionally limited.

Among the gaseous fuel options, the ranking of hydrogen can change
drastically within the next decade. With increasing industry wide demand
for hydrogen from renewable sources, the presently (very disadvanta-
geous) criteria for logistics infrastructure can improve substantially. At air-
ports, however, the effects of industry-wide interest are less pronounced
and the need for infrastructure modification / development is substantially
greater. Thus, a non drop-in fuel option will only become available, if broad
industry consensus for its use is reached. Only if the weight toll to store lig-
uid hydrogen is drastically reduced, its high gravimetric energy density
would pay off. Increased availability of liquid hydrogen at airports and im-
proved fuel storage in airports are prerequisites for a market introduction
of an aircraft using liquid hydrogen directly. These prerequisites can be
achieved within this decade, whereas a hydrogen fuelled aircraft would ra-
ther be available in the decade thereafter, if at all.

The wide-spread and large-scale use of renewable aviation fuels can po-
tentially be expected in the mid-term (e.g., from 2030 onwards). Comparing
the current and next decade status reveals that those options with an ad-
vantageous ranking for today’s application (drop-in fuels in general, HEFA-
SPK in particular) are not necessarily the most advantageous options in the
long-term. For example, at the end of the next decade, FT-SPK and At]-SPK
(for drop-in options) and hydrogen as non drop-in option could be seen far
more advantageous as they are today.
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Table 3.14 Overall assessment results (At] Alcohol-to-Jet; BtL Biomass-to-Liquid; CH Catalytic Hydrothermol-
ysis; SK Synthesized Kerosene; FT Fischer-Tropsch; HEFA Hydroprocessed Esters and Fatty Acids; HFS-SIP Hy-
drofermented Sugars Synthesized Isoparaffins; SK Synthesized Kerosene; SPK Synthetic Paraffinic Kerosene; PtL
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3.2.6 Conclusion

Alternative fuels are considered as a key measure to reduce greenhouse gas
emissions in the air transport system and thus lower its contribution to an-
thropogenic climate change. But, current usage-shares are below 1 %.
Among seven conversion pathways certified by ASTM only one (HEFA-SPK)
is produced by several companies at an industrial scale. Against this back-
ground, this paper investigates blended synthetic kerosene as drop-in avia-
tion fuel and neat synthetic kerosene fuels, three alcohols (methanol, etha-
nol and butanol) and three gases (methane, ammonia and hydrogen) as non
drop-in aviation fuel options. These fuel options are selected because they
are discussed as alternative aviation fuels (e.g., synthetic kerosene), are al-
ready produced from renewable resources (e.g., ethanol), or considered to
play a central role in the defossilation of the global energy system (e.g., hy-
drogen). Therefore, a set of nine technological and system-related assess-
ment criteria is used to cover the central elements of the entire fuel value
chain. A multi-criteria assessment based on a five-step ordinal scale is per-
formed, taking into account the criteria feedstock potential and extra-sec-
toral demand, aviation fuel conversion efficiency, conversion technology
readiness level (TRL), production capacities, logistics and airports, fuel
properties, aircraft modifications, fuel costs and environment. The studies’
main results can be summed up as follows.

¢ The availability of some biogenic feedstock is not sufficient to replace the
present overall energy demand of aviation. Either the feedstock’s limited
physical availability (e.g., lipid wastes) or potential conflicts with the
food and fodder sector are constraining factors. Additionally, lacking ca-
pacities for the provision of renewably sourced energy limit the availa-
bility of fuels of non-biogenic origin.

e Synthetic kerosene options are mainly constrained by a clear lack of pro-
duction capacities. Nevertheless, the integration of these fuels into the
existing air transport system seems easily feasible from a technological
point of view. In contrast, the use of alcohols would at least require mod-
ifications of aircraft and engines. Additionally, using such fuels results in
a loss of range due to their lower energy density. In contrast, significant
capacities to produce renewably sourced methanol and ethanol exist.
The use of gaseous fuels (e.g., hydrogen) would require the development
of new aircraft, with resulting delays for the fuel’s market introduction,
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significant economic risks for aircraft manufacturers and operational
constraints for airlines.

All of the discussed fuel options have the potential to mitigate most of the
life cycle greenhouse gas emissions of aviation fuels. A prerequisite for a
highly efficient greenhouse gas reduction is a favorable combination of
feedstock and renewably sourced energy provision. Large uncertainties
exist with regard to the non-CO; related climate effects of non drop-in
fuel options.

Long-term price parity with fossil kerosene is highly unlikely for any of
the fuel options studied. Cost of the renewable fuel options considered
are mainly driven by feedstock and energy costs.

For the next decade the following conclusions can be drawn.

The further development of fuel provision for aviation cannot be seen
independently from the development within the ongoing developments
within the overall energy system. If hydrogen develops as currently ex-
pected to become the main molecular energy carrier by the mid of this
century, most likely hydrogen-based solutions will become market ma-
ture also for the aviation sector.

Some fuel options appear more likely to reach significant market shares
than others. On the one hand, these are synthetic kerosene options with
(intermediate) products experiencing demand from other sectors (e.g.,
FT-SPK, At]J-SPK). On the other, the broad interest in ramping up the pro-
duction of hydrogen from renewable energy sources might induce a fast
increase in its availability and decreasing costs. This might provide a
mid- to long-term option for carbon-free aviation, assuming that a hydro-
gen fueled aircraft will be brought successfully to the market.

Within the next decade it is most unlikely that gaseous fuels or non drop-
in fuels will gain a significant market importance due to numerous rea-
sons. Thus, if greenhouse gas emission reductions are politically en-
forced also within the aviation sector, the use of biomass-based drop-in
fuels (HEFA-SPK) need to be promoted. Non-biogenic FT-SPK might gain
importance in the early / mid thirties if the respective technological and
market development is strongly supported. If this materializes, their out-
look as commercial aviation fuel can improve clearly, as non-biogenic FT-
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SPK fuels show large development potentials for several of the assess-
ment criteria.

The most relevant uncertainties are the implications resulting from the po-
tential introduction of a second fuel type next to kerosene in the air
transport system for the years to come. Not only the aircraft itself would
need to be modified / developed, but also a separate / additional infrastruc-
ture would need to be provided at airports and in case of hydrogen also on
a global scale. Network interdependencies among airports would require
broad consensus for one fuel-option, as economic operation of an aircraft
between two (or few) airports seems unlikely. Taking also the high safety
and resulting certification standards within commercial aviation into ac-
count, these implications are non-negligible and difficult to estimate a pri-
ori.

Most of the present climate change mitigation strategies in aviation fo-
cus on the reduction of greenhouse gas emissions. However, scientific un-
derstanding of the non-CO; related climate effects of aviation has improved
significantly. A better understanding of these effects for non drop-in fuels
would help to understand each of the fuel options’ potential to mitigate the
entire climate effects of aviation and not only CO; related climate effects.
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3.3 Sustainable Aviation Fuels
— Status and Prospects

Quante, Gunnar; Kaltschmitt, Martin (2025): Sustainable Aviation Fuels — Status and Prospects.
In: Research Handbook on Air Transport Management. [S.l.]: EDWARD ELGAR, in Press.
Typesetting and formatting are slightly adjusted to ensure consistency within this thesis.

Abstract

Commercial air transport contributes approximately 4% to global anthro-
pogenic climate forcing. The use of so-called “Sustainable Aviation Fuels”,
i.e., fuels from renewable energy sources instead of fossil fuel-based sources
can help to mitigate a large fraction of aviation’s climate forcing. Such
“green” fuels reduce carbon dioxide (COz) emissions by using feedstock
based on carbon dioxide (COz) bound from the atmosphere. Additionally,
their use can lower non-CO; related climate impacts. Various feedstock and
several provision pathways for such “green” fuels are available, but their
market shares are still clearly below 1% on a global scale.

This chapter outlines the context of climate impact mitigation in avia-
tion (section 3.3.1) and derives systemic requirements for renewably-
sourced kerosene. On the consumption side, the air transport system re-
quires a fuel characterized ideally by identical fuel properties as fossil fuel-
based kerosene (section 3.3.2). On the provision side, a wide variety of feed-
stock and provision pathways for renewably-sourced kerosene is availa-
ble (section 3.3.3). To bridge the gap between provision and consumption,
selected pathways for the provision of renewably-sourced kerosene are de-
scribed (section 3.3.4). Comparing these provision pathways indicates a
trade-off between low conversion efforts and a high theoretical availabil-
ity (section 3.3.5).
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3.3.1 Motivation

Aviation contributes about 4 % towards net anthropogenic climate forc-
ing [5]. This contribution is mainly caused by contrails, the emission of car-
bon dioxide (CO2), as well as climate effects caused by NOx emissions, water
vapor emitted within the stratosphere, aerosol radiation and aerosol cloud
interaction. In 2015, the so-called Paris Agreement was adopted by the in-
ternational community of states stating to “hold the increase in the global
average temperature to well below 2 °C above pre-industrial levels and pur-
suing efforts to limit the temperature increase to 1.5 °C above pre-industrial
levels” [2]. This goal is to be transmitted into policies / political measures
via so-called nationally determined contributions. As of now, 194 states and
the European Union (EU) have defined such commitments for climate
change mitigation [272]. Thus, most measures contributing to the achieve-
ment of the Paris Agreement’s goals are defined and implemented at na-
tional level. At the same time, the majority of aviation climate impacts are
caused by international air travel and thus typically not covered by nation-
ally determined contributions [5].

Against this background, the two international aviation organizations,
the International Civil Aviation Organization (ICAO) and the International
Air Transport Association (IATA), both defined a “Net-Zero Carbon Emis-
sions” target by 2050 [3, 4]. These targets focus on the abatement of carbon
dioxide emissions; other climate terms of aviation are not explicitly tar-
geted so far. Already in the year 2016, ICAO started developing the so-called
Carbon Offsetting and Reduction Scheme for International Aviation (COR-
SIA) as a global market-based approach to reduce aviation emissions, either
by extra-sectoral offsets or the intra-sectoral use of renewably-sourced ker-
osene? [40].

Additionally, regions with a high flight density, mainly the US and the
EU have introduced policies to reduce the climate impacts of aviation, such
as the “SAF Grand Challenge” targeting a production of around 9 Mt/a of
renewably-sourced kerosene by 2030 within the US [273] or the ReFuelEU
Aviation directive, which defines increasing mandatory blending quotas for
renewably-sourced kerosene within the EU [205]. Several Asian states (e.g.,

9 Such fuels are often referred to as “sustainable aviation fuel” or “SAF”. However, this term is not used
here, as the fuel’s renewable origin does not guarantee the fulfilment of other sustainability as-
pects (e.g., biodiversity or social criteria).
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Malaysia and India) also consider the introduction of a blending
quota [274].

Individual airlines have also defined climate impact mitigation targets
and strategies. For example, more than 25 airlines (e.g., Air France - KLM,
United Airlines and Azul) joined the “Science Based Targets Initiative”
(SBTI) and defined a near-term and potentially also a long-term emission
reduction goal [275, 276]. Additionally, large airline customers, such as
freight forwarders or companies with large business air travel volumes, in-
centivize voluntary demand for renewably-sourced kerosene.

The IATA estimates that in 2023 about 500 kt of renewably-sourced
kerosene were used, corresponding to a market share of less than 1 % [79].
At the time of writing (spring 2024), eight different provision pathways for
renewably-sourced kerosene and two options to co-process feedstock from
renewable sources in conventional refineries are approved by the respon-
sible authorities. Among those pathways, virtually all consumption realized
so far is based on the Hydroprocessed Esters and Fatty Acids (HEFA) path-
way. These approved options to provide “green” kerosene closely mirror
the physical and chemical properties of conventional jet fuel. Additionally,
some technological developments like, e.g., aircraft capable of directly using
liquefied or compressed hydrogen(Hz), are planned to target the next gen-
eration of airplanes. E.g., Airbus announced that it is developing a hydrogen
aircraft with a market entry, however, expected not before 2035 at the ear-
liest [78]. Thus, the possible contribution of renewably-sourced kerosene
towards achieving the climate targets for 2050 is inherently limited.

All over, the aviation sector consumed around 300 Mt of kerosene in the
year 2018 (mainly crude oil based kerosene), resulting in carbon dioxide
emissions of about 1 Gt (2018)[5, 6]. Despite being roughly reduced to
50 % in the year 2020 during the COVID-19 pandemic, kerosene demand
and resulting carbon dioxide emissions in 2024 might even surpass 2019
levels [277]. Without mitigation measures, these emissions might increase
to about 1.5 to 2.5 Gt in the year 2050 [157].

Carbon dioxide emissions from aviation are primarily caused by the
combustion of kerosene derived from fossil crude oil. If kerosene is pro-
duced based on carbon which has recently been removed from the atmos-
phere (e.g., by photosynthesis or technical processes), balanced net carbon
dioxide emissions could be realized (assuming no secondary fossil fuel
based emissions, e.g., from conversion or transportation processes). In this
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way, substituting the presently used fossil fuel based kerosene with a re-
newably-sourced kerosene could allow for large carbon dioxide emission
reductions.

Additionally, due to their slightly different chemical composition, re-
newably-sourced kerosene can also contribute to the reduction of contrail-
related climate impacts [10, 16, 17, 28, 131]. Other climate impact mitiga-
tion measures, e.g., technological measures such as engine efficiency im-
provements or more efficient air traffic management, can also help to re-
duce (but do not substitute) the use of fossil fuel based kerosene.

These facts are taken into account in most studies on pathways towards
aviation’s carbon dioxide neutrality by 2050. E.g., a recent study estimates
that about 40 % of carbon dioxide emission reductions could result from
renewably-sourced kerosene, and an additional 10 % could result from a
demand reduction caused by higher airfares as a result of increased kero-
sene costs [157]. IATA reports that renewably-sourced kerosene would
have to account for 65 % of the emission reductions required to achieve the
stated net-zero carbon dioxide emissions goal by 2050.

In conclusion, a substitution of the presently fossil fuel based energy
carrier by renewably-sourced ones is indispensable for the aviation indus-
try to achieve its climate mitigation targets and thus to align it with the Paris
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Figure 3.14 Estimated contribution of different climate impact mitigation measures based on [157]
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Against this background, this chapter describes requirements and conver-
sion pathways for renewably-sourced kerosene. Section 3.3.2 discusses
kerosene consumption-related and section 3.3.3 kerosene provision-re-
lated requirements. Based on these, section 3.3.4 outlines several provision
pathways for renewably-sourced kerosene.

3.3.2 Consumption-related Requirements and
Resulting Kerosene Specifications

3.3.2.1 Requirements

Requirements related to a large-scale use of renewably-sourced kerosene
can be clustered into three groups: supply chain, flight operations, and air-
craft technology (Figure 3.15). In the following section, each of these groups
and their requirements are described. In particular, requirements from
flight operations and aircraft technology have shaped existing kerosene
specifications, which will be addressed in the subsequent section.

Supply Chain
* globally connected infrastructure
* storage for several days
* stability against variable environmental conditions
expensive assets
-) globally established market

, Flight Operation \
y * long aircraft lifetime
* widespread availability
e reliable supply
=> ensure flexibility and reliability

=EE = = =

Aircraft Technology
* High energy density
* Low freezing point
*  Thermal stability
¢ High flash point
¢ Limited amount of variability
=> ensure safe operation of flights

Fuel specification

e

-
~

'l
N

Figure3.15 Categories within the kerosene consumption perspective and consumption-related re-
quirements for aviation kerosene (own figure)
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The supply chain for conventional fossil fuel based kerosene is part of the
crude oil value chain. Such crude oil value chains have been developed and
optimized in the past century to ensure the efficient delivery and availabil-
ity of abroad range of hydrocarbon products for various markets. Especially
at large, international airports, huge amounts of kerosene are being con-
sumed - e.g,, in San Francisco/USA around 7 200 t/d or Munich/Germany
about 5200 t/d [278]. Such high rates require a globally connected infra-
structure to ensure reliable supply.

At airports, fuel suppliers are required to stock an amount of kerosene
equaling the consumption of several days. Typically, this is performed by a
common fuel storage facility, where deliveries of different fuel suppliers
commingle [279]. The resulting requirement for fuel is that it can easily be
stored for several days.

Such a common fuel storage at airports results in further requirements.
At first, any fuel used within this system should be stable against variable
environmental conditions to ensure its specification compliance even for
storage over extended periods of time. Hence, its stability against changing
environmental conditions is another requirement for aviation fuel.

Furthermore, the refinery technology for the conversion of crude oil to
specification-compliant kerosene and the associated supply infrastructure
are comparatively capital-intensive [178]. Not using this infrastructure
would result in stranded investment and thus constitute an economic dis-
advantage by fuel producers / suppliers. As a result, this enforces fuel pro-
ducer / supplier to maximize the utilization and extend the technical life-
time of their refineries and supply infrastructure as much as possible.

Overall, from a supply chain perspective, a widely (ideally globally)
standardized fuel would be desirable. In this way, the globally established
market for kerosene can be served efficiently. The introduction of a fuel
which cannot be transported within the existing supply infrastructure (e.g.,
for physical, chemical and/or environmental reasons) would lose this ad-
vantage.

For flight operations, the typical technical lifetime of a commercial air-
craft ranges between 20 to 30 years and partly even longer. Furthermore,
the design and certification of new aircraft is very time-consuming and cap-
ital-intensive; this is even true for rather incremental adjustments [144,
232]. Assuming that present-day aircraft will be used for similar technical
lifetimes, it is required that present-day kerosene types are also available in
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the future (i.e., the decades to come). Notably, this primarily refers to exist-
ing kerosene standards but not necessarily to its origin (fossil / renewable,
cf. section 3.3.2.2).

In order to match offered air travel / freight capacity and demand as
closely as possible, airlines (a) require flexibility to start or close specific
routes in the mid-term and (b) require the ability to switch the aircraft type
on a specific route in the short-term. Both demands can be supported by
offering the same fuel at most (ideally all) airports globally and by certifying
most (ideally all) aircraft for the same fuel type.

In addition to fuel flexibility, airlines require a reliable fuel supply. With
typical turnaround times below 45 min [232], airlines usually mitigate the
risk of a supply failure by establishing supply agreements with at least two
fuel supplier per airport [279].

Again, those characteristics of airline flight operations, i.e., long aircraft
lifetimes, widespread availability, and reliable supply, result in the require-
ment for comprehensive fuel standardization.

In terms of technology, also aircraft and engine technology put certain
requirements on aviation fuels. First of all, a high energy density is required
for aviation fuels, due to the trade-off between fuel’s energy density and
maximum achievable payload (i.e., weight of passengers and cargo). Typical
air temperatures at aircraft cruise altitudes are below -40 °C, sometimes
considerably lower. In order to avoid fuel freezing during prolonged flights,
the aviation fuel in use should exhibit a low freezing point. For the same
reason, large temperature changes exist between cruise flight and on
ground. Accordingly, aviation fuel should also exhibit sufficient thermal sta-
bility within this wide temperature window. Additionally, to avoid unin-
tended fuel ignition (e.g., during refueling) the fuel’s flash point should be
sufficiently high. Current fuel specifications encompass a range of several
further properties to ensure the technological functionality of the fuel to-
gether with aircraft and engine [181].

Ultimately, all these requirements serve to ensure a flight’s safe opera-
tion. Any combination of fuel, engine, and aircraft design, regardless of
whether they correspond to “conventional” or “innovative” designs, must
fulfill these requirements.

In particular, the flight operation- and technology-related requirements
emphasize the need for a standardized and widely available fuel. Since con-
ventional fossil fuel based kerosene has taken this role for more than 70
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years, these requirements pose a high barrier against the introduction of
innovative technologies and “new” fuels, such as hydrogen (Hz) or electric-
ity for battery-electric flights. For these reasons, for many actors within the
commercial aviation industry renewably-sourced kerosene options with
similar properties as conventional kerosene are the preferred option.

3.3.2.2 Kerosene Specification

Technological conditions and flight operation requirements are a strong
driver in developing a virtually global standard for kerosene. The American
Society for Testing Materials (ASTM) specification ASTM D1655 [181] has
taken this role as a basically globally applied fuel specification for kerosene.
In some regions (e.g., in China and Russia), a few, slightly different specifi-
cation standards exist, but their requirements are very similar to those de-
fined by the respective ASTM standard [200]. ASTM D1655 defines ranges
and in some cases maximum or minimum permissible values for a broad
range of kerosene properties [254]. Notably, while the design of aircraft and
engines has undergone substantial incremental improvements within re-
cent decades to increase their overall efficiency, specification standards for
the used fuel largely remained unchanged [138]. Nevertheless, in 2018 and
2020, two options for the common processing (“Co-Processing”) of renew-
able feedstock and fossil crude oil have been added to ASTM D1655 [181].

An additional standard, ASTM D7566, exists for renewably-sourced ker-
osene. It lays out a range of requirements for neat renewably-sourced ker-
osene derived from currently eight different conversion pathways. Table
3.15 summarizes these conversion pathways defined by ASTM D7566 and
the Co-Processing options of ASTM D1655.

Nevertheless, ASTM D7566 still requires blending of renewably-
sourced kerosene with conventional kerosene by up to 50 %, depending on
the respective conversion pathway. The resulting blend must also fulfill the
requirements laid out by ASTM D1655. As a result, a specification-compli-
ant blend can be considered Jet A-1 by definition and thus used in the exist-
ing infrastructure and aircraft without any further modifications. For this
reason, such kerosene is often called “drop-in” kerosene.

Ablend ratio of 50 % renewably-sourced kerosene is clearly insufficient
to achieve the industry goals of net-zero carbon dioxide emissions. There-
fore, ASTM is developing a specification for neat renewably-sourced kero-
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sene [142]. This should be a drop-in kerosene, meaning it would still be us-
able in any legacy aircraft certified for the use of conventional Jet A-1 kero-
sene. Beyond this, in order to improve local air quality and also to mitigate
contrail climate impacts, an aromatic-free / fully paraffinic renewably-
sourced kerosene would be desirable. As of now, however, this seems to re-
quire the development of a new kerosene specification and leaves open
questions as to its compatibility with some older, legacy aircraft [142, 281].

Table 3.15 Approved production pathways for synthetic kerosene (own table based on [181, 280])

ASTM An- Year of ap- Process Blending-limit(b]
nex provallal

D7566 1 2009 FT-SPK 50vol.-%
2 2011 HEFA-SPK 50vol.-%
3 2014 HFS-SIP 10 vol.-%
4 2015 FT-SPK/A 50vol.-%
5 2016 At]-SPK 50vol.-%
6 2020 CH-SK 50vol.-%
7 2020 HC-HEFA-SPK 10 vol.-%
8 2023 At]-SKA 50vol.-%

D1655 - 2018 Co-Processing of vegetable ~ 5vol.-% [

oils

- 2020 Co-Processing of FT-crude 5vol.-%

Note: at the time of writing; A aromatics; At) Alcohol-to-)et; CH Catalytic Hydrothermolysis; FT
Fischer-Tropsch; HC Hydrocarbons; HEFA Hydroprocessed Esters and Fatty Acids; HFS Hydropro-
cessed Fermented Sugars; SIP Synthetic Isoparaffins; SK Synthetic Kerosene; SKA Synthetic Kerosene
with Aromatics; SPK Synthetic Paraffinic Kerosene)

[a] This refers to the initial approval. After the initial approval, approved processes were partially
adapted, for example by increasing the maximum blending limit or by expanding the raw materials
that can be used. [b] Precautionary maximum blending limit of the synthetic kerosene component. [c]
Anincrease of the blend ratio to 30 vol.-% is currently prepared for approval as ASTM. This increase
will require that the co-processing includes a hydrocracking step.

3.3.3 Provision-related Requirements

In contrast to the primary feedstock of conventional kerosene, crude oil, a
mature supply chain for renewable feedstock to produce kerosene has not
yet been developed. In principle a large variety of renewable feedstock op-
tions exists, however, with largely differing characteristics. The following
section classifies these options and then describes their main characteris-
tics.
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Renewable feedstock can broadly be distinguished according to their en-
ergy input into biogenic and power-based options?°.

e Biogenic options. Depending on their primary components, biogenic
feedstock can be classified as lipid-, starch-, sugar- and lignocellulose-
containing feedstock.

e Power-based options. In terms of power-based feedstock, typically wa-
ter, carbon dioxide (CO2) and as energy source renewably-sourced elec-
tricity are distinguished.

Table 3.16 summarizes the different feedstock types, based on typical
sources, their feedstock potential and demand for this feedstock from other
sectors.

Table 3.16 Qualitative discussion of feedstock options for renewably-sourced kerosene (own table)

Biogenic feedstock Non-biogenic feedstock
Lipid- Starch- / Ligno- Carbon Renewably-
. Sugar- cellulose- | Water (H20) . . sourced
containing L L dioxide (CO2) e
containing containing electricity
plantation almost an, oint sources
used cook- wood, stalks y P .
. . . Ccrops : source of (cement plant, wind and photo-
Typical ing oil agricultural . : .
: food / feed water, in- biogas plant)  voltaic power

sources animal and forestry : . .

waste cluding sea- direct-air-cap- plants

fats waste and
- water ture
residues

limited,

mostly due .
Feedst'ock limited toregula- very high very high limited t}'leoretlcally very
potential high

tory con-

straints
Demand moderate, in currently I.OW'

. but most likely .
from other |moderate very high moderate some cases L very high
: increasing in
sectors very high
the future

3.3.3.1.1 Feedstock for Biomass-based Pathways

3.3.3.1.1.1Lipid-containing Feedstock

Typical sources for lipid-containing feedstock currently in use are wastes
and residues, such as used cooking oil or animal fats from meat production.

10 A combination of both feedstock options might be advantageous from a process engineering per-
spective. For greater clarity, such combinations are not discussed here. More information can be
foundin the literature. [282].
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Certain crop species also contain relatively high amounts of lipids (e.g.,
rapeseed, oil palms, or Jatropha Curcas). However, such crops are currently
only used for the production of renewably-sourced kerosene to a certain
extend. This is mainly due to regulatory constraints intended to preserve
the used agricultural land with priority for food and feed production [32,
154]

The feedstock potential for lipid-containing wastes and residues is in-
herently limited, while the potential for dedicated crops is rather con-
strained by regulatory and sustainability aspects e.g., due to land-use
change aspects and a potential competition with the food and feed produc-
tion [32, 125, 167, 237].

Simultaneously, lipid-containing feedstock experiences a strong de-
mand from other sectors, mainly due to its high energy content. Edible
feedstock (e.g., rapeseed or palm oil) is demanded for food and feed produc-
tion, but typically not approved for the production of renewably-sourced
kerosene. Like any feedstock suitable for the production of renewably
sourced kerosene, it can also serve as feedstock for other fuels, e.g., road
transportation fuels. Additionally, this biomass feedstock is also demanded
by the chemical industry as well as other industry branches.

3.3.3.1.1.2 Sugar- / Starch-containing Feedstock

Typical sources of sugar- / starch-containing feedstock are almost all food
and feed crops. Examples are sugar beet, potatoes, wheat, or corn. Their use
within the food and feed industry also creates substantial amounts of food
waste [283].

The feedstock potential of sugar- / starch-containing feedstock is in
principle very high. However, it needs to be weighted with the demand
from other sectors, particularly the need for food and especially feed. A
common concern is that the use of this feedstock type as an energy crop
results in a reduced availability / in higher prices of food and feed in aver-
age. Political approaches to mitigate this risk and to deal with the resulting
challenges differ largely by region, partly affected by the respective popula-
tion density and the local / regional availability of arable land. E.g., in Brazil,
ethanol based on sugar is widely used within road transportation. In the US
mainly corn is used as an energy crop for bioethanol production. Compared
to that, within the EU a clear political intention is visible towards an ongoing
shift to lignocellulose-based feedstock [284-286].
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3.3.3.1.1.3 Lignocellulose-containing Feedstock

Typical sources for lignocellulose-containing feedstock could either be
plantation wood, such as poplar, meadow, or eucalyptus wood, or stalks,
such as straw or reed [154]. Also, e.g., agricultural or forestry wastes and
residues can provide a large source of lignocellulose-rich feedstock [285,
287].

The feedstock potential of such lignocellulose-based material is very
high, even though it is associated with a large uncertainty range [32, 237].
As a potential alternative to sugar- / starch based feedstock, technological
development for the use of lignocellulose as feedstock is ongoing, but has
not yet reached full commercial scale [285].

There is a substantial demand from other sectors related to lignocel-
lulosic material. This is true for the use as an energy carrier as well as for a
material use. However, the widespread availability alleviates the competi-
tive situation. Additionally, since lignocellulose is - in contrast to sugar or
starch - indigestible, a competition with the food market can largely be
ruled out.

3.3.3.1.2 Feedstock for Power-based Pathways

3.3.3.1.2.1 Water

Typical sources show a broad range from underground water as well as
surface water e.g., from rivers. But also the use of seawater is possible. The
subsequent electrolysis step requires a pre-cleaning and deionization of the
water input in most cases. Thus, seawater can be made available via desali-
nation at comparatively low efforts [102].

As aresult, the feedstock potential is generally very high, however, for
some local regions, e.g., deserts with typically high potentials of solar radi-
ation, it may be necessary to enable a water supply via a pipeline or other
means of transport.

As many sectors, not only households but also industrial production, re-
quire large amounts of water. Thus, a competition with other sectors can
be expected. In general, the high feedstock potential and the comparatively
low supply effort dampens the competitive situation. However, additional
stress on sweet water resources might arise.
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3.3.3.1.2.2 Carbon Dioxide

Either point sources or direct-air-capture processes are typically dis-
cussed sources for the provision of carbon dioxide for fuel production.
Point sources can be fossil-fueled power plants, cement plants, or e.g., bio-
gas or bioethanol plants. In this case, the origin of the carbon plays an im-
portant role. In case of a biogas or a bioethanol plant, the carbon contained
within the CO; molecule originates from the biomass (renewable resource),
while e.g., at a cement plant or a lignite fired power plant, the carbon dioxide
would be clearly of fossil origin. Direct-air-capture technology allows for
the capture of carbon dioxide directly from ambient air. However, the cur-
rently available technology shows high energy, material, and area require-
ments and thus high cost, while the potential of scale effects in the future is
uncertain [102, 288].

The feedstock potential of point sources providing carbon dioxide of
renewable origin is limited [289]. Carbon dioxide from the ambient air is
theoretically abundantly available, however, at a very low concentration of
about 419.5 ppm (as of 2023). Hence, the feedstock potential of carbon di-
oxide is indirectly limited by energy, material, and area requirements for
direct-air-capture plants.

Demand from other sectors is currently rather low, but assuming in-
creasing efforts to defossilize the overall economic system, demand from
other sectors will most likely increase. In addition to fuel production, also
the chemical industry will require large amounts of renewably-sourced car-
bon.

3.3.3.1.2.3 Renewably-sourced Electricity

A wide variety of typical sources for renewably-sourced electricity exists,
from which the most important ones, in terms of potential and costs, are
wind and photovoltaic power [290]. Since they directly depend on the avail-
ability of wind and solar irradiation, certain regions around the globe show
substantially higher potential than others [198].

In principle, the feedstock potential of renewably-sourced electricity,
in particular for wind and photovoltaic power, is abundantly high [290]. As
of now, however, only a small fraction of this potential is utilized since the
ramp up of these technologies has begun only about two decades ago [239].
Due to their strong increase in installed capacity throughout the globe, it
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can be expected that the wind and solar potential will be more widely ex-
ploited in the years to come.

Demand from other sectors for renewably-sourced electricity is very
high, especially due to global efforts to lower the dependency on (imported)
fossil-based fuels and to mitigate greenhouse gas emissions. Most likely,
this demand will further stipulate the ramp up of renewable energy sources,
but the competitive situation is likely to remain high in the next decades.

3.3.4 Provision Pathways

As outlined in section 3.3.2, kerosene-type renewably-sourced aviation
fuels are favorable from a fuel consumption perspective. Simultaneously, a
broad range of feedstock options for such fuels exists (section 3.3.3). Thus,
below pathways to convert such feedstock into specification compliant ker-
osene are outlined. Due to its impending approval [218], the Methanol-to-
Jet conversion pathway is also discussed. The provision of intermediates is
covered first, followed by upgrading steps toward specification-compliant
kerosene. Figure 3.16 depicts the various conversion pathways available.

3.3.4.1 Provision of Intermediate Products

3.3.4.1.1 Alcohols

Alcohols are a group of organic compounds that contain a hydroxyl group
attached to a saturated carbon atom (chain). Currently, only selected alco-
hols such as ethanol and iso-butanol are approved, but ASTM D7566 explic-
itly mentions the objective to approve all Cz to Cs alcohols [280]. Depending
on feedstock and alcohol, a wide variety of pathways are available for the
provision of alcohols [223]. Therefore, this section focuses on two well-es-
tablished processes, namely methanol synthesis, and fermentation.
Methanol synthesis is a heterogeneously catalyzed, thermochemical
conversion of a gas mixture consisting of carbon monoxide (CO) and hydro-
gen (H2)'L. Today, over 100 Mt/a of methanol are produced from such a CO
and Hz containing synthesis gas; however, the feedstock for the provision of

" Note that this gas mixture is also often referred to as synthesis gas, similar to the gas mixture of car-
bon monoxide (CO), carbon dioxide (CO2) and hydrogen (H2) used for Fischer-Tropsch Synthesis. To
improve clarity, the term synthesis gas is used here only for a gas mixture of carbon monoxide (CO)
and hydrogen (H2).
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this synthesis gas are almost exclusively fossil fuels (i.e., natural gas,
coal) [32, 291]. This type of catalyst-steered synthesis is also known as con-
ventional methanol synthesis. Since such catalysts used within a methanol
synthesis also show a certain activity for CO2, methanol can also be pro-
duced from a COz- and Hz-rich gas in the so-called direct methanol synthe-
sis. Both synthesis pathways are exothermic and take place at elevated
pressures (~75 bar) and temperatures (~250 °C) under the presence of
typically Copper-Zinc based catalysts [291, 292]. The required feedstock for
a power-based (“green”) production, Hz and COz, can be provided via elec-
trolysis (section 3.3.4.1.2) from water and either from point sources such as
bioethanol plants or direct-air-capture processes. Sustainable synthesis gas
for conventional synthesis can be produced by gasification or reforming and
conditioning of lignocellulosic biomass (section 3.3.4.1.2).
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Fermentation refers to the biochemical conversion of sugars by microbes
into ethanol or higher alcohols (e.g., iso-butanol) [293]. When appropriate
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process steps are applied (e.g., liquefaction or saccharification of starch or
hydrolysis of lignocelluloses), starch or, in principle, also lignocelluloses can
be used as fermentation feedstock [285, 293]. The most prominent and old-
est fermentation process is the “classical” ethanol fermentation, where
yeast is used to produce ethanol and carbon dioxide (CO) as a side product
from sugar molecules. This biochemical process is widely implemented on
a global scale, e.g., for the production of beer and yeast dough.

ABE-fermentation in turn, which uses Clostridium acetobutylicum bac-
teria, yields acetone, butanol, and ethanol. It has been used at large scale
until the second half of the 20% century, until it has been replaced by
cheaper production processes [293]. Today this process option is basically
irrelevant due to much more promising competing, fossil-based processes.

Synthesis-gas fermentation is also based on a biochemical conversion
of synthesis gas (CO and H:) using acetogenic bacteria [223]. In contrast to
the “classical” ethanol fermentation, synthesis gas fermentation is less de-
pendent on sugar as feedstock and could theoretically also be operated us-
ing lignocellulose or even non-biogenic feedstock. The scale-up of this pro-
cess is currently under development [294].

In all of these cases, subsequent separation of the alcohols from the fer-
mentation or synthesis by-products is required. This can be achieved e.g.,
by means of distillation and/or fractionation.

3.3.4.1.2 Fischer-Tropsch (FT) crude

Fischer-Tropsch (FT) crude is the product of Fischer-Tropsch (FT) synthe-
sis. This process is a catalyst-supported thermochemical conversion of syn-
thesis gas (CO and H:). During the respective synthesis, hydrocarbons of
various types and chain lengths (C1 to beyond Czo) are formed under the
presence of an iron- and/or cobalt-based catalyst [74]. Process conditions
are pressures in the range of 20 to 40 bar and temperatures either between
320 to 350 °C (“high temperature FT-Synthesis”) or 220 to 250 °C (“low
temperature FT-Synthesis”). The hydrocarbon distribution in the product
(“syncrude”) varies depending on the synthesis gas composition, the reac-
tor technology, the operation mode and the utilized catalyst [74].

A wide variety of processes based on biogenic and non-biogenic feed-
stock is available for the provision of synthesis gas. For biogenic feedstock,
the central process steps are gasification, anaerobic digestion with subse-
quent reforming and conditioning. For non-biogenic feedstock, synthesis
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gas is primarily provided based on electrolysis and carbon dioxide reduc-
tion.

Gasification of biomass entails the thermal deconstruction of the ligno-
cellulosic feedstock into a product gas through partial oxidation. Either air,
oxygen, steam or mixtures thereof can be used as gasification agents [295].
In addition to the synthesis gas components (CO and Hz), the main compo-
nents of the product gas are COz and light hydrocarbons. Despite several
attempts to commercialize this technology, no plant has been built at com-
mercial scale so far [32].

Anaerobic digestion entails the biochemical conversion of biogenic
feedstock, typically wastes and residues, by bacteria in an oxygen-free en-
vironment. The bacteria release a gas mixture of mainly methane (CH4) and
carbon dioxide (COz). This process step is particularly suitable for biogenic
feedstock with a comparatively high water content. In some global regions,
e.g., Germany, anaerobic digestion is widely applied for combined heat and
power generation and biomethane production.

Reforming and conditioning enable synthesis gas production from
product gas and biogas. Reformation of light hydrocarbons is usually cata-
lyst-supported and operated at high temperatures with H0 (steam reform-
ing), Oz (partial oxidation), or CO2 (dry reforming) as oxidizing agent. While
product gas from biomass gasification usually contains a lower proportion
of hydrocarbons and reforming is therefore not necessarily required, exten-
sive reforming is essential for converting biogas or biomethane into synthe-
sis gas.

Conditioning is usually needed to adjust the synthesis gas ratio accord-
ing to the synthesis requirements. The H» deficit that usually prevails can
be compensated for by a water-gas shift with subsequent CO2 separation or
by adding power-based H. Reforming and conditioning is globally applied
in many synthesis plants and refineries, however, mainly converting natu-
ral gas or product gas from coal gasification [39].

Electrolysis is the electrochemical splitting of water (H20) into hydro-
gen (Hz) and oxygen (02). Different technologies are available for this pro-
cess, namely the alkaline water electrolysis, proton-exchange membrane
electrolysis and solid oxide electrolysis. Among these, only the alkaline wa-
ter electrolysis has reached commercial stage [154].

Carbon dioxide (CO:) reduction via the so-called reverse water-gas
shift (RWGS) reaction is required since low-temperature FT-Synthesis,
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mainly used for producing long-chain paraffinic fuels, does not allow for a
direct CO2 conversion. Within this RWGS reaction, hydrogen (Hz) and car-
bon dioxide (CO2) react at high temperatures (700 to 1000 °C) catalyst-con-
trolled to water (H20) and carbon monoxide (CO) as the mainly desired
product [296, 297]. In contrast to the other process steps, the RWGS reac-
tion has not been realized large-scale at a commercial scale yet [298].

3.3.4.2 Conversion and Upgrading of Intermediate Products

The upgrading of the abovementioned intermediate products to specifica-
tion-compliant kerosene is based on different combinations of process
steps being widely used since decades primarily within the petrochemical
industry [74]. Table 3.17 lists the names and provides a short description
and a visualization of each of these individual process steps. The respective
combinations of process steps for the upgrading of each of the intermediate
products are described thereafter.

Table 3.17 Petrochemical process blocks, note that the carbon chain lengths of the molecules depicted may
vary (own table)
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C4H10 ClOHZZ CZOH4Z
Separation of hydro-

Fractiona- —
tion _— T carbons based on

A/ = . .
their chain lengths
C4H10 ClDHZZ C15H32
C3H7 CSHM C20H42

3.3.4.2.1 Upgrading of Lipids

Upgrading of lipids to specification-compliant kerosene requires typically
at least a hydrogenation, an isomerization, and a final fractionation
step [280]. Most lipids consist mainly of triglycerides, i.e., molecules con-
sisting of an ester and three attached fatty acids. Compared to that, di- or
monoglycerides contain only two or one fatty acid group, respectively. Hy-
drogenating the triglycerides replaces the oxygen contained within such a
molecule with hydrogen by forming water; additionally, any potentially ex-
isting double bonds within the fatty acid groups are saturated. Thus, the
main product of such a treatment are n-alkanes with a chain length corre-
sponding to the length of the former fatty acids. As this length does not nec-
essarily correspond to the desired kerosene fraction, cracking combined
with a subsequent hydrogenation may be necessary to increase the product
yield. As n-alkanes show a higher freezing point compared to iso-alkanes,
isomerization may additionally be required to meet the fuel specification
requirements [154, 299, 300].

3.3.4.2.2 Upgrading of Alcohols

Upgrading of alcohols to specification-compliant kerosene requires at least
a dehydration, an oligomerization, a hydrogenation, and a final fractiona-
tion step [280]. By definition, any alcohol contains a hydroxy (OH) group.
ASTM D7566 requires the removal of any oxygen from the kerosene; hence
dehydration is applied to remove this group as water. The remaining, short
alkene group corresponds to the chain length of the former alcohol (e.g.,
C2H4 for ethanol). An exception to this is the dehydration of methanol,
where carbon bonds are formed between the individual molecules in paral-
lel with the water separation, and a mixture of light alkenes is produced
(methanol-to-olefin; MtO). In order to achieve a carbon chain length within
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the kerosene range, an oligomerization step is required to combine several
short-chain alkenes into longer-chain molecules. To saturate the alkenes,
hydrogen (Hz) is added during hydrogenation and fractionation is applied
to divide the hydrocarbon mixture into different product fractions[154,
285].

3.3.4.2.3 Upgrading of Syncrude

Syncrude has a comparatively similar chemical composition as fossil-based
crude oil. Still, (hydro-) cracking, hydrogenation, (hydro-)isomerization,
and fractionation are necessary to achieve specification-compliant kero-
sene from syncrude [280]. Compared to fossil crude oil, syncrude usually
contains a substantially larger fraction of waxes, i.e., hydrocarbons with a
greater chain lengths compared to kerosene [74]. Therefore, these mole-
cules have to be cracked to increase the amount of hydrocarbons being
within the kerosene range. Subsequently, remaining alkenes are saturated
to alkanes by hydrogenation. Again, to ensure a sufficiently low freezing
point, additionally (hydro-)isomerization is typically required. During frac-
tionation, the last step, the products are separated based on their carbon
chain length [74, 154, 291].

3.3.5 Final Considerations

Air transport contributes approximately with 4 % to global anthropogenic
climate forcing. Both the International Civil Aviation Organization (ICAO)
and the International Air Transport Association (IATA) aim to achieve net-
zero carbon dioxide emissions by 2050, primarily by replacing fossil fuel
based kerosene with renewably-sourced kerosene. Their feedstock con-
tains carbon recently bound from the atmosphere. As a result, the carbon
dioxide emissions released by using such renewably-sourced kerosene are
circulated within a closed loop and do not contribute to an increase of the
carbon dioxide inventory within the atmosphere. However, renewably-
sourced kerosene has a market share of currently clearly less than 1 %.

In light of these aspects, this chapter provides an overview of require-
ments from kerosene consumption and provision as well as currently dis-
cussed provision pathways for renewably-sourced kerosene. Its main con-
clusions can be summarized as follows:
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e Requirements from the view point of the kerosene consumption can be
clustered into requirements from the supply chain, the flight operations
and the given / available technology. The latter two play an influential
role on the development of almost globally applied kerosene specifica-
tions. Additionally, the use of a kerosene-type fuel is enforced, while dif-
ferent fuels, e.g., hydrogen (Hz), face substantial barriers in this regard.

e Requirements from kerosene provision emerge from the properties and
availability of the individual feedstock options. Feedstock for renewably-
sourced kerosene can be classified as biomass-based and power-based
feedstock. Among the biomass-based feedstock, lipids have the highest
energy content but also the most strictly constrained availability. Among
power-based feedstock, especially energy, material and area require-
ments for the provision of carbon dioxide constitute so far a substantial
barrier, while power-based hydrogen production remains the main en-
ergy consumer within all power-based pathways.

e A broad range of provision pathways for renewably-sourced kerosene is
available. The main routes concern the conversion of lipid-containing
feedstock (Hydroprocessed Esters and Fatty Acids, HEFA), the conver-
sion of alcohols (Alcohol-to-Jet, At]), and the provision and conversion of
Fischer-Tropsch Crude (FT) crude. To ensure specification compliance,
further upgrading of the intermediates to specification-compliant kero-
sene is necessary.

By connecting these results, a trade-off between efforts for conversion and
theoretical availability becomes apparent (Figure 3.17). The conversion of
lipids is comparatively easy in terms of processing steps and energy re-
quirements. Moving along the feedstock options towards power-based
feedstock, energy requirements, processing steps and also the process com-
plexity increase. On the other hand, the theoretical availability describes the
physical availability, e.g., the amount of solar irradiation which would be
physically available, neglecting the still required ramp up of wind turbines
and photovoltaic modules. Here, the theoretical availability of lipids is low-
est and increases via lignocellulose-containing biomass towards power-
based feedstock. Each conversion pathway for renewably-sourced kero-
sene can be allocated somewhere along this spectrum, indicating that there
is not a “one size fits all” solution for renewably-sourced kerosene.
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Figure 3.17 Trade-off between low conversion efforts and theoretical availability (own figure)

In the years to come, the development of air travel demand, the (potential)
approval of new conversion pathways and the development of the overall
energy transition will be highly influential to the market development of re-
newably-sourced kerosene.

Air travel demand determines the energy demand of the aviation sector
and thus, also the demand for renewably-sourced kerosene. A slower air
travel demand growth would also require lower volumes of renewably-
sourced kerosene for achieving the industries climate targets. The approval
of new conversion pathways might allow for the use of a broader feedstock
range and potentially also higher conversion efficiencies. A range of inter-
dependencies arises from the evolvement of the overall energy transition.
If, e.g., the electrification of the road transport sector occurs quickly, also
demand from road transportation for fuels based on lipid-containing feed-
stock would decrease, in turn increasing their availability for renewably-
sourced kerosene. Hence, the future development of the air transport sec-
tors energy transition cannot be estimated individually, but should rather
be seen as part of the global energy transition.
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3.4 Synthesis — Fuel Provision

The previous sections cover the technological provision of alternative fuels,
either by hydroprocessing of conventional kerosene or by providing avia-
tion fuels from renewable sources of energy. These sections are summa-
rized now and discussed against other, technological climate forcing miti-
gation measures. Accordingly, provision pathways for alternative fuels are
outlined and discussed first (Research Question 1, section 3.4.1) and then
main influential factors on their carbon dioxide- (Research Question 2, sec-
tion 3.4.2) and contrail-related climate forcing (Research Question 3, sec-
tion 3.4.3) are summarized and analyzed. This section closes by discussing
potential trade-offs and interdependencies among these mitigation
measures in the overall synthesis (section 3.4.4).

3.4.1 Provision Pathways

In the following, first the different provision pathways for alternative avia-
tion fuels are introduced and their key characteristics are summarized (sec-
tion 3.4.1.1). Thereafter, the other, technological climate forcing mitigation
measures are described (section 3.4.1.2).

3.4.1.1 Synthesis

Alternative aviation fuels can be provided either by altering the properties
of conventional kerosene or by replacing it. For example, by removing soot
precursors (i.e., mainly aromatic components) from conventional kerosene,
the optical thickness and lifetime of potentially formed contrails can be re-
duced and thus also the absolute value of their climate forcing (sec-
tion 3.1.1). Replacing the current fossil fuel-based feedstock of kerosene by
feedstock from renewable sources of energy would in turn mitigate a sub-
stantial fraction of aviation’s carbon dioxide-related climate forcing. Since
most renewably sourced kerosene options contain hardly any aromatic
components (cf. section 3.2.4 [18, 138]), their use would additionally lower
contrail-related climate forcing, in particular when they are used at high
blend ratios with conventional kerosene.

One option to lower the content of aromatic components in conven-
tional kerosene is an additional hydroprocessing step to transform / hydro-
genate the kerosene’s aromatic components to cycloalkanes or even crack
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them into alkanes. Hydroprocessing is a well-established process in pre-
sent-day crude oil refineries [39, 74, 178, 301]. While this process is typi-
cally not used for the treatment of conventional kerosene, it is required for
other processes (for example the treatment of vacuum gas oil [39], cf. sec-
tion 3.1.2.1). Hydroprocessing is also used for the desulfurization of fuels to
be sold for the road transport market to fulfill the legal sulfur limits, e.g., for
conventional Diesel fuel (section 3.1.1 [301]). Thus, hydroprocessing could
be implemented in the short-term on a large scale.

Mild and harsh hydroprocessing can be distinguished, where in the first
case it is assumed that the kerosene content of aromatic components re-
mains at or above 8 %, while in the latter case, the content of aromatic com-
ponents is reduced to near zero (section 3.1.2.1). Reducing the content of
aromatic components below 8 m-% could, however, be contradictory to the
presently valid fuel specifications (cf. section 3.1.3.2.2[181, 280]). Thus,
harshly hydroprocessed kerosene would rather be available in the medium-
term, since the adoption of these specifications will presumably be com-
pleted at the earliest in the medium-term (cf. section 3.1.3.3).

Renewably sourced aviation fuels can be sub-divided in the categories:
kerosene-like fuels, alcohol-based fuels, and gaseous fuels. For kerosene-
like fuels, currently (November 2024) eight pathways are certified by
ASTM [280].12 Three of these pathways are of central relevance, while the
remaining five options are either company-specific or so far less relevant
processes (section 3.3.2.2).

e Hydroprocessed Esters and Fatty Acids Synthesized Paraffinic Kerosene
(HEFA-SPK) is the pathway currently providing most of the renewably
sourced kerosene for commercial use (section 3.2.2.2 [87, 240]). It uses
lipids as a feedstock and is thus technologically and economically advan-
tageous because of the associated low conversion efforts (sec-
tion 3.3.4.2.1) by making maximum use of the synthesis efforts already
realized by nature. But lipid-based feedstock is a priori limited on a
global scale and thus most likely not enough feedstock will be available
also on the longer term to cover the overall energy demand of the global
civil air transport system especially when considering other demands for
lipids (e.g., human nutrition) (section 3.3.3.1.1.1 [158, 237, 240]).

2When the corresponding research article (section 3.2) was published in October 2022, one pathway
(At)J-SKA)was not yetincludedin the specification. For thisreason, the article onlylists seven options.
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e Besides lipid-based feedstock, kerosene can also be provided based on
different alcohols via the Alcohol-to-]Jet Synthesized Paraffinic Kerosene
(AtJ-SPK) pathway (section 3.2.4.1 [119, 216, 223, 285]). The alcohol typ-
ically used as feedstock for such conversion processes are either iso-bu-
tanol or ethanol [280]. But also methanol as the simplest alcohol can be
used as feedstock from a technological perspective; the certification of a
pathway for methanol is currently ongoing [302]. If such alcohols are to
be provided from biogenic feedstock, a trade-off exists between sugar-
or starch-based as well as lignocellulose-based feedstock. The first two
options require less intense processing, but their feedstock availability is
a priori limited and might compete with the food and feed as well as in-
dustrial markets (section 3.3.3.1.1.2 [216, 223]). In contrast, lignocellu-
lose-based feedstock is available at greater amounts, less competitive
with food and feed provision, but in turn requires clearly more intense
processing (section 3.3.3.1.1.3 [216, 223]) and is for the time being not
state of technology.

e The third of the main provision pathways is Fischer-Tropsch Synthesized
Paraffinic Kerosene (FT-SPK). This kerosene can be provided either from
biogenic or from non-biogenic feedstock (section 3.2.4.1 [291]). Various
parts of this process have been realized at an industrial scale, but their
combination for the feedstock considered here has not been demon-
strated on a large scale (i.e., at industrial scale) [216]. In terms of feed-
stock, the heterogeneity of biogenic feedstock (section 3.3.3.1.1.3) or - in
case of non-biogenic feedstock - the provision of carbon from renewable
sources of energy (section 3.3.3.1.2.2[102, 216, 291]) currently consti-
tute main barriers for the application of this process at industrial scale.

e The other certified conversion pathways are either company-specific
(e.g., Alcohol to Jet Synthesized Kerosene with Aromatics (At]-
SKA) [303]) and / or have been abandoned since they were economically
unviable (e.g., Hydroprocessed Fermented Sugars Synthesized Isoparaf-
fins (HFS-SIP)) (section 3.2.4.1). For this reason, these processes are not
discussed here.

For these kerosene-based options, a trade-off exists between the technical
efforts for conversion and the market availability of the respective feed-
stock (section 3.3.5). Lipid-based pathways, such as HEFA-SPK, show rather
low technical efforts for the conversion of the feedstock into specification-
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compliant kerosene, while their market availability is limited on a global
scale (e.g., in comparison to non-biogenic feedstock). For basically unlim-
ited available feedstock, however, the efforts for a conversion to specifica-
tion-compliant kerosene are substantially higher. As a result, to replace the
majority of aviation’s kerosene demand, the scale-up of processes with
higher conversion efforts and thus higher associated fuel provision cost
(e.g., FT-SPK) will be indispensable to achieve aviation’s climate mitigation
targets.

Most certified pathways for kerosene provision do not yield noteworthy
amounts of aromatic compounds (section 3.3.2.2). Currently valid ASTM
fuel specifications, however, define a minimum content of aromatic compo-
nents [280]. For this reason, renewably sourced kerosene is presently only
certified as a blend of up to 50 % with conventional kerosene. Such a speci-
fication-compliant kerosene is often referred to as drop-in kerosene, be-
cause it can be treated like conventional kerosene and supplied via the same
infrastructure (section 3.3.2). For this reason, it can be considered as usable
in the short-term. Simultaneously, the use of neat renewably sourced kero-
sene would allow for substantially larger lifecycle carbon dioxide emission
reductions and kerosene without aromatic compounds would be beneficial
in terms of contrail-related mitigation potentials (section 3.2.4.4). Thus,
from a climate protection perspective, using neat renewably sourced aro-
matic component-free kerosene would be most desirable. However, such
fuel would not be compliant with the currently valid fuel specifications and
thus be a non drop-in kerosene. For these reasons, neat renewably sourced
kerosene might be available in the medium-term at the earliest.

For the direct use of alcohols as renewably sourced aviation fuel, meth-
anol, ethanol and butanol have been investigated (section 3.2.2.2). In prin-
ciple, all of them can already be provided from renewable sources of energy.
But these options show disadvantageous properties compared to conven-
tional kerosene (e.g., alower energy density compared to conventional ker-
osene) (section 3.2.4.3). Another barrier for their use is the provision infra-
structure and the aircraft modifications required for their use (sections 0
and 3.2.4.3). Thus, renewably sourced alcohols used directly as an aviation
fuel constitute a long-term option, if at all.

The situation is similar for the gases investigated, namely ammonia, me-
thane, and hydrogen (section 3.2.2.2). In principle, all of these gases can al-
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ready be provided from renewable sources of energy, but with highly dis-
advantageous properties compared to conventional kerosene (e.g., the low
freezing point of hydrogen or the comparatively low energy density of am-
monia and methane) (section 3.2.4.1). Again, due to the required modifica-
tions of the existing infrastructure and / or the aircraft’s fuel system, these
options seem to be usable in the (very) long-term only, if at all.

3.4.1.2 Discussion

Technological mitigation measures other than fuel-related measures can be
distinguished as modifications of engines or airframes [304]. The following
sections discuss exemplary measures from both fields as listed in Table
3.18. Some of these measures might also affect other than contrail- or car-
bon dioxide-related climate forcing (e.g., climate forcing from nitrogen ox-
ide emissions), which will not be discussed in-depth here.

Table3.18 Exemplary technological mitigation measures and their description

Category  Measure Description

Additional gearbox to differentiate the rota-
Geared-turbofan tional speeds of the fan and the low-pressure
compressor / turbine

Engine . Favor conditions for lean combustion to lower
Lean-burn combustion chamber . . o
nitrogen oxide and other emissions

New engine design to improve the fan’s aero-

Counter-rotating open rotor AP
§op dynamic efficiency

Modified wing profile and shape to improve its

Advanced wing design aerodynamic efficiency

Structures with reduced specific Reduce weight to lower energy required for

Airframe weight flight

Adjust the shape of the fuselage to improve

Blended-wing body design aerodynamic efficiency

¢ In terms of engine technology, the mitigation measures selected are in-
cremental measures such as a geared-turbofan and a lean-burn combus-
tion chamber and a more radical change by a counter-rotating open rotor
engine. A geared-turbofan utilizes a gearbox to differentiate the rota-
tional speeds of the fan and the low-pressure compressor / turbine. In
this way, higher and thus more efficient rotational speeds of the low-
pressure compressor / turbine can be achieved, since the fan’s rotational
speed is limited by transsonic flow velocities at its outer tips [31]. A lean
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burn combustion chamber is another engine design option. Here, the fuel
is burned with excess air mainly reducing the formation of nitrogen ox-
ide and soot, while fuel consumption is not substantially affected (sec-
tion 1.2.3[31, 49]). The third option, a counter-rotating open rotor en-
gine design would encompass two fan blade rows rotating in opposite
direction, which are located outside of the engine’s cover similar to pro-
peller engines [305]. This would allow for efficiency improvements by a
further increase in the engine’s bypass ratio and a reduction of the fan’s
airflow residual swirl by the second fan row [305].

¢ Interms of airframe technology, most options either aim at reducing aer-
odynamic drag or at reducing weight. Typical examples for incremental
drag reduction options are adjustments in wingtip design to lower in-
duced drag with an estimated fuel consumption (and thus carbon dioxide
climate forcing) [306]. Reducing weight incrementally (e.g., by an in-
creased use of composite materials or reducing cabin weight) can reduce
the required energy for a flight, since less lift is required, which would
induce aerodynamic drag [306]. A more radical option constitutes the
“blended-wing-body” design, where the aircraft’s fuselage is shaped sim-
ilar to the wing in order to also contribute towards the aerodynamic lift
force [307].

3.4.2 Carbon Dioxide-related Mitigation Potentials

In this section, the carbon dioxide-related mitigation potentials of the dif-
ferent provision pathways for alternative aviation fuels are discussed (sec-
tion 3.4.2.1) and these fuel-related mitigation potentials are compared
against the mitigation potentials of the other, technological climate forcing
mitigation measures (section 3.4.2.2).

3.4.2.1 Synthesis

Altering the properties of conventional kerosene mainly aims at contrail-
related mitigation potentials and can theoretically also result in an increase
in carbon dioxide emissions, caused by the additional hydroprocessing step
of the crude-oil based feedstock (cf. section 3.1.2.1.2). Compared to this, re-
newably sourced aviation fuels reduce carbon dioxide-related climate forc-
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ing by either not containing carbon (e.g., liquid hydrogen, ammonia) or us-
ing feedstock which has been synthesized by using carbon dioxide from the
atmosphere and thus constitutes a closed carbon cycle.

Altering the properties of conventional kerosene by hydroprocessing
requires large amounts of hydrogen being presently typically provided
from fossil fuel energy (section 3.1.2.1 [37, 38, 118]). In this case, a climate
penalty has to be expected in terms of carbon dioxide-related climate forc-
ing. This climate penalty needs to be carefully weighed against the contrail-
related mitigation potentials. Assumed that production capacities for re-
newably sourced hydrogen increase in the future, the provided hydrogen
can be used for hydroprocessing helping to minimize the carbon dioxide-
related climate penalty of additional hydroprocessing (sec-
tion 3.1.3.1.2 [266]). This is due to the fact that the main influential factor
for carbon dioxide emissions for hydroprocessing conventional (i.e., crude
oil-based) kerosene are the indirect emissions incurred by the provision of
hydrogen (section 3.1.2.1 [39]).

Hypothetically, kerosene-like aviation fuel options from renewable
sources of energy allow for reducing the entire lifecycle carbon dioxide-re-
lated climate forcing of their use, since their feedstock is entirely provided
using carbon recently bound from the atmosphere (section 3.3.1). As a re-
sult, the carbon dioxide emissions released by using such renewably
sourced kerosene are circulated within a closed loop and do not contribute
to an increase of the carbon dioxide inventory within the atmosphere on
average (section 3.3.1). However, the processing of feedstock might incur a
climate penalty, e.g., due to the use of fertilizer which is produced with fossil
fuel-based energy or energy demands for transportation covered by fossil
fuels [94, 102]. Such climate penalties can be substantial, resulting in a
broad range of net lifecycle emission values for renewably sourced aviation
fuels (Figure 3.12). The values range from negative values (>100 % reduc-
tion compared the same amount of crude oil-based kerosene, where the car-
bon captured is partially removed into waste streams) to values higher than
for conventional kerosene (about 30 % increase compared to the same
amount of crude oil-based kerosene). Such cases with (very) high emission
values are usually related either to (indirect) land use change effects for
feedstock provision and / or indirect emissions caused by the provision of
renewably sourced energy (e.g., manufacturing of the conversion plant
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with, e.g., steel and cement) (section 3.2.4.4 [94, 123]). Concluding, influen-
tial factors on carbon dioxide-related climate forcing of renewably sourced
aviation fuels are, e.g., greenhouse gas emissions caused by the used bio-
genic feedstock as well as emissions related to the energy provision for
feedstock processing. The latter might decrease with an increasing defos-
silation of our global society [102, 291] and the former might be reduced
due to a better understanding of the various controlling factors in the time
to come (cf. section 3.2.4.4 [94, 123]).

3.4.2.2 Discussion

The carbon dioxide-related mitigation potentials of such other technologi-
cal mitigation measures are summarized in Table 3.19 and subsequently
their main influencing factors on carbon dioxide-related climate forcing are
discussed and compared against the main influencing factors of alternative
fuels.

In the field of engine technologies, the geared-turbofan has been intro-
duced commercially with the PW1000G engine option for the Airbus
A320neo aircraft in 2016 and is estimated to lower fuel consumption by
about 12 % to 14 % compared to its predecessor [31]. A lean burn combus-
tion chamber mainly reduces the formation of nitrogen oxide and soot,
while fuel consumption is not substantially affected [31, 49]. A counter-ro-
tating open rotor engine is estimated to reduce carbon dioxide-related cli-
mate forcing by 20 % to 40 % compared to a conventional A320 aircraft en-
gine (CFM56-5) [306, 307].

Table 3.19 Exemplary technological mitigation measures and their carbon dioxide-related climate forcing mit-
igation potential (based on the provision that the respective measure is fully adopted); ? - unknown mitigation
potential, low - less than 10 %, medium - up to 50 %, high - up to 100 %

Carbon dioxide-related

Category Measure mitigation potential
Geared-turbofan Medium
Techn(')logy Lean-burn combustion chamber Low
engine
Counter-rotating open rotor Medium
Advanced wing design Low
Tec'hnology Structures with reduced specific weight Low
airframe
Blended-wing body design Medium
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In the field of airframe modifications, options to reduce aerodynamic drag
are estimated to lower fuel consumption (and thus carbon dioxide climate
forcing) by about 3 % compared to present designs [306]. Reducing weight
is expected to lower fuel consumption by about 2 % against conventional
materials [306]. A blended-wing-body is assumed to lower fuel consump-
tion by around 30 % compared to a conventional design [307].

Clearly, most of these technology-related measures only allow for low
carbon dioxide-related mitigation potentials (i.e., less than 10 %). A geared-
turbofan, a counter-rotating open rotor and a blended wing body design are
expected to yield higher mitigation potentials but also require by far greater
modifications within the respective components as well as within the over-
all aircraft system. Bearing the historic and projected future growth rates of
the air transport system in mind, it seems unlikely that these measures can
substantially reduce aviation’s carbon dioxide emissions in absolute terms.

Such technology-related measures reduce the specific energy consump-
tion being the energy required for a certain “air transport service” (e.g., car-
rying a certain amount of payload over a specified distance). However, re-
gardless of the extent to which any technology reaches towards its thermo-
dynamic optimum, a certain amount of energy will always be required to
provide the respective air transport service. If this is to be achieved in line
with the global climate mitigation targets, alternatives to the current use of
fossil fuel-based energy carrier should be adopted as quickly as possible.

None of the technology-related options provides an alternative towards
the current use of fossil fuel-based energy carrier. Alternative aviation fuels
from renewably sourced energy constitute such an alternative and thus also
allow for far larger carbon dioxide-related climate forcing mitigation poten-
tials of up to 100 %. For this reason, they appear indispensable for the mit-
igation of aviation’s carbon dioxide-related climate forcing. Reducing the
(specific) energy requirements of the air transport system can facilitate the
replacement of conventional kerosene by renewably sourced kerosene
since it also reduces their required amount.

3.4.3 Contrail-related Mitigation Potentials

Besides the carbon dioxide-related mitigation potential discussed above,
now the contrail-related mitigation potentials of the different provision
pathways for alternative aviation fuels are discussed (section 3.4.3.1).
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These fuel-related mitigation potentials are compared against the mitiga-
tion potentials of the other, technological climate forcing mitigation
measures (section 3.4.3.2).

3.4.3.1 Synthesis

Altering the properties of conventional kerosene, namely reducing its con-
tent of aromatic components, results in substantial contrail-related climate
benefits. Using mildly hydroprocessed kerosene (reducing the content of
aromatic components to about 8 %) is found to lower the contrail energy
forcing by about 18 %, with a carbon dioxide-related climate penalty of a
few %-points (Figure 3.2). Such a kerosene treated with hydrogen could still
be compliant with the currently valid fuel specifications (section 3.1.3.2.2).
Harsh hydroprocessing conditions, i.e., transforming almost all aromatic
compounds into alkanes, could reduce about 38 % of the contrail energy
forcing at a carbon dioxide-related climate penalty of about 5 %-points (Fig-
ure 3.2). Using hydrogen from renewable sources of energy with hardly any
lifecycle carbon dioxide emissions could mitigate the carbon dioxide cli-
mate penalty and thus slightly increase the mitigation potential of such a
hydroprocessed kerosene [266]. Overall, the main influential factor on con-
trail-related climate forcing in this case is the hydroprocessing intensity
(i.e., to which extent the content of aromatic components is reduced / the
hydrogen content is increased compared to the use of conventional kero-
sene, cf. section 3.1.3.3).

Renewably sourced kerosene can also lower contrail-related climate
forcing. Since it typically contains less aromatic components compared to
conventional kerosene, fewer soot precursors are formed during combus-
tion subsequently resulting in a reduced contrail optical thickness and life-
time, which both reduce the magnitude of a contrail’s climate forcing. For
drop-in kerosene (i.e., blends of up to 50 % neat paraffinic kerosene and
conventional kerosene) this potential is limited by the minimum content of
aromatic components required by the currently valid fuel specifica-
tions (chapter 3.2.4.4 [280]). Assuming a hydrogen content of 14.4 m-% for
the blend, the contrail energy forcing could be reduced by about 20 %,
based on the assumptions outlined in section 3.1. If neat, renewably sourced
kerosene could be used, the mitigation potential would further increase to
more than 40 % (section 3.1.3.1). In this case, the blend ratio of renewably
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sourced and conventional kerosene is the main influential factor for the re-
duction of contrail-related climate forcing.

For the alcohols and gases studied, hardly any data are available on the
relationship between soot formation and contrail evolution from jet engine
exhausts. First flight measurement campaigns for a hydrogen jet engine are
currently ongoing [133]. Hence, the impact of using the alcohols or gases
studied here directly in a jet engine are highly uncertain. Beyond this, the
introduction of these technologies will rather take place in the long-term (if
at all) and thus not significantly affect aviation’s climate forcing until 2050.

3.4.3.2 Discussion

The contrail-related mitigation potentials of the technological climate forc-
ing mitigation measures are summarized in Table 3.20 and subsequently
their main influencing factors on contrail-related climate forcing are de-
scribed compared against the main influencing factors of alternative fuels.

Table 3.20 Exemplary technological mitigation measures and their contrail-related climate forcing mitigation
potential (based on the assumption that the respective measure is fully adopted); ?: unknown mitigation poten-
tial, low - less than 10 %, medium - 50 %, high - 100 %

Contrail-related

Categor Measure sl .
gory mitigation potential
Geared-turbofan Low
Technolo .
008y Lean-burn combustion chamber ?
engine
Counter-rotating open rotor ?
Advanced wing design Low
Technolo . o .
; &y Structures with reduced specific weight Low
airframe
Blended-wing body design ?
Flight route modifications for contrail avoidance High
Operations More efficient flight operations
and Infra- (continuous descent, direct routing, single-engine Low
structure taxi)
Airspace harmonization Low

A geared-turbofan mainly reduces specific fuel consumption by increasing
its overall efficiency [31]. Since a higher propulsive efficiency of an aircraft
increases contrail formation probability [11, 12, 308], it appears unlikely
that this technology yields any noteworthy reductions in contrail-related
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climate forcing. Engines equipped with lean burn combustion chambers
lower nitrogen oxide emissions and they also reduce soot particle emission
numbers by several orders of magnitude compared to the current “Rich-
Quench-Lean” combustor types [10, 172, 191]. However, the ice nucleation
behavior for contrail formation of engines with lean-burn combustors is not
yet well understood [8, 21] and thus the resulting contrail-related climate
forcing is highly uncertain. For counter-rotating open rotor engine designs,
no data are available for contrail-related climate impacts. Possibly, similar
to the geared-turbofan, their higher efficiency increases contrail formation
probability [11, 12, 130, 308].

In terms of airframe technology and weight reductions, all options dis-
cussed here achieve their emission reductions by improving an aircraft’s
propulsive efficiency. As a result, an increased contrail formation probabil-
ity appears likely [11, 12, 130, 308]. To which extent this affects the overall
contrail-related climate forcing has not yet been investigated in detail [130].

Among the options discussed above, the technological measures in-
creasing the propulsive efficiency of an aircraft are likely to increase con-
trail-formation probability and thus could potentially even cause an in-
crease in contrail-related climate forcing. The impact of lean-burn combus-
tors on contrail-related climate forcing is not yet scientifically well under-
stood. Both, a lean-burn combustor and the use of paraffinic kerosene sig-
nificantly affect soot particle emissions. An in-depth understanding of the
associated ice nucleation behavior and the related contrail climate forcing
of a lean-burn combustor might potentially indicate further technological
options for engine modifications to lower contrail-related climate forcing.

3.4.4 Overall Synthesis

Figure 3.18 shows a comparison of the different measures in terms of car-
bon dioxide- and contrail-related climate forcing. Replacing conventional,
i.e,, fossil fuel-based, kerosene by fuels from renewable sources of energy
can mitigate the entire carbon dioxide-related climate forcing of aviation.
Renewably sourced drop-in (i.e., kerosene-like) aviation fuels appear par-
ticularly promising among aviation fuels from renewable sources of energy,
since they can be used without infrastructure / aircraft modifications.
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Figure 3.18 Carbon dioxide- and contrail-related mitigation potentials of the fuel-related and other
mitigation measures discussed in this section; incremental fuel efficiency measures: geared-turbo-
fan, lean-burn combustor, advanced wing design, reduced structural weight; radical fuel efficiency
measures: counter-rotating open rotor, blended wing-body

In the short-term, such a renewably sourced kerosene will most likely be
used as a blend component within conventional kerosene, while in the me-
dium-term their neat use could be approved in order to allow for a complete
replacement of the currently used conventional kerosene. Incremental fuel
efficiency measures are available in the short-term and more radical fuel
efficiency measures are rather available in the medium-term. As long as the
global commercial air transport system continues to grow, its growth rates
extenuate such emission reductions.

In terms of contrail-related climate forcing, mild hydroprocessing ap-
pears as viable option in the short-term, while harsh hydroprocessing
would rather be available in the medium-term. None of the technological
measures discussed here yields significant potentials to mitigate contrail-
related climate forcing.
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Most fuel efficiency measures (e.g., counter-rotating open rotor engine,
blended wing body design) improve the overall propulsive efficiency and
thus potentially increase the probability of contrail formation and presum-
ably also the associated climate forcing[11, 12, 130, 308]. However, the
contrail-related climate forcing of such radical design changes and also of
engines equipped with a lean-burn combustor, are not yet thoroughly in-
vestigated and thus only understood to a certain extend [130].

Especially for the lean-burn combustor it cannot be ruled out that dif-
ferent environmental objectives are subject to trade-offs. For example, such
a measure might reduce climate forcing from nitrogen oxide emissions, but
simultaneously increase contrail-related climate forcing [309].

The use of paraffinic kerosene appears promising to mitigate contrail-
related climate forcing. It can be provided from additional hydroprocessing
of conventional kerosene (section 3.1) or by using kerosene from renewa-
ble energy sources (section 3.2 and section 3.3). Hydroprocessing of con-
ventional kerosene could allow for the provision of larger shares of paraf-
finic kerosene in the short-term, while the market shares of renewably
sourced kerosene are still low.
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4 System
Integration

The system integration of the aforementioned fuel provision
options is examined based on a simulation study (sec-
tion 4.1) and the demonstration of a segregated supply of
low-contrail kerosene (section 4.2). Implications for blend-
ing powerfuels are discussed (section 4.3) and the dynamics
of the air transport system are studied (section 4.4). Again,
this chapter closes by summarizing implications for climate
forcing and system integration of the different system inte-
gration strategies (section 4.5).
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4.1 Targeted Use of Paraffinic Kerosene:
Potentials and Implications

Quante, Gunnar; Voigt, Christiane; Kaltschmitt, Martin (2024): Targeted use of paraffinic kero-
sene: Potentials and implications. In Atmospheric Environment: X 23, p.100279.
DOI:10.1016/j.aea0a.2024.100279.

Typesetting and formatting are slightly adjusted to ensure consistency within this thesis.

Abstract

Aviation contributes to anthropogenic climate change mainly by contrails,
CO2 and NOx emissions, whereof contrails are considered the largest single
contributor to the radiative forcing from aviation. Powering aircraft with
kerosene containing fewer or no-aromatics, i.e., “Sustainable Aviation
Fuels” (SAF) or hydroprocessed, fossil-based kerosene, can significantly re-
duce contrail climate forcing. However, such kerosene is currently scarcely
available. Moreover, less than 10 % of the flights worldwide cause more
than 80 % of the contrail climate forcing. Hence, this study investigates a
targeted allocation of paraffinic i.e., aromatics-free kerosene to flights and
flight segments with the highest contrail climate forcing, by calculating the
resulting contrail energy forcing (in J) on 844 364 flight trajectories world-
wide departing from five large European airports in 2019. The contrail ra-
diative forcing integrated over contrail evolution (i.e., contrail energy forc-
ing []]) is simulated for a reference fleet powered with conventional kero-
sene of 14.1 m - % hydrogen content. 5 % of overall kerosene demand as-
sumed to be paraffinic kerosene with 15.3 m - % hydrogen content is allo-
cated via a uniform, a flight-specific and a segment-specific approach. The
uniform allocation assumes that all flights receive the same blend of 5 %
paraffinic kerosene. The other cases target 100 % paraffinic kerosene either
to flights or segments with highest contrail energy forcing. Compared to the
reference, the results indicate a reduction on contrail energy forcing by 4 %,
36 % and 55 %, respectively. For market shares of paraffinic kerosene up to
30 %, a segment-specific allocation appears advantageous compared to a
flight-specific allocation. However, they might require airport and aircraft
modifications. Uncertainties in contrail climate benefits can be reduced by
providing additional information on kerosene properties and accurate me-
teorological data. Overall, this study highlights robust potentials of paraf-
finic kerosene to significantly reduce the climate forcing from aviation.
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4.1.1 Introduction

The air transport sector contributes with 3.5 to 4 % to global anthropogenic
climate forcing [5]. The release of greenhouse gases (GHG), mainly CO2, and
several other emission effects (“non-CO2"“ effects) are the primary causes of
air transport’s climate impact. While CO; presently accounts for roughly one
third of aviation’s effective radiative forcing (ERF) [5, 159], the other two
thirds are comprised of contrail effects, indirect effects of NOx emissions,
and direct and indirect aerosol effects (in decreasing order of magni-
tude) [5]. The effective radiative forcing (ERF) of contrails has been esti-
mated as 58 mW per m? (variation: 17 to 98 mW per m?) corresponding to
about 57 % of the overall aviation-related ERF until 2018 [5, 159].

Historic air traffic volume growth rates have been around 3 to 4 % per
year. After a disruption by the COVID-19 pandemic [129, 310], growth rates
currently return to pre-pandemiclevels [311, 312]. Simultaneously, passen-
ger / freight-specific fuel consumption has been reduced by about 1.3 % per
year due to numerous technical and organisational measures [156]. Thus,
as long as growth rates remain higher than fuel efficiency improvements,
aviation kerosene consumption on a global scale and as a result also the cli-
mate impact of air transport will increase. Based on these assumptions, it is
expected that the global air transport system’s CO2 emissions might more
than double within the next 20 years to values clearly above 2 Gt of CO2 in
the year 2050 [156]. Since non-CO; effects are an indirect result of fuel com-
bustion, it is also most likely that they also increase in the future; however,
itis expected that they increase slightly slower due to the different lifetimes
of both effects [156]. Accordingly, an effective reduction of both, CO2 and
non-CO; effects, is required to swiftly reduce the overall climate impact of
the global air transport sector.

The use of kerosene with a reduced aromatics content may provide an
option to lower the climate impacts of contrail formation [10, 17, 20, 28, 86].
However, such fuels are currently available at small volumes [32]. Bearing
in mind that a few (2 to 10 %) of all flights account for the majority of the
contrail energy forcing [9, 29, 177, 186, 313, 314], it seems promising to al-
locate currently small amounts of such kerosene to the flights or segments
producing those contrails. Thus, this study aims to analyze the targeted use
of paraffinic kerosene. Paraffins are saturated, acyclic hydrocarbons [315]
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and therefore paraffinic kerosene refers to kerosene free of aromatics and
cycloalkanes.

Four different allocation cases are investigated; i.e., the contrail climate
forcing of allocating a given market share of paraffinic kerosene uniformly,
for individual flights and for segments of flights is compared to a base case
where only conventional kerosene is used. Flight trajectories of departing
flights from the years 2017 to 2019 of the five largest European airports (by
passenger number) are considered.

Contrails form when water vapor emitted by fuel combustion conden-
sates on aerosol particles and subsequently freezes into ice crystals due to
the low temperatures at typical flight levels. Depending on temperature and
humidity of the surrounding atmosphere, contrails can be short lived, but
in ice supersaturated air they can also persist for several hours [24, 25]. Per-
sistent contrails can spread over large areas, potentially lose their linear
shape and develop into so-called contrail cirrus[25, 26]. Finally, the ice
crystals of the contrail (cirrus) sublimate, e.g., caused by sedimentation into
warmer and dryer air masses / atmospheric layers.

Aerosol particles originate from the combustion of kerosene and from
the surrounding air [8, 10, 131]. Aircraft engines with differing combustor
designs, e.g., shifting from presently used “Rich-Quench-Lean” (RQL) com-
bustion chambers to “Twin Annular Premixing Swirler” (TAPS) lean burn
combustors can reduce soot particle emission numbers by several orders of
magnitude [10, 172, 191]. The majority of engines presently used in com-
mercial aviation typically operate in the so-called soot-rich regime (1014 to
1016 particles per kgfe1), while a few new engines equipped with lean-burn
combustors emit substantially fewer particles (“soot-poor” regime,
<1013 particles per kgfel). In the soot-rich regime, ice nucleation on soot
particles from fuel combustion is the dominant process, while for the soot-
poor regime, ice nucleation on volatile particles emitted by the engine or on
aerosols of the ambient air become the dominant cause for ice nuclea-
tion [8].

The use of aviation kerosene with a reduced sooting tendency could also
reduce particle emission numbers. The use of neat renewably-sourced ker-
osene has been found to reduce soot particle emission numbers by up to
60 % compared against neat conventional kerosene [18, 131]. Soot forming
aviation kerosene components are poly- and mono-cyclic aromatics, cyclo-,
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iso- and n-alkanes (by decreasing order of magnitude) [15, 18]. The hydro-
gen content of these components decreases in the same order. Therefore,
the average hydrogen content of a kerosene is often used as proxy for its
sooting tendency [10, 18, 131, 281]. Additionally, the fuel sulfur content is
another cause for soot particle activation [17, 131, 194-197]. Fuel lubricant
oil is considered a further source of contrail-ice nucleation [316]. For mod-
ern jet turbines with soot emissions in the low-soot regime, these effects
might gain importance for contrail formation [131]. In addition to using
neat renewably-sourced kerosene as paraffinic kerosene, hydroprocessing
of crude oil-based kerosene allows to (partially) transform aromatic com-
ponents to alkanes. This provides a technical option to adjust the composi-
tion of kerosene to reduce the sooting tendency of fossil-based kerosene.

Reducing soot emission numbers leads to the formation of fewer but
larger initial ice crystals [17]. Due to the reduced particle number, the opti-
cal thickness and thus the resulting contrail climate forcing is reduced [10,
23, 28, 164]. Due to the increased ice crystal weight, ice crystals sediment
faster into warmer and / or drier air layers [8]. This results in faster subli-
mation, a shorter contrail lifetime, and hence also a reduced climate forc-
ing [10, 23, 28, 164].

The climate impact of contrails is distributed strongly heterogeneously
among flights; about 3 % of all flights globally within a year (or 11 % of the
contrail-forming flights) accounted for 80 % of the global contrail energy
forcing in 2019 [9]. While the net climate impact of contrails is positive (i.e.,
warming), the climate impact of individual contrails varies by several or-
ders of magnitude. During the night contrails have a warming climate im-
pact, but during the day contrails can also have a cooling impact due to the
reflection of solar radiation and less solar energy input at the surface. [9, 26,
317]

More than 99 % of the global kerosene supply is presently produced
from fossil fuel sources (i.e., crude oil). Roughly 310 Mt per year of such con-
ventional kerosene are consumed. Compared to that, the production vol-
umes of renewably sourced kerosenel3 are estimated at around 200 kt per
year, i.e. more than three orders of magnitude smaller compared to conven-
tional kerosene [167, 168]. Most studies indicate significant market shares

13 Colloquially, such fuels are often referred to as “Sustainable Aviation Fuel” (SAF). However, this term
is not used here, because renewable origin does not guarantee compliance with other sustainability
aspects (e.g., biodiversity or social criteria).
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of renewably sourced kerosene (>10 %) not before 2030 [125, 144, 169].
Simultaneously, hydroprocessing of conventional kerosene to increase the
content of acyclic alkanes (i.e. paraffins) is technically possible but not real-
ized on a large scale. In this study, 5 % of overall kerosene demand are as-
sumed to be available as paraffinic kerosene at all airports considered.

This work adds to the previous analysis by Teoh et al. by additionally
evaluating a segment-specific allocation [10]. The study by Woeldgen et al.
focusses on allocation strategies which avoid large infrastructure modifica-
tions, e.g., by allocating kerosene based on season or time of the day [134].
The allocation cases in this study would require infrastructure and in the
case of the segment-specific allocation even aircraft modifications. Thus,
both studies complement each other indicating a broad range of options for
the targeted use of paraffinic kerosene.

The remainder of this study is structured as follows: Section 4.1.2 de-
tails methods and data used for both fuel options, their allocation cases and
the contrail cirrus prediction (CoCiP) model to estimate the different cli-
mate impacts. In section 4.1.3, the climate impact reduction potential is an-
alyzed and discussed for increasing market shares of paraffinic kerosene,
changes in the weather data used for fuel allocation and influential factors
for a flight’s contrail climate forcing. Finally, the results are summarized and
discussed.

4.1.2 Methods and Data

This study evaluates the targeted use of paraffinic kerosene via different al-
location strategies (Figure 4.1). The main criterion for the assessment is the
relative change in contrail energy forcing compared to the exclusive use of
conventional kerosene (“base case”). The contrail energy forcing is chosen
as a metric to assess the climate impacts of each allocation case [10, 177]. It
is defined as the amount of energy added to the earth-atmosphere system,
calculated as the instantaneous radiative forcing of contrails integrated
over their individual lifetime (section 4.1.2.1.2). The different cases are sim-
ulated using the Contrail Cirrus Prediction model (CoCiP) [185].
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Figure 4.1 Methodological approach: For each of the allocation cases (uniform allocation, flight-
specific allocation, segment-specific allocation) the contrail energy forcing is calculated and its rela-
tive change compared to the base case is used for the assessments (EF energy forcing)

4.1.2.1 Methods

4.1.2.1.1 Allocation Cases

Paraffinic kerosene is allocated in three different ways being
e 2 uniform,

¢ a flight-specific and

e asegment-specific

allocation case. Fuel allocation is based on the results of a base case simula-
tion, assuming the exclusive use of conventional kerosene. The amount of
paraffinic kerosene available equals the fuel consumption of the flights in
the dataset multiplied by an assumed market share of 5 %, corresponding
to about 200 kt for the entire year 2019 and the flights selected (cf.
4.1.2.2.1).

The base case constitutes of an initial simulation where only conven-
tional kerosene is used. The resulting contrail energy forcing is used as ref-
erence for the mitigation potentials of each allocation cases. The results
from this simulation are used to derive the ranking of flights and segments
for the flight and segment-specific allocation cases.

The uniform allocation case distributes the paraffinic kerosene uni-
formly among all flights considered. It corresponds to a situation, where

164 4 — System Integration



each flight receives a conventional / paraffinic kerosene blend with a blend
share of 5 %.

The flight-specific allocation distributes the paraffinic kerosene avail-
able on a flight by flight basis. Individual flights are prioritized on a daily
basis by their overall contrail energy forcing; the flight with the highest
overall contrail energy forcing receives paraffinic kerosene first until the
remaining paraffinic kerosene is insufficient to cover the fuel consumption
of the next flight. The remaining paraffinic kerosene is discarded from the
analysis. In reality, this remainder would rather be blended with conven-
tional kerosene to fuel the remaining flight(s) or added to the next day’s
paraffinic kerosene volume. However, discarded amount is small (on aver-
age < 1.7 % of all paraffinic kerosene) and thus the error induced by omit-
ting these options is negligibly small compared to other uncertain-
ties (cf. 4.1.3.1.3.).

Currently, large international airports typically supply fuel from their
fuel storage towards individual aircraft via a pressurized hydrant system.
Special vehicles provide a tube connection between the underground hy-
drant system at the aircraft’s parking position and the aircraft tank inlets.
Typically, the system’s main pipeline constitutes a closed loop around the
terminal, allowing to circulate the fuel within the system to prevent fuel
degradation due to aging [278]. Such a circular system impedes the targeted
supply of various fuel types to specific aircraft. Accordingly, targeting a cer-
tain share of flights with paraffinic kerosene would require additional infra-
structure to store and supply two different fuel types.

For the segment-specific allocation, flight trajectories are split into
segments of three categories, namely segments causing warming contrails,
segments without contrail formation and segments causing cooling con-
trails. Segments are prioritized based on their contrail energy forcing. Since
typically only a fraction of each flight causes a contrail, for the segment-spe-
cific allocation less paraffinic kerosene is required to provide fuel for all
warming contrails than in the flight-specific allocation.

In this case, a real-world application would not only require additional
infrastructure at airports, but also aircraft modifications. These could be the
addition of a monitoring system for contrail formation and a control system
for in-flight fuel switching, among others. Despite the fact that most com-
mercial aircraft have several fuel tanks and a switching between different
tanks during a flight has been demonstrated in flight experiments [17, 131],
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it is not yet clear to which extent this can be realized during regular airline
operations [169].

4.1.2.1.2 Contrail Cirrus Prediction (CoCiP) Model

The contrail climate forcing of all flights and segments in the dataset is esti-
mated using the contrail cirrus prediction model (CoCiP) [185, 318]. The life
cycle of contrail segments formed along individual flight trajectories is sim-
ulated and used to estimate the resulting contrail radiative and energy forc-
ing [164]. Since CoCiP is well documented [9, 10, 164, 177, 185, 186], only
the basic principles and the particularities of this study are outlined below.

When consecutive waypoints meet conditions for contrail formation,
i.e., the Schmidt-Appleman criterion [11, 164, 308], contrail formation is as-
sumed in CoCiP. The soot emissions number of the respective engine-air-
plane combination determines the initial number of formed ice crystals
within the contrail. However, a lower limit of 1013 particles per kg is in-
troduced to consider ambient aerosols and organic particles as ice nu-
clei [8]. Additionally, the ambient temperature affects the initial number of
ice crystals, as well as the soot activation rate [16] and the fraction of ice
particles which survive the wake vortex phase [164]. The simulations do
not account for changes in fuel sulfur content. However, a decreasing fuel
sulfur content could potentially lower the ice nucleation efficiency of soot
particles [17, 131, 194-197].

Contrail segments enduring the wake vortex phase are simulated in the
model using time steps of 30 min until they reach their end-of-life condi-
tions; i.e., the contrail ice crystal number decreases below the background
ice nuclei concentration (<103 m=3), the contrail’s optical depth Tcontrair is
less than 10-%, or the lifetime surpasses a maximum of 24 h [164]. The CoCiP
model calculates the local instantaneous contrail radiative forcing (RF’) for
each waypoint representing the change in radiative flux over the contrail
area [10]. The contrail energy forcing is calculated as the product of the con-
trail segment RF’, length, and width integrated over the contrail segment's
lifetime [14, 177, 186]. The default settings of the CoCiP model are applied
with two exceptions. On the one hand, the humidity data of the ECMWF re-
analysis 5 (ERAS) data scaling to in-situ measurements [317] is performed
using the “exponential boost with latitude scaling” method [9] (cf. Appen-
dix C). On the other, radiative heating effects, i.e., the influence of radiative
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heating on the contrail plume and thus contrail lifetime are taken into ac-
count [9]. A comparison of this CoCiP configuration with previous studies
can be found in the Supporting Info of Quante et al. (2024) [281].

4.1.2.1.3 Assessment

First, the contrail energy forcing for each allocation case is compared to the
base case, where no paraffinic kerosene is used. Then, increasing market
shares of paraffinic kerosene are studied and the temporal and fuel-related
sensitivity is assessed.

The European Union (EU) recently introduced a blending mandate for
renewably sourced kerosene [205], requiring kerosene suppliers to supply
e.g., 6 % renewably sourced kerosene in the year 2030, 20 % in the year
2035 and 34 % in the year 2040. Hence, increasing market shares are inves-
tigated in the first sensitivity study. For the uniform allocation, a paraffinic
kerosene market share of 5 % is assumed, which roughly matches the Eu-
ropean Union’s (EU) blending quota of 6 % by the year 2030 [319]. To study
the effects of increasing market shares of paraffinic kerosene, assumed mar-
ket shares are gradually increased between 1 and 100 %. To reduce compu-
tation time, the simulations are performed for each third day in 2019, start-
ing January 1st.

Second, the temporal variability of the base case’s contrail energy forc-
ing is studied. In addition to the year 2019, simulations are also performed
for the years 2017 and 2018. The results are used to compare the day-to-
day variability of the contrail energy forcing and also the variability of the
annual mean energy forcing for different years. Additionally, the mitigation
potentials for each allocation case and year are discussed.

Uncertainties by fuel composition are assessed in another sensitivity
study. Because only few data on the hydrogen content of conventional ker-
osene are publicly available, the fuel properties assumed in the main study
may be different from the fuel being used at the airports studied. Thus, three
different hydrogen contents corresponding to the mean and the single
standard deviation of publicly available datasets (13.9 m-%, 14.1 m-% and
14.3 m-%) [135, 179, 180] are used for the simulations. Again, each third
day in the year 2019 is considered to reduce computation time, starting Jan-
uary 1st,
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4.1.2.2 Data

4.1.2.2.1 Fuel

The composition of conventional kerosene might vary depending on the
crude oil’s respective reservoir and refinery operations. The components
typically contained in conventional kerosene, e.g., paraffins or aromatics
differ by hydrogen content. Thus, the hydrogen content of conventional and
paraffinic kerosene are used as proxies for the detailed fuel composition.
The potential impact of fuel sulfur on emissions and contrails is not consid-
ered due to the lack of data [10, 131]. For conventional kerosene, the hydro-
gen content is distributed around a mean hydrogen content of 14.1 m-
% with a standard deviation o = 0.2 m-%-points and based on a sample size
of n=57[135, 179, 180]. Most of the analyzed samples originate from Eu-
rope and North America, where a large fraction of aviation kerosene is con-
sumed [179]. Against the large volumes of conventional kerosene in use,
this sample size is rather small. However, as of now no larger fuel sample is
publicly available.

The properties of renewably sourced kerosene are derived from the
US Federal Aviation Administration’s (FAA) National Alternative Jet Fuels
Test Database [138, 320] including about 400 alternative fuels / fuel blends
from which 21 samples of neat, renewably sourced kerosene options were
selected. Only samples for which the hydrogen content was determined by
ASTM D7171 or inferred from GC x GC measurements were selected here;
other testing methods were excluded due to the expected measurement un-
certainty [86].

The selected samples have a mean of about 15.3m-% (o = 0.1 m-%-
points, n = 21) and the distribution is shown in Figure 4.2. Other fuel prop-
erties, e.g., heating value and water emissions, are adopted using a linear
relationship with increasing aviation kerosene hydrogen content [10].

Typical soot precursors (e.g., aromatics) can also be reduced / removed
from conventional kerosene, e.g., by hydroprocessing or extractive distilla-
tion [83]. So far, it is uncertain how much technological efforts are needed
to provide a purely paraffinic kerosene with a similar hydrogen content as
renewably sourced kerosene. For this study, the hydrogen content of neat
renewably sourced kerosene (15.3 m-%) is assumed for the paraffinic ker-
osene. Note that this implies the use of unblended, almost aromatics free
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kerosene which is not compliant with current kerosene specifica-
tions [280]. Thus, it rather indicates the theoretical maximum potential of a
targeted use concept.
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Figure 4.2 Frequencydistribution (grey bars) and assumed density function (black line) for the hy-
drogen content of neat, renewably sourced kerosene (data source [138,320]), the abscissa shows the
frequency and the ordinate the associated hydrogen content

4.1.2.2.2 Flight Trajectories

The simulations cover 844 364 departing flights from the five largest Euro-
pean airports by passenger numbers [187] (i.e.,, London-Heathrow, Paris
Charles-de-Gaulle, Amsterdam Schiphol, Frankfurt International, Madrid-
Barajas) during the year 2019. In the base case, their fuel burn is estimated
at about 3908t (about 1.4 % of the global fuel burn [9]) and their contrail
energy forcing amounts to about 1.47 x 101°] (about 1.5 % of the global
contrail energy forcing [9]). To study the interannual variability of meteor-
ological conditions and traffic volume fluctuations, the years 2017 and 2018
are compared against the results for 2019. Flight trajectories are provided
from the OpenSky Automatic Dependent Surveillance Broadcast (ADS-B)
database [188] (cf. Figure 4.3, Appendix C).

As shown by Figure 4.3, the focus on European airports results in a
higher flight density above Europe and the North Atlantic compared to
other regions, e.g., Southeast Asia. Therefore, the meteorological conditions
above Europe and the North Atlantic play an important role for the overall
results. Due to the strong temporary effect of the COVID-19 pandemic [129],
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the years after 2019 are not considered. The use of ex-post data reduces
influences of potential future developments, such as the use of less soot
emitting engines or different air traffic growth scenarios.
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Figure 4.3 Number of flights per 0.5° x 0.5° latitude / longitude grid cell for the year 2019, note the

logarithmic scaling of the colorbar. Basemap plotted using Cartopy 0.21.1 © Natural Earth; license:

public domain.

4.1.2.2.3 Performance

The performance data used to simulate aviation kerosene consumption and
emissions of each flight is calculated using the Eurocontrol Base of Aircraft
Data (BADA) version 3.15 [190]. This data base covers 1409 aircraft types,
of which 250 aircraft types are directly supported and the remaining air-
craft types are matched with a directly supported aircraft type considered
to be equivalent [190]. The assignment of engine types to specific aircraft is
also based on BADA, which assumes a “typical” engine model for a specific
aircraft. In reality, however, most aircraft can be equipped with different
engine models (e.g., the CFM56-5 or the [AE V2500 engine for the A320 air-
craft). In case the emissions of both engine models differ significantly, the
use of a “typical” engine model by BADA incurs a bias for e.g., soot or NOx
emissions. A recent study on global contrail climate effects finds an increase
of 18 % in contrail radiative forcing for a BADA-based aircraft-engine as-
signment compared with an assignment on the individual aircraft level from
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commercially available data [9]. For this study, the bias would primarily af-
fect the absolute values of the contrail energy forcing estimates, but to a
lower degree the relative mitigation potentials where identical aircraft fleet
are compared against each other.

4.1.2.2.4 Weather Data

Weather data are used from the European Centre for Medium-Range
Weather Forecast fifth generation high-resolution reanalysis (ECWMF
ERA5) [192] (0.25° x 0.25° horizontal resolution for 37 pressure levels and
at a temporal resolution of 1 h). Meteorological conditions for flights be-
tween those pressure levels are interpolated from the two nearest pressure
levels [317]. The ERAS humidity fields are adjusted to in-situ observations
using the so-called method of exponential scaling with latitude correc-
tion [9] (cf. Appendix C). This dataset is an ex-post analysis and as such it
would not be available for flight planning purposes.

4.1.3 Results and Discussion

4.1.3.1 Results

4.1.3.1.1 Allocation Cases

Figure 4.4 shows the change in median contrail energy forcing for all allo-
cation cases and the years 2017, 2018 and 2019 compared the base case,
which assumes conventional kerosene only.

A uniform allocation reduces median contrail energy forcing by less
than 5 %, while a flight- and segment-specific allocation would reduce me-
dian contrail energy forcing by about 36 % and 55 % respectively. The var-
iation among the three years evaluated is clearly smaller compared to the
differences among the allocation cases.

Figure 4.5 shows the simulation results in the year 2019 on a daily basis
for the base case and each of the allocation strategies. Each data point (e )
represents the contrail energy forcing for one day. The data mean is indi-
cated as blue data point and the median as orange data point. The grey
shaded areas indicate the frequency distribution of the data points. With
increasing allocation precision (from a uniform allocation to a segment-spe-
cific approach), arithmetic mean and median of the data points move to
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smaller values, even though this is barely visible due to the large spread of
the data points. the value range decreases and the distribution becomes
more narrow and moves closer to lower energy forcing values. In all cases,
the values range from high positive values (2.7 x 1017 ], base case) to small
negative values (e.g.,, -0.78 x 1016 ], base case). The large majority (almost
98 % for the base case) of the data points is positive, indicating a warming
climate impact for most of the days in 2019. Additionally, the flight- and
segment-specific allocation strategies yield some days with substantially
lower energy forcing values (- 2.2 x 1016 ], segment-specific allocation).
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Figure 4.4 Relative change of the median contrail energy forcing [%] for all allocation cases and the
years 2017,2018 and 2019

As indicated by the decreasing mean and median, the more precisely the
paraffinic kerosene is allocated, the lower the resulting contrail energy forc-
ing. The large variability can be explained by the influence of the strong
daily variation of meteorological conditions (cf. Figure 4.8).

Most of the days in the dataset indicate a net warming contrail energy
forcing. The more precisely the paraffinic kerosene is allocated, the more
contrails originate from paraffinic kerosene. The associated reduction in
contrail lifetime and optical thickness yields a decrease in contrail energy
forcing. Days with a net cooling energy forcing become more cooling, since
the few warming contrails during these days receive paraffinic kerosene.
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Figure 4.6 provides more details concerning the daily energy forcing for val-
ues between -1 x 1016 Jand +5 x 1016 J. This includes about 80.3 % of all data
points for the year 2019. The reduction potential of each option becomes
more visible in Figure 4.6: While the median contrail energy forcing of the
base caseisat 1.8 x 101¢ |, it decreases by about 4 % for a uniform allocation,
by about 36 % for the flight-specific allocation and by 55 % for the segment-
specific allocation. As already indicated by Figure 4.5, the frequency distri-
butions of the data points shift towards lower contrail energy forcing val-
ues, while some data points show a stronger cooling climate impact.

If the paraffinic kerosene is allocated uniformly, the used kerosene’s hy-
drogen content increases by about 0.4 % from 14.10 m- % to 14.16 m-%. As
a result, the reduction in contrail energy forcing is clearly limited. A flight-
specific allocation strategy uses the limited amount of paraffinic kerosene
more effectively, since only flights which form warming contrails (about
25 % of all flights considered) are assumed to receive neat paraffinic kero-
sene (15.3 m-% hydrogen content) and accordingly, the median contrail en-
ergy forcing decreases by about 36 %. For low paraffinic kerosene market
shares (including the 5 % market share studied here), some flights with a
lower, but still warming contrail energy forcing will not receive paraffinic
kerosene. In contrast, a segment-specific allocation strategy targets a
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greater fraction of flights, since the paraffinic kerosene is assumed to be
used only on those segments of flights where a warming contrail is formed.
Thus, this allocation strategy lowers the median contrail energy forcing
even by 55 % for the same amount of paraffinic kerosene.
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Figure 4.6 Histograms for the daily energy forcing for 2019 conditions for the base case [al, a uni-
form allocation [b], a flight-specific allocation [c] and a segment-specific allocation strategy [d]
(dmnldimensionless), the ordinate shows the frequency of the data points, the top abscissa the abso-
lute energy forcing and the bottom abscissa the relative change compared to the median of the base
case
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4.1.3.1.2  Increasing Market Shares

Figure 4.7 shows the relative mitigation potentials for each allocation case
by increasing paraffinic kerosene market shares. Data points represent the
results for each third day related to the year 2019 and lines correspond to
resulting arithmetic means for each allocation case. While the mean mitiga-
tion potential for the uniform allocation (solid line) decreases slowly mon-
otonically with increasing market shares, the average mitigation potential
of the flight-specific allocation (dashed line) declines steeply and reaches a
reduction of > 60 % for a paraffinic kerosene market share of about 25 %
and remains constant up to market shares of around 75 %. This effect is
even more pronounced for the segment-specific allocation strategy (dash-
dotted line), reaching a mitigation potential of > 60 % at a market share of
about 10 %. Again, at very high market shares, the reduction in contrail en-
ergy forcing decreases until all allocation strategies converge at a mitigation
potential of about 40 % for a market share of 100 %.
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Figure 4.7 Changein contrail energy forcing (ordinate) forincreasing paraffinic kerosene shares
(abscissa) for each third day in the year 2019. Grey data points show individual days, and the black
lines connect the mean for each market share and allocation strategy.

For a uniform allocation, energy forcing decreases almost linearly by in-
creasing paraffinic kerosene market shares. For market shares > 50 % the
curve flattens slightly. This can be explained by the assumed non-linear re-
lationship between kerosene hydrogen content and soot emission number
(nvPM El,) [10], which comes into effect at an increase in hydrogen content
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> 0.5 m.p.p. (corresponding to a hydrogen content of 14.6 m - % or a uni-
formly allocated market share of about 42 %).

In terms of the flight-specific allocation strategy, the steep reduction in
energy forcing at market shares up to 25 % is the result of targeting the
flights with the highest contrail energy forcing first. As market shares for
paraffinic kerosene increase (e.g., from 5 to 10 %), an increasing share of
flights with warming contrail energy forcing receive paraffinic kerosene. At
a market share of around 25 %, all flights causing warming contrails receive
paraffinic kerosene. Thus, the maximum reduction in energy forcing (about
60 %) is achieved. For market shares between 25 and 75 %, flights with a
warming contrail climate forcing and an increasing amount of flights with-
out contrail formation receive the paraffinic kerosene, while flights with a
cooling contrail climate forcing still receive the conventional kerosene.

The segment-specific allocation strategy targets only segments of flights
with a warming contrail energy forcing and accordingly, lower market
shares of paraffinic kerosene achieve larger mitigation potentials compared
with the other strategies. In this case, the maximum reduction of about 60 %
is already achieved at a market share of about 10 %. Again, if market shares
increase further, also segments without contrail formation receive paraf-
finic kerosene.

For both strategies, flight- and segment-specific allocation, the mitiga-
tion potential decreases once also flights / segments with a cooling energy
forcing receive paraffinic kerosene (market shares > 75 %). The reason be-
hind this counter-intuitive result is the contrail lifetime reduction. If the life-
time of a cooling contrail is reduced, the absolute value of its energy forcing
is reduced, but its sign remains negative (i.e., cooling). Thus, the cooling ef-
fect of such contrails decreases, and in relative terms the mitigation poten-
tial of the respective allocation strategy decreases. As a result, all curves
converge for a paraffinic kerosene market share of 100 % at a reduction in
contrail energy forcing of about 40 %.

4.1.3.1.3 Uncertainty Assessment

4.1.3.1.3.1 Temporal Variability

Due to different weather patterns, daily and seasonal variations in energy
forcing from contrails can be large [186], and only a few studies investigate
interannual variations in contrail forcing [9, 10, 186]. A larger effect has
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been observed during the COVID-19 pandemic, when contrail occurrence
was significantly reduced due to restrictions in air traffic[193, 310, 321,
322]. Therefore, the temporal variability of the contrail energy forcing for
different days and years is investigated by comparing the resulting contrail
energy forcing from respective flight trajectories and weather data of the
years 2017, 2018 and 2019 (Figure 4.8).
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in brackets on the ordinate; to increase the visibility of changes for negative (cooling) energy forcing
values, a non-linear scaling is applied)

The color of each bar corresponds to the energy forcing of the entire dataset
for each day. The large majority of the days has a warming energy forcing
with most of the days ranging between 0 and 1017 J. Even as sum for all de-
parting flights at the five airports chosen, a few days exhibit a net cooling
climate impact, but with a substantially smaller magnitude (about 101¢])
compared to the strongly warming days (about 2 x 1017 ]). Figure 4.8 also
shows a seasonal pattern. From autumn equinox to winter solstice the me-
dian contrail energy forcing is highest (between 3.3 x 1016 Jand 5.4 x 1016 ]),
while from summer solstice to autumn equinox days show a small to mod-
erate contrail energy forcing (median < 1.5 x 101¢]). The median contrail
energy forcing for 2017, 2018 and 2019 amounts to 2.00 x 1016 ], 2.09 x
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1016 Jand 1.80 x 1016 ], respectively. For the three years evaluated here, the
inter-annual variation is small (about 10 %) when compared to the sea-
sonal variation (up to five-fold) and even more the daily variation (-101¢]
up to 3 x 1017 ), indicating a strong influence of daily and seasonal changes.

Two effects are probable causes for this temporal variability, namely
variations in meteorological conditions and the traffic volume. The vast
daily variation can most likely be explained by short-term changes of mete-
orological conditions such as the movement of ice-supersaturated regions
in the atmosphere. Also, the solar cycle during day and night plays an im-
portant role for contrail energy forcing. The seasonal variation can be ex-
plained by longer nights in the winter months of the Northern hemisphere
resulting in a higher probability of contrails with a warming climate impact.
For the dataset used here, more flights (on average +11 %) travel greater
distances per flight (on average +5 %) during autumn and winter (cf. Ap-
pendix C) than during the other seasons, which also increases the probabil-
ity for contrail formation.

Table 4.1 shows the relative change in median energy forcing compared
to the base case where no paraffinic kerosene is used for the entire years
2019, 2018 and 2017 and for each season. The annual values for 2017 and
2018 are in line with the results for 2019 discussed above. In general, the
mitigation potentials appear highest in spring and lowest in winter. The var-
iation among seasons is substantially larger than the variation among dif-
ferent years, e.g., about 14 %-points between spring 2019 and winter 2019,
but only up to 6 %-points among winter months in 2017, 2018 and 2019.

Table 4.1 Change in median energy forcing relative to the base case by year and season

Timeframe Uniform [%] Flight-specific [%] Segment-specific [%]
2019 -3.8 -35.8 -54.9
[2017; 2018] [-3.5; -4.1] [-32.4; -33.6] [-52.9; -54.5]

Springlal -5.5 -44.1 -62.9
[-1.2; -3.3] [-44.4; -42.7] [-61.3; -64.7]
Summerilal -4.0 -36.7 -59.6
[-3.4; -4.2] [-32.4; -38.3] [-52.0; -56.3]
Autumnlal -3.6 -26.7 -43.2
[-4.0; -4.6] [-24.4; -30.1] [-44.5; -48.6]
Winterlal -4.1 -27.8 -48.4
[-3.7; -4.3] [-32.6; -29.9] [-55.0; -52.6]

[a] based on astronomic seasons (i.e., Spring — March 21st to June 21st; Summer - June 22nd to
September 22nd; Autumn - September 23rd to December 22nd; Winter - December 23rd to March 20th)
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4.1.3.1.3.2 Kerosene Composition

The effect of the kerosene composition for conventional aviation kerosene
is shown in Figure 4.9. It shows the distribution of the contrail energy forc-
ing for each third day in 2019 for the base case (top), a uniform allocation
(second from top), a flight-specific (second from bottom) and a segment-
specific allocation strategy (bottom). Based on the hydrogen content distri-
bution of the World Fuel Survey [179], the hydrogen content is varied be-
tween 13.9 m-%, 14.1 m-%, and 14.3 m-%. These values correspond to the
mean (14.1 m-%) and a single standard deviation of the distribution of ker-
osene samples described in the World Fuel Survey [179].

Since the base case does not use any paraffinic kerosene, it allows for an
estimate of the uncertainty in contrail energy forcing due to kerosene com-
position changes. Assuming a comparatively low hydrogen content (13.9 m-
%), the median contrail energy forcing is about 12 % higher than for the
medium hydrogen content (14.1 m-%). For a high hydrogen content
(14.3 m-%), the contrail energy forcing decreases by about 16 %. This cor-
responds to a sensitivity of a 6 to 8 % change in contrail energy forcing per
0.1 m-% change in kerosene hydrogen content. This roughly corresponds to
the inter-annual variability estimated in 4.1.3.1.3.1. Due to the non-linear
relationship between kerosene hydrogen content and resulting contrail en-
ergy forcing (cf. Figure 4.7,[281]) this approximation is only valid for the
hydrogen content of conventional kerosene.

A uniform allocation of paraffinic kerosene yields a small increase of the
hydrogen content of all used kerosene for the market share of 5 % assumed
here (14.1 m-% to 14.16 m-%). In essence, this results in a slight reduction
of the absolute contrail energy forcing (- 4 %), but the variability due to ker-
osene changes (- 16/+ 12 %) is barely affected.

For a flight-specific allocation, the conventional aviation kerosene with
a high hydrogen content reaches the greatest reduction (- 37 % compared
to the base case and a hydrogen content of 14.1 m-%), while the smallest
reduction is achieved by the conventional aviation kerosene with a low hy-
drogen content (- 30 %). The variability due to the changing kerosene hy-
drogen content is lower than in the base case (-4/+ 3 % compared to
-16/+ 12 %). A similar variability can be observed for the segment-specific
allocation strategy (- 3/+ 3 %). Additionally, for a segment-specific alloca-
tion, conventional aviation kerosene with a low hydrogen content results in
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the largest contrail energy forcing reduction (- 56 %) and a high hydrogen
content (- 50 %).

Contrail energy forcing for each day [101¢ J]
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Figure 4.9 Distribution of contrail energy forcing for each third day in the year 2019 and the respec-
tive medians for a conventional kerosene hydrogen content of 13.9 m-%, 14.1 m-% and 14.3 m-% for
the base case [a], a uniform allocation [b], a flight-specific allocation [c] and a segment-specific allo-
cation strategy [d], the ordinate shows the frequency of the data points, the top abscissa the absolute
energy forcing and the bottom abscissa the relative change compared to the median of the base case
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For both targeted allocation cases (flight and segment-specific) the varia-
bility is reduced because the influence of the conventional aviation kero-
sene on contrail energy forcing decreases. This is due to the effect that the
specific allocation strategies allocate paraffinic kerosene to flights / seg-
ments with a warming energy forcing first. As the hydrogen content of this
kerosene is not varied, the climate impact of such flights segments is not
affected by changes in the conventional aviation kerosene’s hydrogen con-
tent. For the market share assumed here (5 %), the most impactful flights
and almost all segments are fueled with paraffinic kerosene. Thus, changes
in conventional aviation kerosene hydrogen content primarily alter the en-
ergy forcing of cooling flights / segments. For the large majority of the days
and flight trajectories evaluated, the energy forcing of warming flights / seg-
ments outweighs the energy forcing of cooling flights / segments (Figure
4.8) and thus variations in paraffinic kerosene properties outweigh varia-
tions in conventional kerosene hydrogen content. Since paraffinic kerosene
properties are not varied, the overall variability decreases.

A similar behavior explains that a flight-specific allocation for a conven-
tional aviation kerosene with a high hydrogen content achieves the largest
mitigation potential while for a segment-specific allocation a conventional
aviation kerosene with a low hydrogen content achieves the largest mitiga-
tion potential. If the kerosene is allocated on a per flight basis, a paraffinic
kerosene market share of 5 % is not sufficient to fuel all flights with a warm-
ing contrail energy forcing, only about 10 % of the net warming flights re-
ceive paraffinic kerosene. The energy forcing of these flights decreases for
high hydrogen contents of the conventional kerosene and thus also the net
energy forcing of all flights decreases. Since the segment-specific allocation
is more specific, about 62 % of the net warming flights receive paraffinic
kerosene. Thus, variations of the conventional kerosene’s hydrogen content
mostly affect the energy forcing of cooling segments. Here is the effect op-
posite: An increasing hydrogen content results in a shorter contrail lifetime
and thus a reduced (cooling) energy forcing. As a result, a higher conven-
tional kerosene hydrogen content results in less cooling segments and thus
a higher overall energy forcing. If higher paraffinic kerosene market shares
(e.g., 25 %) were assumed, also for a flight-specific allocation all warming
flights would receive paraffinic kerosene and the same effect could be ob-
served.
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In general, the variability due to kerosene composition changes has an im-
portant effect on the resulting contrail energy forcing. For the overall con-
trail energy forcing of a representative fleet, such variations average each
other out and the use of average values seems appropriate. But for the con-
trail energy forcing of individual flights the hydrogen content or ideally the
composition (i.e., cycloalkanes, aromatics and naphthalene content) needs
to be known more precisely.

4.1.3.2 Discussion

The results presented allow for distinct conclusions about (1) mitigation
potentials of allocating 5 % of overall kerosene demand as paraffinic kero-
sene in a uniform, flight- or segment specific manner and (2) the temporal
development of those potentials assuming increasing market shares of par-
affinic kerosene. These conclusions are discussed in the following.

(1) For any of the allocation strategies investigated, paraffinic kerosene
reduces the contrail energy forcing. Even without a targeted use, low or par-
affinic kerosene can reduce contrail climate forcing considerably. The rela-
tive reduction in contrail energy forcing ranges from 4 % for a uniform al-
location, about 36 % for a flight-specific allocation (10 % of net warming
flights would receive paraffinic kerosene) and around 55 % for a segment-
specific allocation, (62 % of net warming flights would receive paraffinic
kerosene). For the flight and segment-specific allocation strategies, these
reductions are significant and appear robust against most uncertainties
studied.

(2) Assuming an increase in renewably sourced (and thus paraffinic)
kerosene market shares also affects the mitigation potential of the different
allocation cases. A segment-specific allocation shows higher mitigation po-
tentials than a flight-specific allocation up to market shares of about 25 %
(cf. Figure 4.7). Provided that the market shares foreseen by the EU’s blend-
ing mandate materialize in time (20 % in the year 2035 and 34 % in the year
2040), a segment-specific allocation strategy would be beneficial for a bit
more than a decade. It appears questionable to which extent this timeframe
is sufficient to develop and roll-out the required airport and aircraft modi-
fications. Another option might be the implementation of a flight-specific
allocation strategy at scale and the use of a segment-specific allocation only
on newly produced aircraft.
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The absolute energy forcing values are largely affected by meteorological
conditions (by orders of magnitude) and to a smaller extent seasonal ef-
fects, such as the day-night duration (up to five-fold), while the inter-annual
variability is <10 %. The conventional kerosene properties play another
important role for the absolute contrail energy forcing (6 to 8 % change per
0.1 m-% change in conventional kerosene hydrogen content). Thus, to de-
termine the contrail energy forcing of individual flights, more detailed in-
formation about each flight’s kerosene composition would be required.

A segment-specific allocation strategy would require substantial infra-
structure and aircraft modifications, which would result in substantial cost
and delays for the implementation of this strategy. A flight-specific alloca-
tion strategy would require a segregated infrastructure to supply paraffinic
kerosene in a targeted manner to flights with a high contrail energy forcing.
Both allocation strategies strongly depend on how reliable the expected
contrail climate forcing of individual flights can be estimated. All these fac-
tors, limitations from meteorological data, the magnitude of necessary in-
frastructure changes and aircraft modifications are beyond the scope of this
investigation. Such efforts (cost- and time-wise) should be evaluated care-
fully to ensure that effective allocation strategies can be implemented.

Instead of all flights globally, this study uses departing flights from the
five large European airports. This most likely induces two systematic er-
rors, i.e,, an increased relevance of weather conditions in Europe and the
North Atlantic region and a high share of long-range flights. Thus, the re-
sults rather indicate the general mitigation potential of a targeted use con-
cept, but exact airport-specific values may vary depending on its region and
size. In particular, for airports located in other climate zones, such as the
tropics, the mitigation potentials may vary.

Previous studies to mitigate the climate impact of contrails typically fo-
cus on route modifications to avoid ice-supersaturated regions [29, 30,
177], while the targeted use of paraffinic kerosene has been studied less of-
ten [10, 134].In 2022, Teoh et al. reported a 10 % reduction in contrail en-
ergy forcing for a paraffinic kerosene market share of 1 % for a flight-spe-
cific allocation strategy. This value is slightly lower than the result for 1 %
market share shown here in Figure 4.7, because Teoh et al. (2022) assume
a 50 % blend of renewably sourced and conventional kerosene, while this
study assumes neat paraffinic kerosene on the flights targeted. Woeldgen et
al. recently published results for supplying flights with renewably sourced
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kerosene using strategies which avoid large infrastructure modifica-
tions [134]. The paraffinic kerosene is allocated either during contrail-sen-
sitive seasons (October to February), between 16:00 and 03:00 UTC and
with a combination of days and aircraft-engine combinations for the highest
warming contrail formation. They assume an overall paraffinic kerosene
market share of 2 % and estimate a reduction in annual contrail energy
forcing between 1.4 % and 2.6 % [134]. Their allocation strategies are not
based on meteorological data but rather fixed external factors and thus
their mitigation potential estimate is far lower than the values of Teoh et al,,
(2022) [10] and this study. Finding an allocation strategy which optimizes
the trade-off between required infrastructure modifications and contrail
climate mitigation potential could be an interesting area for further re-
search.

Current kerosene specifications require a minimum aromatics content
of 8 m-% for renewably sourced kerosene [280], while specifications for
conventional kerosene do not include a minimum aromatics content [181].
This study assumes the use of neat, i.e., aromatics-free kerosene on a frac-
tion of all flights (< 2 % for the flight-specific allocation). Further investiga-
tions are necessary to ensure compatibility with current aircraft systems,
such as the sealing of fuel systems and fuel quantity measurements. Further
research could be conducted about the mitigation potential of the targeted
use of specification compliant kerosene (i.e.,, with a minimum aromatics
content of 8 %).

The effectiveness of any targeted use strategy depends on the reliability
of estimating an individual flight's contrail climate forcing, most signifi-
cantly for the segment-specific allocation. This study uses an ex-post mete-
orological dataset (ERAS) which would not be available at the flight plan-
ning stage. Different data options are considered for the fuel allocation, e.g.,
ex-ante datasets (forecasts) and also observation based strategies, such as
satellite remote sensing or on-board tracking of contrail formation and evo-
lution conditions [10, 25, 313, 314]. Further research could be conducted to
assess their potential and implications for flight operations.

Both, flight and segment-specific allocation achieve their highest miti-
gation potentials up to paraffinic kerosene market shares of about 75 %. For
higher market shares, also the remaining contrails with a cooling climate
forcing would be affected. The extent to which the cooling impact of such
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flights could be maintained once market shares of renewably sourced ker-
osene increase beyond 75 % is another area for further research. One op-
tion might be the admixture of specific molecules, such as renewably
sourced aromatics or cycloalkanes. However, further investigations are re-
quired to reduce uncertainties and potentially prevent adverse outcomes.

Concluding, this study quantifies the climate benefits of different paraf-
finic kerosene allocation strategies. For paraffinic kerosene market shares
up to 25 %, a segment-specific kerosene allocation would be more effective
than a flight-specific kerosene allocation. However, potential infrastructure
and aircraft modification efforts need to be carefully considered. Meteoro-
logical and kerosene-related uncertainties as well as economic implications
of these strategies remain areas for further research. Further investigations
could allow for a derivation of specific marginal abatement cost and thus
the comparison of this mitigation option with other strategies to reduce the
climate impacts of aviation.
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Abstract

Aviation contributes about 4 % to net anthropogenic climate forcing, with
contrails being the largest individual contributor to radiative forcing from
aviation. One option to mitigate contrail-related climate impacts is using
kerosene containing fewer or no aromatic components and thus showing a
higher hydrogen content compared to conventional kerosene (i.e., fossil
fuel-based). Such “low contrail” kerosene can be provided as a blend of con-
ventional (crude oil-based) and synthetic kerosene or from hydropro-
cessing conventional kerosene.

Low contrail kerosene reduces contrail lifetime and optical thickness
and thus the magnitude of contrail climate forcing. However, market shares
of such kerosene are presently very low. Simultaneously, a small fraction
(<10 %) of all flights globally accounts for the majority (> 80 %) of global
warming contrail climate forcing. Hence, the targeted use of low contrail
kerosene on those flights appears promising. But such an approach would
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require additional operational efforts, such as a duplication of supply lines
and storage tanks.

This study evaluates the feasibility and operational efforts of a segre-
gated supply of a 35 m-% SAF-blend (14.34 m-% hydrogen content) to 84
winter time demonstration flights to reduce contrail climate forcing. Be-
tween 17t January 2023 and 2" February 2023, low contrail kerosene was
supplied to commercial A320 type aircraft flights on the route between
Stockholm and Copenhagen in northern Europe. The operational feasibility
and related efforts to target flights with the highest contrail energy forcing
as well as a large-scale application are described. The evolution of contrails
is tracked using data from the Meteosat Second Generation (MSG) satellite.
The contrail energy forcing is calculated for the corresponding flight trajec-
tories assuming another, well-validated engine model (CFM56-5B4 for the
simulations instead of LEAP1A-26 for the demonstration flights) using the
Contrail Cirrus Prediction (CoCiP) model with meteorological input fields
from European Reanalysis data (ERAS).

For the first time, the experiment demonstrates the operational feasi-
bility for a segregated supply of low contrail kerosene to medium range air-
craft at Stockholm airport. The segregated supply of low contrail kerosene
can be realized for short to medium range flights, which can be fueled by a
refueller truck. Targeting individual flights via single line hydrant fueling
systems seems impractical as of now. Operational efforts to target single
flights with highest contrail energy forcing are almost identical to the efforts
in this demonstration experiment.

Simulations estimate that the segregated supply of the medium blend
kerosene (14.34 m-% hydrogen content) can reduce contrail energy forcing
by about 11 % assuming the use of a “Rich-Quench-Lean” (RQL) engine
(CFM56-5B4). The contrail climate benefit increases to >20 % for a 50 %
blend ratio (14.7 m-% hydrogen content). Also, the location and evolution
of the demonstration flights’ 28 contrails calculated with CoCiP was tracked
with satellite data.

The uncertainty of absolute contrail climate forcing estimates is mainly
limited due to meteorological data input and also by lacking information on
fuel composition in terms of cycloalkane, mono- and polycyclic aromatics
content. Contrarily, the uncertainty of relative changes in contrail climate
forcing is subject to low uncertainty, since it compares the use of different
fuels for an identical fleet and identical weather conditions.
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4.2.1 Introduction

Aviation contributes about 4 % towards net anthropogenic climate forc-
ing [5]. Its climate impact can be attributed to contrails, carbon diox-
ide (CO2) emissions, effects caused by NOx emissions, and several other ef-
fects. In terms of radiative forcing, contrails are the largest individual con-
tributor to the total radiative forcing from aviation, being even larger than
the radiative forcing from historically accumulated aviation carbon diox-
ide (CO2) emissions [5, 9]. Hence, the mitigation of aviation’s climate impact
is considered a key challenge in air transportation research [323, 324].

One option to mitigate contrail climate impacts is the use of kerosenel4
with a reduced content of aromatic compounds compared to conventional
kerosene (“low contrail kerosene”). Such kerosene lowers contrail climate
forcing by reducing average contrail lifetime and optical thickness [10, 17,
28, 68, 86, 134, 281, 325]. The content of aromatic components within con-
ventional kerosene can be reduced technically by hydroprocessing of the
fossil fuel-based kerosene [17, 18, 131, 135] or by blending conventional
(untreated) kerosene with synthetic kerosene [131, 309, 326] This syn-
thetic kerosene is derived from non-crude oil based sources such as bio-
mass or coal [280] and typically does not contain any aromatic compounds.
Synthetic kerosene from renewable sources is colloquially referred to as
“Sustainable Aviation Fuel” (SAF). Since the renewable origin does not nec-
essarily guarantee compliance with other sustainability aspects (e.g., biodi-
versity, no child labour), the term renewably sourced kerosene is used here
instead of the term “Sustainable Aviation Fuel” (SAF).

The use of low contrail kerosene has further environmental impacts
than contrail-related climate forcing. The reduced aromatics content of
such fuel reduces soot particle emissions and can thus improve the local air
quality around airports [18, 324, 326]. Kerosene from renewable energy
sources can also reduce aviation’s carbon dioxide-related climate impact,
depending on feedstock and provision pathway being used [32, 324, 327].
The choice of any renewably sourced feedstock type needs careful consid-
eration, since it might affect land use or could stipulate competition with
food and feed markets [221, 286, 328].

4 Typically, kerosene denotes a certain fraction of hydrocarbon molecules containing about eight to
16 carbon atoms. Thus it is not per se compliant with aviation turbine fuel specifications. Note that
the term kerosene refers to specification compliant jet fuel here.
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Low contrail kerosene is currently scarcely available on the global fuel mar-
kets; neither large scale production units are under operation nor the eco-
nomic environment supports the use of such fuel and additionally the valid
fuel standards do not address the use of such fuels. Simultaneously, about
3 % of all flights in 2019 (or 11 % of the contrail-forming flights) are esti-
mated to account for 80 % of the global contrail energy forcing [9]. For this
reason, the targeted use of low contrail kerosene on flights with a substan-
tial probability to cause high contrail climate forcing seems to be a promis-
ing way to reduce aviation’s climate forcing impact. However, such a con-
cept would imply additional operational efforts, e.g., due to the provision of
segregated supply lines, additional storage tanks and specific equipment for
a segregated aircraft refueling.

Against this background, this study reports about the operational ef-
forts required for a segregated kerosene supply to 84 demonstration flights
between Stockholm airport and Copenhagen airport. These efforts are
weighed against the contrail climate benefits of using low contrail kerosene.
To reduce uncertainties in the contrail climate forcing for lean burn engine
(turbine) technologies, a predecessor of the demonstration flights” aircraft
with a rich-quench-lean engine was assumed within this assessment. Addi-
tionally, implications for supplying flights based on their climate forcing
(“targeted use”) are derived and their general applicability at large-scale is
discussed.

Initially, contrails are formed when the mixture of ambient air and air-
craft engine exhaust cools down and reaches supersaturation against water.
The required threshold air temperature and pressure can be determined by
the Schmidt-Appleman criterion [11, 12, 308]. The combustion of kerosene
in a jet engine produces water (among others) formed from the hydrogen
chemically bound within the aviation fuel and oxygen from the ambient air.
This water mainly condenses on soot particles (from incomplete combus-
tion) emitted in parallel from the aircraft engines. The majority of present-
day engines (turbines) emit in the so-called “soot-rich” emission regime
(1014 to 107> particles/kgsuel). If the temperatures of the ambient air masses
are sufficiently low, the formed water droplets subsequently freeze into ice
crystals. When the humidity of the surrounding air is below ice saturation,
the ice crystals will sublime after a short while. Contrarily, in ice-super-sat-
urated regions, the initial ice crystals will trigger the formation of additional
ice crystals from the humidity of the ambient air and thus cause a persistent
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contrail, which can persist for several hours and - depending on vertical
wind shear - can spread over large areas [25, 329, 330]. Typically, such per-
sistent contrails exhibit a large climate impact. Finally, the contrail cirrus
dissolves because its ice crystals sublimate [161], e.g., by sedimentation into
warmer and / or dryer air masses.

At night, contrails trap outgoing terrestrial radiation in the atmosphere,
while during day they also reflect incoming solar radiation [164]. Hence, the
climate impact of individual contrails is largely dependent on the solar zen-
ith angle during its life time. Most contrails at night have a warming climate
impact, while contrails during the day can also exhibit a cooling climate im-
pact. On the long-term average, the global net climate impact of contrails is
clearly warming [9].

The sooting tendency of kerosene decreases roughly from poly- to
mono-cyclic aromatics via cyclo-, iso- and n-alkanes [15, 18]. The reduced
soot particle emissions number causes a marginally higher amount of water
to condense onto substantially fewer soot particles. As a result, those soot
particles covered by more water tend to be heavier and sediment earlier
compared to the current situation. The reduced ice particle number also re-
sults in a decreased contrail optical thickness. Both, reduced optical thick-
ness and faster sedimentation lower the absolute value of a contrail’s cli-
mate impact; i.e., it shows either less warming or less cooling effects [28,
131,164,177, 318, 331].

The aromatics content of aviation kerosene can be reduced either by
using kerosene produced based on renewable sources (which typically does
not contain any aromatics) or based on an additional processing step of
crude oil based kerosene [281]. The targeted supply of such low contrail
kerosene to flights with a high contrail climate impact has been studied the-
oretically in several simulation studies [10, 134, 325]. The majority of these
studies focus on the climate forcing mitigation potential [10] or on ap-
proaches avoiding infrastructure modifications [134]. This investigation
adds a weighting of operational efforts and contrail climate benefits to the
existing literature, based on a practical application of a segregated low con-
trail kerosene supply.

From 17t January to 34 February 2023, 84 demonstration flights be-
tween Stockholm airport and Copenhagen airport have been conducted
with low contrail kerosene. A blend of 35 % synthetic and 65 % conven-
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tional (crude oil based) kerosene was supplied specifically to the demon-
stration flights segregated from the usual kerosene supply chain. The syn-
thetic blend component was provided based on renewable sources via the
Hydroprocessed Esters and Fatty Acids Synthesized Paraffinic Kero-
sene (HEFA-SPK) pathway [94, 124, 332]. These demonstration flights have
been conducted as part of the ALIGHT project [333]. Data from the respec-
tive measurement campaign are used in this ex-post analysis to study the
operational efforts and potential climate benefits of a segregated low con-
trail kerosene use. First-hand experiences from planning and conducting
the demonstration flights are the basis to describe the corresponding oper-
ational efforts. The resulting demonstration flight’s contrail climate forcing
is estimated with a well-validated engine model (CFM56-5B4) for different
conventional, crude oil based and low contrail kerosene options using the
Contrail-Cirrus Prediction Model (CoCiP).

The remainder of this study is structured as follows: Section 4.2.2.1 de-
tails methods and section 4.2.2.2 data used to derive the operational efforts
and to estimate the contrail climate forcing. Additionally, uncertainties of
the contrail modeling and the Contrail Cirrus Prediction Model (CoCiP) are
discussed qualitatively in section 4.2.2.3. Based on the experiences during
these demonstration flights, operational efforts for targeting flights based
on their contrail energy forcing and for a large-scale application are dis-
cussed (section 4.2.3.1). The satellite detection of individual contrails (sec-
tion 4.2.3.2) and contrail climate benefits are described (section 4.2.3.3). As
such, this study can be seen as an initial experimental demonstration of a
segregated low contrail kerosene supply.

4.2.2 Methods, Data and Model Uncertainties

The weighting of operational efforts and contrail climate benefits of a seg-
regated and targeted use is based on a discussion of the operational efforts
and a contrail climate benefit estimation based on simulations. Drawing
from the experiences made by conducting the demonstration flights, oper-
ational efforts for targeting flights with the highest contrail energy forcing
are derived for a short-term perspective and their general applicability at
large scale for multiple airports are discussed. The Contrail Cirrus Predic-
tion model (CoCiP) is used to estimate the contrail climate benefits of using
low contrail kerosene during the demonstration flights, assuming a prede-
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cessor of the aircraft used for the demonstration flights to reduce model un-
certainties. The evolution of individual contrails is studied to assess the
model’s uncertainties and their energy forcing is subsequently used as a
metric for the weighting of operational efforts and contrail climate benefits.

4.2.2.1 Methods

This section covers the segregated supply of low contrail kerosene as it was
realized for the demonstration flights first (section4.2.2.1.1). Then, the
methods to estimate the change in contrail climate forcing are dis-
cussed (section 4.2.2.1.2).

4.2.2.1.1  Segregated Supply of Low-contrail Kerosene

The demonstration flights were carried out with the primary objective to
measure the local air quality impacts of using a kerosene with a low content
of aromatic compounds. To supply this specific kerosene blend to the
demonstration aircraft, a segregated supply infrastructure was required.
Kerosene handling standards advocate that only kerosene in compliance
with the respective applicable kerosene standards (e.g., ASTM D1655, Def
Stan 91-091 [181, 334]) is delivered to an airport [335]. Since the applicable
fuel specification (here: ASTM D7566) presently limits the use of synthetic
kerosene to blends with at least 50 % conventional (crude oil based) kero-
sene [280], this regulation implies that blending takes place before the
blend is supplied to an airport. Up to the point of blending, the supply of
neat synthetic kerosene is segregated in any case, since an upstream blend-
ing of different synthetic kerosene components is not permitted by the re-
spective standards. Therefore, the current (non-segregated) and the inves-
tigated (segregated) supply chains differ only from the point where all ker-
osene supplies for a particular airport merge and usually commingle. For
the demonstration flights, this point is Gavle fuel terminal, located in Swe-
den north of Stockholm airport (Figure 4.10).

Overall, 84 demonstration flights with a low contrail kerosene consist-
ing of about 35 m-% HEFA-SPK and 65 m-% conventional (crude oil based)
kerosene were conducted between 17t January to 2" February 2023. The
aircraft, a commonly used single-aisle commercial airliner equipped with
LEAP1A-26 engines, carried out scheduled passenger services between
Stockholm airport and Copenhagen airport. For logistical reasons, fueling
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took place at Stockholm airport only, where this aircraft was fuelled for
both flight legs, to and from Copenhagen airport.

k*
Demonstration flights Other flights
T I X X
Intermediate
depot truck
Road tanker Refueller truck Hydrant|system
( @R
Ay
Géivle fuel terminal Loading|gantry Train Stockholm airport kerosene storage

Low-contrail kerosene supply

— Conventional kerosene supply

Figure 4.10 Schematic overview of the kerosene supply to Stockholm airport

Kerosene supply to Stockholm airport is realized from Gavle fuel terminal,
where kerosene is supplied from a global range of refineries. From Gavle,
the kerosene is transferred by train over a distance of about 140 km to a
station nearby Stockholm and then supplied by a pipeline to the airport’s
fuel depot.

The low contrail kerosene was initially stored at Gavle’s fuel depot in an
individual tank. Usually, kerosene supplies from different tanks commingle
in the supply lines for fueling the various train wagons. To avoid this, an-
other outlet directly connected to the respective tank was used for filling a
road tanker. This tanker served also as an intermediate storage, carrying
the low contrail kerosene to the loading gantry, where it was transferred to
another road tanker. Aviation kerosene handling standards require using
filter / water separators to be installed at road / rail tank cars, marine ves-
sels or entries into delivery pipelines which directly supply airport service
tanks [335]. With a filter capacity of more than 800 L, residual kerosene in
a filter/water separator can substantially alter the properties of the kero-
sene transported. Hence, the road tankers were drained and cleaned prior
to fueling them with low contrail kerosene. Upon arrival at Stockholm air-
port’s fuel depot, the low contrail kerosene was transferred to a segregated
refueller truck of Stockholm airport.

Fueling at Stockholm airport is usually performed by the airport’s hy-
drant system. In principle, such systems constitute a closed-loop with hy-
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drants at most aircraft parking positions. Fueling is performed here by dis-
penser trucks basically connecting the hydrant system with the aircraft’s
fueling coupling. In a hydrant system, kerosene is continuously circulated
to prevent fuel degradation [278]. This inhibits the segregated supply of a
particular kerosene blend volume to a specific aircraft. Accordingly, for the
measurement campaign, refueling was performed by a refueller truck,
equipped with a pump, couplings and filters suitable for an aircraft refuel-
ing fulfilling the given legal requirements. Prior to its use, the refueller truck
was drained and cleaned to prevent commingling of the low contrail kero-
sene with former conventional (crude oil based) volumes.

With an approximate capacity of 8,000 L, one trip of the refueller truck
to the aircraft’s position was usually sufficient to supply both flights (i.e.,
from Stockholm airport to Copenhagen airport and vice versa). Due to their
tank volume, refueller trucks require more space than fuel dispensers. As a
result, the aircraft was boarded at a remote stand instead of a contact stand
during the demonstration flights. Remote stands are distant from the air-
port terminal and require the transportation of passengers by bus to and
from the aircraft. Contact stands are in close proximity to the airport termi-
nal, allowing passengers to board either via a boarding bridge or simply by
walking. Additionally, the flights of the demonstration aircraft were sched-
uled with at least 40 min turnaround time to ensure sufficient time for fuel-
ing and boarding. To prevent commingling with residual kerosene in its
tanks, the aircraft was defueled the night before the start of the measure-
ment campaign and exclusively fuelled by low contrail kerosene for the en-
tire duration of the measurement campaign.

4.2.2.1.2 Contrail Climate Forcing Estimation

The contrail energy forcing of the demonstration flights is estimated using
the contrail cirrus prediction model (CoCiP) [185, 318]. This model simu-
lates the life cycle of contrail segments formed along individual flight tra-
jectories and derives the resulting contrail radiative and energy forc-
ing [164] based on an ex-post weather dataset (section 4.2.2.2). In the fol-
lowing, the basic principles of CoCiP are highlighted [9, 10, 132, 164, 177,
185, 186].

When consecutive waypoints meet conditions for contrail formation
(i.e., the Schmidt-Appleman criterion[11, 164, 308]) CoCiP assumes that
contrails are formed. The soot emissions number being a main criterion for
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the contrail formation potential is derived from the ICAQO’s engine emissions
database [191] for a particular combination of a specific aircraft and its cor-
responding engine. The soot emissions are subsequently adjusted to the as-
sumed average hydrogen content of the respective kerosene blend and the
thrust setting (which is directly correlated with the fuel flow) estimated
from aerodynamic data [185]. The higher a fuel’s average hydrogen content,
the lower it’s sooting tendency ceteris paribus. The hydrogen content
within the kerosene is mainly influenced by the composition of the kerosene
because various component groups are characterized by different average
shares of hydrogen; e.g., aromatic compounds show a hydrogen content of
typically <10 m-%, while alkane compounds have a hydrogen content
> 15 m-%.

The amount of soot particles (non volatile organic particles) emitted by
the airplane’s engine due to incomplete combustion serve as condensation
nuclei for the formation of ice crystals. A lower limit for the soot emissions
number is introduced at 1013 particles/kgsel since also ambient aerosols
and volatile organic particles emitted by the airplane’s engine can serve as
ice nuclei [8]. The ambient temperature at flight attitude, the soot activation
rate[16] and the fraction of ice particles surviving the wake vortex
phase [164] affect the initial number of ice crystals. A potentially enhanced
activation of ultrafine aqueous particles at temperatures well below the for-
mation threshold temperature [8] is not taken into account.

Contrail segments surviving the wake vortex phase are simulated with
time steps of 30 min until they reach their end-of-life conditions defined as
follows:

e The contrail ice crystal number decreases below the background ice nu-
clei concentration (<103 m-3);

e The contrail’s optical depth Tcontrair is less than 1076, or
e The lifetime surpasses a maximum of 24 h [164].

Based on the contrail evolution, the local instantaneous contrail radiative
forcing (RF’) for each waypoint is calculated based on the change in radia-
tive flux over the contrail area [10]. This change is affected by the outgoing
longwave radiation at the top of the atmosphere and the effective albedo
from the atmospheric weather model used (e.g, ECMWF reanalysis 5
(ERA5)) [164]. In this way, the presence of other clouds is taken into ac-
count. Subsequently, the contrail energy forcing is calculated by integrating
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the radiative forcing of each contrail segment (RF’) multiplied by its length
and width over the contrail segment's lifetime [14, 177, 186]. The humidity
data of the ECMWF reanalysis 5 (ERAS) data scaling to in-situ measure-
ments [317] is performed using the “exponential boost with latitude scal-
ing” method [9]. Furthermore, radiative heating effects (i.e., the influence of
radiative heating on the contrail plume and thus contrail lifetime) are taken
into account [9].

4.2.2.2Data

The operational requirements for the segregated supply of low contrail ker-
osene (section4.2.2.1.1) were gathered by expert interviews as first-hand
information from partners involved in the measurement campaign. The
general requirements for the segregated supply (section 4.2.3.1) were de-
rived based on these interviews and publicly available information on avia-
tion kerosene handling requirements [335].

The CoCiP model is used with the aviation’s kerosene hydrogen content
as free variable and further datasets about the flight trajectories, perfor-
mance data such as kerosene consumption and weather data (e.g., relative
humidity at the aircraft’s altitude).

Five different kerosene options are assumed (Table 4.2). As described
in section 4.2.2.1.2, the hydrogen content is used as proxy for the respective
kerosene composition.

Table 4.2 Kerosene types compared against each other
Name Hydrogen Description
content [m-%)]

“conven- 13.8 First conventional (crude oil-based) kerosene assuming a compara-

tional low tively high aromatics content / low hydrogen content. [10, 17, 20,

hydrogen” 131, 191]

“conven- 14.10 Second conventional (crude oil-based) kerosene assuming an aver-

tional aver- age aromatics content, based on data of [179]; an evaluation of ker-

age” osene certificates at Stockholm airport and Copenhagen airport in-
dicates similar hydrogen contents for the conventional supplied at
the time of the demonstration flights.

“blend 14.13 Kerosene blend based on 2 m-% neat synthetic kerosene and 98 m-

uniform” % “conventional average” kerosene. 2 m-% corresponds to EU
blending mandate in 2025. [205]

“blend demo” 14.34 Kerosene blend used in the demonstration flights, hydrogen con-

tent measured from kerosene batch.
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“blend max” 14.7 Kerosene blend based on 50 m-% neat synthetic kerosene and
50 m-% “conventional average” kerosene. This reflects the current
upper blending limit of the ASTM specification. [280]

e “Conventional average” denotes a kerosene resembling an average hy-
drogen content, based on World Fuel Survey Data, summarizing kero-
sene samples taken until 2013 [179].

e Asthe properties and composition of conventional (crude oil based) ker-
osene differ considerably, a second conventional kerosene option, “con-
ventional low hydrogen” with a relative low hydrogen content is also in-
cluded. It’s hydrogen content corresponds to the conventional kerosene
used during the ECLIF-2 flight measurement campaigns [17, 20].

¢ Ablend of 2 m-% synthetic kerosene, corresponding to the EU’s blending
mandate in 2025 is assumed for “blend uniform”. It represents a case
where the renewably-sourced kerosene is uniformly distributed among
all flights departing at a particular airport.

e The kerosene used during the demonstration flights is “blend demo”, its
hydrogen content was measured using the ASTM D7171 method.

e To incorporate a kerosene blend at the blending limit of 50 m-%, “blend
max” is introduced with an estimated hydrogen content of 14.7 m-%.
This hydrogen content is based on a blend of “conventional average” (hy-
drogen content 14.1 m-%) and neat synthetic kerosene (hydrogen con-
tent 15.3 m-% [16, 17,131, 135]), but does not take into account the min-
imum aromatics content of 8 m-% for renewably-sourced kerosene
blends.

Flight trajectories of the 84 demonstration flights between Stockholm air-
port and Copenhagen airport are based on Automatic Dependent Surveil-
lance Broadcast (ADS-B) data from flightradar24 [336]. They contain tem-
poral, latitudinal, longitudinal and flight altitude information subsequently
resampled to a frequency of 1 min. Figure 4.11 shows the corresponding
flight trajectories.

Performance data are derived from the flight trajectories, using geo-
desic functions (e.g., to calculate a flight’s groundspeed) and the Eurocon-
trol Base of Aircraft Data (BADA) version 4.2 [189] (e.g., to calculate a
flight’s kerosene consumption).
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Figure 4.11 Flight trajectories of the demonstration flights from 17.01.2023 until 02.02.2023

The demonstration aircraft is a relatively new aircraft and its LEAP1A-26
engines were designed with so-called “lean-burn” combustion chambers.
This design is expected to substantially lower soot particle emissions [31].
[t is suspected that the emissions of those engines fall in the so-called “soot-
poor regime” of < 1013 particles/kgr.e, whereas engines with previous de-
signs emit in the so-called “soot-rich regime” (> 1014 particles/kgsue) [337].
According to theory, within the “soot-poor regime” at ambient tempera-
tures considerably below the Schmidt-Appleman temperature, the activa-
tion of ultrafine aqueous particles is enhanced [8]. This would counterbal-
ance the linear relationship between soot particle emissions and nucleated
ice crystal numbers assumed in the contrail cirrus prediction model
(CoCiP). Thus, the representation of the LEAP1A-26 engine in this model is
highly uncertain. For this reason, the simulations were performed assuming
a similar aircraft equipped with CFM56-5B4 engines (turbines), a predeces-
sor of the LEAP1A-26 engine. For an average kerosene hydrogen content of
14.1 m-%, the CFM56-5B4 emit about 6.5- 101 particles/Kkgfuer in the simu-
lations for this study. In terms of ground handling and aerodynamical prop-
erties, both aircraft are almost identical and most likely also the operational
efforts for their segregated supply with low contrail kerosene will be iden-
tical.

Weather data from the European Centre for Medium-Range Weather
Forecast's fifth generation high-resolution reanalysis (ECMWF ERAS) are
utilized [192], featuring a 0.25°x 0.25° horizontal resolution across 37
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pressure levels, with a temporal resolution of 1 h. Meteorological condi-
tions for flights between these pressure levels are interpolated from the two
closest pressure levels. Recent studies reveal a slight underestimation of
RHIin ERAS data at cruise altitudes [338, 339], which needs to be corrected.
Therefore the ERAS humidity fields are adjusted to in-situ observations us-
ing an exponential scaling with latitude correction. [317]

4.2.2.3 Model Uncertainties

The primary goal of the experiment was to demonstrate the feasibility of
the segregated use of SAF on airport level. For this reason, the number of
flights evaluated here is small (84 flights) compared to other studies on con-
trail-related climate forcing. This small sample size motivates a detailed
analysis of the uncertainties of the Contrail Cirrus Prediction (CoCiP) model
to estimate (a) an individual flight’s absolute contrail climate forcing
and (b) the effect of differing kerosene compositions on the resulting rela-
tive change in contrail climate forcing.

4.2.2.3.1 Contrail Climate Forcing of an Individual Flight

Uncertainties of the contrail climate forcing estimations have been evalu-
ated in a broad range of studies, e.g., by comparing model results with in-
situ measurements or remote sensing data from ground- or space-based
cameras [25, 313, 314, 340-344]. In one study, a sample size of about
250,000 flights was evaluated using satellite images of the contiguous US
with an automated detection and matching algorithm for a timeframe from
04t April 2019 to 04t April 2020 [314]. The algorithm matches flight tra-
jectories from Automatic Dependent Surveillance Broadcast (ADS-B) data
with linear-shaped, high-level ice clouds in the satellite image [313]. The re-
sulting data are compared to CoCiP model results for the same flight dataset
using ECMWF’s ERAS meteorological dataset. In this way, each contrail pre-
dicted by CoCiP is compared to satellite images. For the investigated
weather and contrail model resolution, the study finds, however, a rather
low agreement between the contrails predicted by the weather-contrail
model and the contrails detected by the satellite-based detection algo-
rithm [314] (about 15 % of the contrails predicted by ERAS5 / CoCiP
matched a contrail found on a Geostationary Observational Environmental
Satellite (GOES) image and about 30 % of the contrails detected via satellite
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images matched a contrail predicted by ERAS5 / CoCiP). However, it remains
unclear, to which extent the detection algorithm for the satellite images or
the weather model input or the contrail model lack resolution or accuracy.
Thus, a binary (yes / no) predictability of an individual contrail remains
challenging. In addition to the validation of the respective climate forcing of
individual flights not considered here.

In-situ measurements of contrails have been conducted since
1972340, 341, 344]. A large comparison study including most in-situ
measurements and many remote sensing data indicates a large variation for
both, measurement and CoCiP contrail simulation data [25]. Contrail evolu-
tion from initial formation stages to lifetimes of almost 3 h and a variety of
local contrail parameters are assessed (e.g., ice particle numbers, ice water
content, optical thickness). In general, a good agreement of the micro- and
macro-physical properties of the modeled contrails has been reported over
the contrail’s lifetime within the measurement range of the various obser-
vations [25]. The physical processes reflected in the model align with the
measurement data, indicating that the CoCiP model reflects the behavior of
these processes[25]. A similar, earlier study also highlights a generally
good agreement between satellite observations and the contrail model
CoCiP [342].

The outgoing longwave radiation and reflected shortwave radiation
used by CoCiP to calculate the radiative forcing of contrails has been com-
pared to remote sensing retrievals by MSG and a general agreement has
been found within the uncertainties during times of normal and reduced air
traffic (e.g. the COVID pandemic) [14, 129, 193, 310]

With respect to the weather model input, many simulations use ERA5
weather data as input for contrail simulations. While the ERA5 weather data
set is more accurate than many other weather model predictions, recent
studies have demonstrated a humidity bias in the ERAS data set particularly
for high humidity in cirrus regions at cruise altitudes [343, 345, 346]. Meas-
urement data by the In-flight service Aircraft for a Global Observation Sys-
tem (IAGOS) were also used to evaluate uncertainties of the weather input
to the contrail simulations [343] and to develop correction functions for rel-
ative humidity [339] or Al based optimizations [338] with specific correc-
tion functions used in CoCiP [9, 10]. The general prediction quality of the
integrated forecast system (IFS) of the ECMWF is supported by experiences

4.2 — Segregated Supply of Sustainable Aviation Fuel 201



in using the IFS based CoCiP simulations for planning of contrail measure-
ment campaigns [16, 17, 162, 347]. Still, the persistence of contrails (and
thus their overall life cycle) is subject to uncertainties often related to the
representation of relative humidity and ice supersaturation in weather
models [338, 343].

Concluding, estimating the absolute contrail energy forcing especially
for individual flights is still subject to relevant uncertainties, to a large ex-
tent due to uncertainties of the model input data (e.g., weather data) as well
as caused by uncertainties in the contrail cirrus micro- and macro-physical
as well as radiative properties [5]. For the relative change in contrail energy
forcing, e.g., when comparing the contrail forcing of different kerosene op-
tions, weather and aircraft data are not varied and thus the uncertainties in
weather and aircraft data are of minor importance. Instead, the effect of fuel
composition in terms of aromatic and hydrogen content [10] plays a role for
the contrail properties and radiative effect.

4.2.2.3.2 Contrail Climate Impact for different Kerosene
Compositions

The effect of different kerosene compositions on the resulting contrail cli-
mate forcing is reflected in CoCiP by using the kerosene’s hydrogen content.
The various chemical component groups contained within kerosene being
mainly n- and iso-alkanes, cycloalkanes and aromatic components vary
characteristically in their hydrogen content (e.g., a typical hydrogen content
of an alkane is ca. 15.3 m-%, of a cycloalkane about 14.3 m-% and of an ar-
omatic component about 10.1 m-%) [281]. Thus, using the hydrogen con-
tent of a kerosene can serve as a proxy for its composition related to the
various chemical component groups. However, such an approach might un-
derestimate the case when certain components (e.g., polyaromatic mole-
cules) are over-proportionally responsible for a kerosene’s sooting ten-
dency.

Soot particle emissions are modelled by CoCiP using data from the ICAO
Aircraft Emissions Database [191], which provides soot particle emission
values depending on the engine’s thrust setting for 47 different engines
(turbines), including the reference aircraft’s engines. These data are based
on engine manufacturer’s reports during engine certification. While the
emissions are calculated for changes in engine thrust settings, increasing
soot particle emissions due to engine aging are not taken into account [191].
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Subsequently, the emissions number is calculated for the respective kero-
sene hydrogen content with a thrust-setting dependent empirical relation-
ship [10, 15, 18, 19, 136].

The number of initial ice crystals formed is modelled as a function of
soot particle emissions, with a lower boundary of 1013 particles/kgsue con-
sidering the activation of organic volatile particles and ambient naturally
occurring aerosols. Additionally, partial activation of soot particles for tem-
peratures close to the Schmidt-Appleman threshold temperature is taken
into account[186]. These interrelations are based on data from in-situ
measurements comparing renewably-sourced and conventional (crude oil
based) kerosene [17, 20, 22, 131, 326]. The physical relations after initial
ice crystals have been formed are independent of the kerosene used.

Overall, the effects of differing kerosene compositions are depicted at
great detail in the model and largely based on measurement data, at least
for the engine models studied in ground- and flight experiments (e.g.,
CFM56-5B4). For this reason, a well validated engine is used in the simula-
tions (CFM56-5B4) instead of the comparatively new LEAP1A-26 engines
used for the demonstration flights. The omission of engine aging affecting
soot emissions most likely increases the overall uncertainty. Again, the pri-
mary interest here is the relative change of contrail climate forcing for dif-
ferent kerosene options within an identical set of flights and meteorological
data. As a result, it can be assumed that the engine aging of these flights is
identical and thus the associated uncertainty does not affect the relative
mitigation potentials. Overall, the absolute contrail climate impact for a sin-
gle flight has substantial uncertainties, but relative changes in contrail en-
ergy forcing for different fuels — which are the focus of this study - are cal-
culated with reasonable certainty.

4.2.3 Results and Discussion

This section qualitatively weights the operational efforts for a segregated
kerosene supply with its potential climate benefits. First, operational efforts
for targeting flights with the highest climate forcing and the general applica-
bility of a targeted use concept are discussed (section 4.2.3.1). Then, the sat-
ellite detection of individual contrails is described (section 4.2.3.2) and as-
sociated potential contrail climate benefits are detailed for five different
kerosene options (section 4.2.3.3).
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4.2.3.1 Operational Efforts

The segregated supply of low contrail kerosene requires modifications of
the fuel supply infrastructure and alterations to the current fueling opera-
tions at airports. The respective efforts to realize a segregated fuel supply
are discussed below based on the experiences made by conducting the
demonstration flights. The implications derived from the demonstration
flights are transferred to an approach where flights with the highest climate
forcing (instead of flights for a particular route) would be targeted (sec-
tion 4.2.3.1.1) and the general applicability of such a targeted use concept is
discussed in terms of operational and economic efforts (section 4.2.3.1.2).

4.2.3.1.1  Targeting Flights with the highest Climate Forcing

While the segregated supply of the measurement campaign aimed at flights
for an individual aircraft flying a specific route (“segregated use”), the larg-
est climate benefits from using low contrail kerosene could be achieved by
targeting the flights with the highest contrail energy forcing first (“targeted
use”). This approach would most likely require the fueling of various air-
craft flying on different routes and thus might incur additional operational
efforts.

First, a model to provide a list with the highest climate forcing flights to
be targeted is required, in order to allocate the available volumes of low
contrail kerosene to the respective individual flights. This would require the
use of ex-ante weather data. Once the data on the most climate relevant
flights are available, basically the requirements of the segregated use con-
cept would apply. Presumably, several aircraft would need to be fuelled by
refueller trucks at a remote stand and the segregated refueller trucks
should be compatible to those aircraft types (e.g., in terms of fuel panel
height).

The requirement to use refueller trucks creates further implications
concerning space requirements for refueling and fueling times. In general,
the fueling time is a crucial factor for airline operation, since airlines aim at
minimizing the time on ground to save cost and increase an aircraft’s eco-
nomic productivity [232]. While a typical short- to medium-range aircraft
like the demonstration aircraft has a tank capacity of about 21 t [348], large
long-range aircraft have a tank capacity of up to 250 t [349]. At an approxi-
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mate capacity of 6.4 to 8 t, more than 30 trucks would be required for fuel-
ing such a long-range aircraft. Assuming a typical turnaround time of about
90 min [232], in the short-term it seems practically unfeasible to fuel long-
range aircraft by refueller trucks in due time.

For short to medium range flights, in terms of the fuel supply system, no
major obstacles would result when changing from the segregated supply of
an individual route towards a targeted supply of the flights with the highest
contrail energy forcing.

4.2.3.1.2  Applicability of a Targeted Use Concept

Table 4.3 summarizes additional efforts for the demonstration flights
(chapter 4.2.2.1.1), their rationale to which extent they would be required
in general and lists potential economic implications. The fuel supply sys-
tems of individual airports differ considerably; e.g., some are supplied by
various means of transport from different refineries across the globe while
others are more or less directly connected to a specific refinery [135]. Thus,
implications for a particular airport might differ to some extent from the
general points described below.

Table 4.3 Additional efforts during the measurement campaign, their rationale and general necessity as well
as potential cost implications for a dedicated supply with low-contrail kerosene

Additional Effort  Rationale Generally required
for demonstration for segregated supply Potential cost implication
flights
Segregated storage Avoid commingling A segregated tank in .
and supply linesat ~ when transferring ker- any case, most likely +10. % land-side storage ca-
Gavle osene from tank to also supply lines pacity
loading bridge
Transport from Segregated supply via Individual supply line
Gavle to Stockholm  pipeline to Stockholm from land-side fuel 10 % of annual fuel con-
airport by road airport’s fuel depot not storage to air-side fuel . :
tanker feasible without con-  storage sumption supplied by road
. tanker
struction of a second
pipeline

Fueling by refueller Enable segregated sup- Required, provided Modification of supply lines,

trucks instead of hy- ply that airport has single designated fleet of refueller
drant system and hydrant system

. trucks
dispenser
Draining and clean- Avoid commingling Required due to com- No additional cost, due to
ing of road tankers  with residual kerosene paratively large filter designated fleet of low-con-
and refueller trucks volumes capacity (>800 L) trail kerosene refueller

trucks

4.2 — Segregated Supply of Sustainable Aviation Fuel 205



Draining of demon- Avoid commingling Required in case of

stration aircraft with residual kerosene large volumes of kero- .
s Assumed to be negligible
volumes sene remaining on
board
Aircraft fueling at re- Provide sufficient Depending on availa-
mote stand space for refueller ble space at contact Assumed to be negligible
truck stands

Almost all of the additional efforts within the measurement campaign
would also be required for the general application of a segregated supply
for individual flights. This particularly holds for the segregated storage and
supply lines at Gavle, the transport from Gavle to Stockholm airport, and
also the use of segregated refueller trucks instead of the airport’s hydrant
system.

Fuel supply standards advocate that only specification-compliant kero-
sene is delivered to an airport [335]. Since this has historically always been
one fuel type, supply lines from the land-side storage to an airport’s fuel
storage will generally not be capable for a segregated supply of two differ-
ent kerosene options; e.g., in the case of Stockholm airport a large portion
of the transport is realized by tank wagon, which could physically segregate
two different kerosene options, but the last part is realized by a pipeline
where kerosene options would necessarily commingle. As a result, the con-
struction of a second supply line would most likely be required to realize a
segregated supply at most airports. Since 3 % of all flights are estimated to
cause about 80 % of the contrail climate forcing [9], it is assumed that about
10 % (considering a safety margin) of the airport’s fuel use would need to
be provided by such an additional supply line. Presumably, these amounts
are too small to justify the construction of a pipeline and would rather be
transported by road tanker.

Typically, an airport’s fuel storage contains several individual tanks. In
principle, a subset of those tanks could be used for low contrail kerosene,
provided that their supply lines allow the targeted supply of a kerosene
batch to a specific tank and also supply of e.g., a refueller truck by a specific
tank. Thus, at least the modification of supply lines at an airport’s fuel stor-
age would be required in general.

The closed-loop single line structure of most hydrant systems prevents
the segregated supply of a particular kerosene to a specific flight via hydrant
systems. In principle, a segregated supply of different kerosene types could
be realized at airports where the hydrant system is composed of multiple
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supply lines. However, this is rarely the case [278] and thus the use of a re-
fueller truck is typically required. Presumably, a designated fleet of refueller
trucks for low-contrail kerosene would be required to prevent commingling
with conventional kerosene. At space-constrained airports, fueling at re-
mote stands would be additionally required.

In principle, a hydrant system could be sequentially fuelled by different
kerosene options (e.g., at day vs. at night or during different seasons). In this
case, the segregated supply would be less specific; i.e., also flights without
large contrail energy forcing would receive low contrail kerosene. The mit-
igation potential of such strategies is subject of ongoing studies [134]. Ad-
ditionally, the restriction to refueller trucks would constrain the targeted
use concept to short and medium range aircraft (chapter 4.2.3.1.1).

Some other additional efforts of the demonstration flights might not be
strictly necessary for a general application of a segregated low contrail ker-
osene supply, but rather prevent commingling with smaller volumes of con-
ventional (crude oil based) kerosene. This mainly relates to draining and
cleaning of the road tanker, the refueller trucks and the demonstration air-
craft itself. Provided that the remaining kerosene volume in each of them is
small compared to the new load of low contrail kerosene, a certain extent of
commingling with conventional (crude oil based) kerosene might be ac-
ceptable. Most likely, this would come at the cost of a slightly reduced ker-
osene hydrogen content and thus reduced climate benefits.

As a result, the economic implications for a segregated fuel supply are
comprised of adding 10 % additional fuel storage at the airport’s land-side,
additionally supplying 10 % of the airport’s fuel consumption by road
tanker and procurement and operation of a dedicated fleet of refueller
trucks. Since such infrastructure is usually commonly owned by the airport
and fuel suppliers (at least for most European airports)[279], these
changes would most likely increase the handling fees charged by the air-
ports. Typically, such fees amount to less than 5 % of an airline’s cost [232].
As a result, the segregated supply with low-contrail kerosene would most
likely increase cost from an airline perspective by less than a few %-points.
This increase seems rather small compared to current estimates for miti-
gating carbon dioxide-related climate impacts either by using renewably
sourced kerosene [32, 91, 94] or liquefied hydrogen [350, 351]. However, a
comprehensive economic analysis would be required for a sound compari-
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son among the marginal abatement cost for reducing contrail-related cli-
mate impacts by a segregated fuel supply and the marginal abatement cost
for reducing carbon dioxide-related climate impacts by renewably sourced
kerosene or hydrogen. Such an investigation - while being beyond the scope
of this study - is clearly an interesting area for further research. The imple-
mentation of a targeted use of low-contrail kerosene could be stipulated by
economic incentives. As of now, only the carbon dioxide-related climate im-
pact of aviation is considered in most mitigation policies [325], the Euro-
pean Union presently introduces a monitoring, reporting and verification
scheme for aviation’s non carbon dioxide-related climate impacts by
2025 [45]. Assuming that future mitigation policies will also aim at avia-
tion’s contrail-related climate impact and a broadly accepted methodology
to determine the contrail climate forcing of individual flights will be imple-
mented, also different economic approaches such as the inclusion in emis-
sions trading schemes, subsidies or penalties for contrail-related climate
impacts could be developed.

4.2.3.2Satellite Detection of individual Contrails

For this study, the evolution of all 28 contrails simulated by CoCiP (out of
84 demonstration flights) were visually assessed and tracked during their
evolution with corresponding images of the second generation EUMETSAT
satellite (Figure 4.12).

To investigate the uncertainty in the ERAS5 weather data input (mainly
humidity and 3-dimensional wind velocities at cruise) the “Volcanic Ash
RGB” color scheme [352-354] was applied. Most of the contrails on the sat-
ellite images (n = 21) were at least partially covered by other clouds, imped-
ing a visual detection of the potential contrails. The remaining contrails (n
= 7) are too few for a detailed statistical analysis. . Thus, a thorough valida-
tion of contrail mitigation strategies by satellite data would require sub-
stantially larger sample sizes and ideally also a multi-seasonal timespan.
Such studies are part of current research projects (e.g., D-KULT [355]).
Video files of all demonstration flights are available in the digital supple-
ment.
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Figure 4.12 Contrail simulated by CoCiP and corresponding Volcanic Ash RGB image from EUMETSAT
2G satellite images for 24th January 06:42 UTC (all demonstration flights are available as videos via the
digital supplement)

4.2.3.3 Contrail Climate Benefits

Figure 4.13 shows the resulting contrail energy forcing assuming the kero-
sene options described in section 4.2.2.3.2. The energy forcing of warming
contrails is indicated by positive values (light orange) and cooling contrails
are depicted as negative value (light blue). The net energy forcing (black) is
clearly positive and decreases by increasing kerosene hydrogen content. In
comparison to “conventional average”, the contrail energy forcing of “con-
ventional low hydrogen” increases by almost 13 m-%. The 2 m-% blend of
“blend uniform” alters the contrail energy forcing only marginally (less than
2 -%), while the 35 m-% blend labelled “blend demo” (Table 4.2) and the
50 m-% blend named “blend max” (Table 4.2) lowers the energy forcing by
about 10 % and 23 %, respectively.

The comparison of the two conventional (crude oil based) options high-
lights the uncertainty resulting from the conventional kerosene composi-
tion being here in the order of magnitude of 10 %. As a result, the difference
between “conventional average” and “blend uniform” (Table 4.2) can hardly
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be considered significant. Despite the large effect of the conventional kero-
sene’s hydrogen content, only very limited data is publicly available [179].
Measuring or estimating the hydrogen content of the kerosene used for in-
dividual flights would substantially improve the estimation of their contrail
energy forcing.
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Figure 4.13 Contrail energy forcing of the simulated flights (n = 84) in absolute terms (left ordinate)
and relative change (right ordinate) compared to the “conventional average” kerosene (Table 4.2)

Overall, for the aircraft-engine combination used in these simulations, the
segregated use of low contrail kerosene reduced the associated contrail en-
ergy forcing by more than 10 %, compared to the “conventional average”
kerosene (Table 4.2). This is broadly in line with previous mitigation poten-
tial estimates for this hydrogen content [281]. For the theoretically maxi-
mum blend share of 50 m-%, the mitigation potential would increase to
about 20 %. These values are roughly in accordance with other investiga-
tions [281]. Simultaneously, kerosene specifications require certain
amounts of aromatic molecules in a low contrail kerosene blend, while re-
newably-sourced kerosene typically do not contain any aromatic com-
pounds. Hence, the conventional kerosene for such blends would require a
comparatively high amount of aromatics [135]. This effect might in turn
slightly reduce the mitigation potential of the 50 m-% blend.
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In absolute terms, warming contrails largely outweigh cooling contrails for
any of the fuels investigated. This can be explained by daily and seasonal
variation. In theory, during daytime contrails typically exhibit a cooling cli-
mate forcing by reflecting incoming shortwave (solar) radiation to a larger
degree than they absorb outgoing longwave (terrestrial) heat radiation. At
night a contrail only absorbs outgoing longwave radiation and thus causes
a warming climate forcing. Despite that, most demonstration flights take
place between 06:00 am and 22:00 pm local time. Therefore, the fraction of
cooling contrails has been small (cf. Figure 4.13). At Stockholm airport the
difference between sunrise and sunset is only about 7.5 h in January, which
is more than 10 hless than on 21stJune. Since the demonstration flights took
place in January and February, most likely their contrail climate forcing was
substantially higher compared to a situation if they would have been real-
ized in June or July. This effect will be less pronounced for regions at lower
latitude, since the seasonal variation of sunrise and sunset times is lower
for lower latitudes.

4.2.4 Conclusion

The targeted use of low contrail kerosene on particularly climate relevant
flights has previously been discussed in various, simulation-based studies.
This investigation derives the operational efforts for such a concept based
on the segregated supply of low contrail kerosene to 84 flights between
Stockholm airport and Copenhagen airport. The operational efforts are
weighed against a simulation-based estimate of the demonstration flights’
contrail climate benefits, assuming an experimentally validated aircraft-en-
gine combination. Beyond the operational efforts for supplying the demon-
stration flights, implications for targeting flights based on their climate forc-
ing are derived and a targeted use at large-scale is discussed.

The main results can be summarized as follows.

e For the current infrastructure, a segregated supply of low contrail kero-
sene can be realized for short to medium range flights, or in other terms
any flight which can be fuelled by refueller trucks at an outside position.
To realize such a concept, large parts of the supply chain (e.g., supply
lines to and at airports) would need to be duplicated, incurring additional
efforts and of course further costs. Targeting long-range flights with low-
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contrail kerosene would most likely require a multiple line hydrant fuel-
ing system at airports, which would need to be constructed at most air-
ports and thus incur additional cost and be available in the medium to
long term only.

e A segregated supply of e.g., a particular flight route (as employed during
the demonstration flights) and targeting flights with highest contrail en-
ergy forcing first are almost identical in terms of operational efforts. Pri-
marily, it might be necessary to allocate several remote stands for a tar-
geted use concept (instead of one). The general applicability of a targeted
use concept, however, is highly airport specific; nevertheless, it is most
likely that in most cases large sections of the kerosene supply infrastruc-
ture would need to be duplicated and / or an additional other fuel supply
system would need to be installed.

¢ In terms of contrail climate benefits, the segregated supply of low con-
trail kerosene reduces the contrail energy forcing for the aircraft-engine
combination with the 35 % blend assumed here by about 11 %. A higher
blend share could increase these benefits towards a reduction of more
than 20 %, specifically targeting flights with the highest contrail energy
forcing could allow for even greater contrail climate benefits [10]. Addi-
tionally, the mitigation potentials for flights conducted at other latitudes
will be altered by a different ratio of day- and night-time for different
seasons.

e The coarse estimation of the cost implications for a segregated fuel sup-
ply indicates a cost increase due to the abovementioned infrastructure
modifications. These cost seem to be smaller than the marginal abate-
ment cost of e.g.,, renewably sourced kerosene or the direct use of hydro-
gen. For the development of incentive schemes to facilitate a targeted
low-contrail kerosene supply, several prerequisites exist, such as the in-
clusion of aviation’s contrail-related climate impacts in mitigation tar-
gets or an accepted and validated approach to determine the contrail cli-
mate forcing of an individual flight.

Estimating the absolute contrail energy forcing of individual flights is still
strongly affected by the available input data (e.g., meteorological data), but
these uncertainties do not affect the relative changes given here. Uncertain-
ties in fuel composition data increase towards the highest hydrogen content
fuels. Further uncertainties exist for new engine (turbine) models (e.g.,
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lean-burn combustors), when ice activation on soot particles might be re-
placed by other processes. When comparing the use of different kerosene
options for an identical set of flights, the meteorological uncertainties do
not play a role for the relative changes in contrail forcing. As a result, the
relative contrail benefits are subject to smaller uncertainties than the abso-
lute values of the demonstration flights contrail energy forcing.

The study of those uncertainties highlights important areas of further
research: Increasing the accuracy of atmospheric weather data at aircraft
cruise altitude (especially humidity data) would allow for more reliable es-
timations of contrail evolution and associated contrail energy forcing. Also,
more detailed information about kerosene properties (e.g., by using sensors
during refueling) would improve the reliability of current models. The same
holds for experimental data about modern engines and the implementation
of engine aging in current contrail climate impact models.

Solutions for the infrastructure modifications are technologically and
organizationally available. The primary barrier are the efforts and thus the
costs for their implementation. Considering that several companies are aim-
ing to develop a hydrogen fueled aircraft within the next decade [32, 78],
cost due to infrastructure modifications for a targeted use concept appear
comparatively small. Estimating the investment and operational costs of the
discussed efforts would be an important step towards calculating the mar-
ginal abatement cost of a targeted use concept and thus to compare it
against other mitigation strategies, which is partially envisioned as future
work of the ALIGHT research project

Overall, by conducting the demonstration flights, a segregated supply of
low contrail kerosene was successfully demonstrated in an experimental
setting. Contrail climate benefits were quantified based on simulations. An
insightful next step would be to compare the weighting between opera-
tional efforts and contrail climate benefits described here against other cli-
mate mitigation options for aviation.
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4.3 Blending of Aviation Powerfuels

Zschocke, Alexander; Quante, Gunnar; Bullerdiek, Nils; Pechstein, Jan (2025):
Blending of Aviation Powerfuels,in POWERFUELS: Status and prospects, [S.L.]:
SPRINGER INTERNATIONAL PU, 2025, pp. 791-818.

Typesetting and formatting are slightly adjusted to ensure consistency within this thesis.

Abstract

As the global energy landscape evolves in response to anthropogenic cli-
mate change, there is an increasing focus on using sustainable alternatives
to conventional fossil-based fuels. In aviation such an alternative is pro-
vided by drop-in synthetic fuels which can blended with fossil kerosene to
produce a blend that is virtually indistinguishable from conventional kero-
sene and is fully compatible with existing infrastructure. However, for most
of these fuels blending is a crucial part of the process as the fuels are not
fully drop-in on their own. This topic is discussed in the following chapter,
with a focus on powerfuels.
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4.3.1 Introduction

As the global energy landscape evolves in response to anthropogenic cli-
mate change, there is an increasing focus on using sustainable alternatives
to conventional fossil-based fuels. Yet, in sectors where end-use applica-
tions will continue to depend on liquid hydrocarbon fuels in the foreseeable
future (e.g., in aviation, maritime sector), a mixing or “blending” of fossil-
based fuels with renewably sourced ones, like Power-to-Liquid (PtL) hydro-
carbons, may not only become necessary but also be beneficial when lever-
aging existing fuel infrastructure. Moreover, blending of different fuel types
from renewable sources would ease infrastructural efforts. Thus, a thor-
ough understanding of the implications of blending hydrocarbon fuels in
general and powerfuels in particular is central for a smooth transition from
fossil fuels towards renewable alternatives. In this context, various aspects
related to the blending of renewable and conventional fuels are examined
in this article using the example of synthetic kerosene in aviation. The over-
arching intention is to highlight different fuel properties critical for blend-
ing and explain how these properties influence permissible blending ratios
of conventional and synthetic fuel components.

Therefore, first an overview of specifications for both conventional (fos-
sil) and synthetic kerosene is provided, along with aspects of blending these
kerosene types. Subsequently, for conventional kerosene and synthetic ker-
osene of relevant powerfuel conversion pathways, characteristic physical
and chemical properties are described and their variations discussed. Based
hereupon, conclusions towards maximum permissible blending shares are
drawn from a present-day perspective. The chapter concludes with an out-
look on potential future developments.

4.3.2 Kerosene Specifications and Blending

In this section, a concise overview of aviation (turbine) fuel specifications
for both conventional and synthetic kerosene is presented and overall as-
pects on blending of both options in light of existing specifications are out-
lined.
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4.3.2.1 Kerosene Specifications

Aviation fuel characteristics are determined by fuel specifications that pri-
marily define performance, material, and manufacturing properties. Given
that the air transport system is an international market, aviation fuel stand-
ards apply virtually global, with minimal regional political differences in
fuel specifications (this uniformity is also the case in other sectors, such as
maritime transport). The predominant aviation kerosene specifications in
the Western world are the Jet A/A-1 specification administrated by the
ASTM International and the Jet A-1 specification administered by the United
Kingdom’s Defence Standard (DefStan) organization. Both organizations co-
ordinate their activities closely to harmonize their specifications to the
greatest extent possible. Based on these prevailing aviation fuel specifica-
tions, kerosene can be categorized into conventional and synthetic types.
The corresponding fuel specifications, or specific aspects thereof, are de-
scribed in greater detail below.

Conventional kerosene (ASTM D1655 specification). For conven-
tional kerosene, the central specification is known as ASTM D1655. The pa-
rameters and limits specified in ASTM D1655 are primarily based on histor-
ical reasons, stemming from experiences with kerosene derived from fossil
crude oil, which has been the predominant feedstock. The properties of con-
ventional kerosene vary significantly, depending on crude oil feedstock and
refinery operation [39]. Even with the rigorous standardization of aviation
fuels, ASTM D1655 does not prescribe an exact chemical composition for
the fuel, such as specifying certain hydrocarbons. Rather, it sets out mini-
mum and maximum requirements for performance, material and manufac-
turing properties [356]. This flexibility allows for a range of hydrocarbon
compositions in the fuel, for example with regard to variations in contents
of n- and iso-alkanes, cycloalkanes, and aromatics (owing to the fact that the
properties of a kerosene fraction can differ, depending on the particular
crude oil processed). Despite these permissible variations, the fuel proper-
ties must remain within the specified compliant range of performance, ma-
terial and manufacturing properties, such as fuel density, freezing point,
smoke point or aromatic content (Figure 4.14).

Synthetic Kerosene (ASTM D7566 specification). For synthetic ker-
osene, defined from a specification perspective as aviation fuel not pro-
duced from crude oil, ASTM is also the leading organization. The primary
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ASTM specification for synthetic kerosene is ASTM D7566 with its respec-
tive annexes [280].1> Each annex specifies the production pathway and the
required properties of a particular specific synthetic kerosene option. As of
October 2023 (at the time of writing) eight respective production pathways
have been approved by ASTM and are included in the ASTM D7566 specifi-
cation. These are presented in the following Table 4.4, together with two co-
processing pathways (specified in ASTM D1655), which involves the joint
refining of certain feedstocks or intermediates alongside with conventional
crude oil in refineries.

Table 4.4 Approved production pathways for synthetic kerosene (at the time of writing; A: aromatics; AtJ:
Alcohol-to-Jet; CH: Catalytic Hydrothermolysis; FT: Fischer-Tropsch; HC: Hydrocarbons; HEFA: Hydroprocessed
Esters and Fatty Acids; HFS: Hydroprocessed Fermented Sugars; SIP: Synthetic Isoparaffins; SK: Synthetic Kero-
sene; SKA: Synthetic Kerosene with Aromatics; SPK: Synthetic Paraffinic Kerosene)

ASTM Annex Yearofap- Process Blending-Limitlb]
provallal

D7566 1 2009 FT-SPK 50vol.-%
2 2011 HEFA-SPK 50vol.-%
3 2014 HFS-SIP 10 vol.-%
4 2015 FT-SPK/A 50vol.-%
5 2016 At]-SPK 50vol.-%
6 2020 CH-SK 50vol.-%
7 2020 HC-HEFA-SPK 10 vol.-%
8 2023 At]-SKA 50 vol.-%

D1655 - 2018 Co-Processing of vegetable oils ~ 5vol.-% [l
- 2020 Co-Processing of FT-crude 5vol.-%

[a] This refers to the initial approval. After the initial approval, approved processes were partially adapted, for
example by increasing the maximum blending limit or by expanding the raw materials that can be used.

[b] Precautionary maximum blending limit of the synthetic kerosene component

[c] An increase of the blend ratio to 30 vol.-% is currently prepared for approval as ASTM. This increase will re-
quire that the co-processing includes a hydrocracking step.

The first ASTM D7566 pathway for synthetic kerosene was already ap-
proved in 2009, based on the Fischer-Tropsch technology. In the subse-
quent years since then, various other pathways have been added. The max-
imum blending limit for all these options is currently at 50 vol.-%, with
some pathways having significantly lower limits in the range of 5 to

5 ASTM specifications are available at the ASTM website (www.astm.org/products-services/stand-
ards-and-publications.html). Except where stated otherwise, references to ASTM D7566 in this pa-
perreferto ASTM D7566-23a, whichisthe versionin force at the time of writing. However, this spec-
ification is frequently updated, and at the time of printing a more recent version may well be in force.
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10 vol. %. The subsequent section describes these aspects and the corre-
sponding blending procedure in more detail.

4.3.2.2 Blending of Synthetic Kerosene

In the following, first, a general overview of blending is provided. Subse-
quently, the blending of synthetic and conventional kerosene is described
in the context of the previously presented specifications.

Blending in General. Blending, as used in oil industry parlance, gener-
ally refers to the intentional mixing of two or more fluids with the intention
of creating a blend meeting a defined specification. It is different from inci-
dental commingling of fluids meeting the same specification, which rou-
tinely happens when crude oils or products come together in pipelines or
common tank storage:

¢ Blending of fluids. Blending may involve two different batches of a prod-
uct meeting the same specification, as for example if one parameter in
one of the batches is marginal and needs to be improved by blending. But
more typically, it involves blending of two or more different products. A
well-known example is the blending of road gasoline with a certain per-
centage of bio-ethanol, where both the gasoline and the ethanol have to
meet individual, but different, specifications. Another example is the sup-
ply of (renewable) synthetic kerosene for aviation, where a synthetic
kerosene component compliant to one specification (ASTM D7566) is
mixed with a (currently typically fossil-based) kerosene component
compliant to another specification (ASTM D1655).

¢ Commingling of fluids. Comingling refers to mixing fuel batches of the
same specification in an uncontrolled environment. In particular com-
modities (e.g., aviation or maritime fuels) are subject to comingling, since
they are globally traded and thus undergo bulk transportation and stor-
age. Especially the use of pipeline systems or large storage tanks cause
comingling, which in turn can result in an averaging tendency of fuel
properties. As in case of aviation only certified fuel is fed into the fuel
distribution systems, commingling is considered uncritical. Therefore, it
will not be addressed in this chapter in greater detail.

In blending, a complete mix of the blended fluids is aimed for, unlike in in-
cidental commingling where mixing typically only occurs at the border zone
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between two batches. Large-scale blending therefore typically involves the
use of dedicated mixing equipment. This, however, is not a legal require-
ment, and small-scale blending of synthetic and conventional kerosene in
early trials has involved more ad hoc methods, like repeatedly pumping
around in a single tank or pumping between several tanks.

Blending of Conventional and Synthetic Kerosene. From an opera-
tional perspective, synthetic kerosene options are primarily designed to
serve as "drop-in" fuels. This designation necessitates their seamless inte-
gration into the existing aviation fuel supply infrastructure and compatibil-
ity with current aircraft fleets alongside other specification-compliant avia-
tion fuels. Consequently, to achieve this, they must adhere to the fuel re-
quirements of ASTM D1655. Thus, they are not required to have a specific
chemical composition, but, similar to ASTM D1655, they need to meet a cer-
tain prescribed set of performance, material, and manufacturing properties,
as illustrated in Figure 4.14.

n-Alk nes

N\ Minimum aromatics
(specific according to ASTM D7566)

Minimum density
- moke point

4\ Maximum densit
pecification compliant Y

aviation fuel
(A TM D1655)

A Maximum freezing
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Figure 4.14 Relationship between aviation fuel composition and the synthetic kerosene fuel specifi-
cation domain (Ar: aromatics; BC: branched alkanes and cycloalkanes, n: n-Alkanes; based on [74])

However, despite a multitude of nearly identical properties, (many of) the
neat synthetic kerosene options produced in compliance with ASTM D7566
differ in some respects from typical ASTM D1655 Jet A/A-1 aviation fuel, for
example in terms of their aromatics content. Therefore, to use the synthetic
kerosene as aviation fuel and ensure adherence to the properties defined
by ASTM D1655, so far an additional process step, namely blending, is re-
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quired. In this blending process, the synthetic kerosene (synthetic blend-
ing) component is mixed with (conventional) ASTM D1655 aviation fuel.
Therefore, ASTM D7566 not only contains the specification on synthetic
kerosene in its respective annexes, but also the required properties of a
blend between a conventional ASTM D1655 kerosene component and a syn-
thetic blending component (“blend specifications”). This blending proce-
dure and interplay of the aviation fuel specifications mentioned is schemat-
ically shown in Figure 4.15.

The ASTM D7566 specification defines a precautionary maximum
blending ratio (as shown in Table 4.4) and defines properties for both the
neat synthetic component as well as the blended fuel (“blending require-
ments”). These blend specifications cover the requirements of ASTM D1655
and some additional ones. The practically achievable blend ratio largely de-
pends on the properties of the conventional blending component. Thus, a
conventional blend component which is compliant with ASTM D1655 is not
necessarily compliant with the ASTM D7566 blend specifications. If its
properties are unfavorable (e.g. aromatic content), the allowable blending
ratio must remain below the precautionary maximum. On the other hand,
with particularly favorable conventional kerosene batches even higher
blending ratios than currently approved (Table 4.4) would be achievable, if
ASTM was to abolish the precautionary requirement. This is the reason,
why also the properties of the conventional blending component need to be
taken into account for fuel blending (section 4.3.3).

- - —
- -
- -w )
conventional kerosene synthetic kerosene
ASTM D1655 > Blending +— Annexes of ASTM D7566

ASTM D7566 *once the blend is found to comply

* with the blend specifications, it is
Table 1 legally considered as ASTM D1655

(blend specifications) compliant Jet A/A-1 aviation fuel

Figure 4.15 Specification and certification of conventional and synthetic kerosene
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4.3.3 Conventional Kerosene

The classical petroleum fuels - gasoline, kerosene, and diesel - are conven-
tionally produced by fractionated distillation of crude oil. Basically, they are
defined by a certain boiling range. In case of kerosene this is approximately
170 to 270 °C [39]. The properties of conventional kerosene vary to a great
extent. Hence, they also influence permissible blend ratio significantly. The
most important properties directly result from the chemical composition,
which, however, usually is not analyzed itself. This chapter will therefore
provide a brief outline of the main constituents in kerosene with regard to
the chemical composition in terms of hydrocarbon components, the aro-
matics content, the density as well as distillation curve characteristics.

In order to illustrate the variety of properties of conventional kerosene
with regard to aromatics content, the density as well as distillation curve
characteristics, a dataset of a study on German kerosene properties is used
in the respective sections [135]. Other studies are available, e.g., the World
Fuel Sampling Program and the Petroleum Quality Information Service
(PQIS) in the UK [179, 180, 357]. However, to ensure comparability, the fol-
lowing section focusses on the dataset of Germany only. It contains data
from ca. 2,000 fuel certificates representing the fuel used at 14 major air-
ports in Germany.

4.3.3.1 Chemical Composition

Kerosene derived from conventional sources typically consists of thousands
of different molecules that can be categorized into a few main types, mainly
hydrocarbons. Their carbon numbers are normally distributed as depicted
in Figure 4.16.

By far most molecules of conventional kerosene have a carbon number
between Cg and Ci6[358]. However, compounds up to Ci9 may be de-
tected [359]. The precise composition varies due to factors such as the type
of crude oil used and the refining process. Overall, it is a complex mixture of
various hydrocarbons. The main hydrocarbon components of aviation fuel
include alkanes (paraffins) in the form of n-alkanes and iso-alkanes, cyclo-
alkanes, and aromatics - as well as alkenes to very minor amounts:
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Figure 4.16 Carbon chain distribution of a sample Jet A kerosene from fossil-based crude oil'¢

e Alkanes (paraffins). Alkanes, or paraffins, are straight or branched
chain molecules. The straight / linear alkanes are commonly referred to
as n-alkanes while the branched alkanes are referred to as iso-alkanes.
As a general rule, the freezing point of iso-alkanes is lower than their cor-
responding n-alkane with the same carbon number. Alkanes are the ma-
jor constituent in conventional aviation fuel. Among all hydrocarbons,
they offer the largest hydrogen-to-carbon-ratio. Regarding the hydrocar-
bons found in aviation fuel, they burn cleanest and offer the highest net
heat of combustion at the lowest density [18, 179]. Their composition
conforms to Equation (1):

H H H H H H H H H

I
H=C—C—C=C—. C=C=C—C—C—H CoHopio (D

¢ Cycloalkanes. Cycloalkanes are saturated ring molecules with a slightly
lower hydrogen-to-carbon ratio than alkanes. This results in a reduced
heating value and an increased density in comparison to alkanes [358].
Their composition conforms to Equation (2):

16 Data are for reference conventional kerosene in LanzaTech research report, Table A3.1c.
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e Aromatics. Aromatics also are ring-shaped molecules but contain car-
bon double binds. They have the lowest hydrogen-to-carbon ratio result-
ing in the lowest heating value and the greatest density. When burned,
aromatics act as soot precursor[15, 16, 18, 357]. Short hydrocarbon
chains may be attached to the ring structure [39, 358]. The chemical com-
position of aromatics is described by Equation (3):

I | CHyy g 3)

o Alkenes (olefins). Alkenes, or olefins, are unsaturated alkanes, i.e., at
some point of the hydrocarbon chain is a double bound instead of a hy-
drogen atom. They are not chemically stable and therefore undesirable,
hence their presence in kerosene is limited to minor amounts only. By far
most of them originate from cracking processes within the refinery [179,
280]. Their composition conforms to Equation (4):

H H H H H H H H

A I R L1 CH
C=C—-C—C—C—.C—C—C—C—H 4
e R For 0 n'i2n (4)
H H H H H H H

Saturated hydrocarbons (alkanes and cycloalkanes) account for approx. 72
to 88 vol.-% in aviation fuel [360]. Of these, cycloalkanes amount to approx-
imately 30 vol.-% [179, 361]. When presuming that aromatics amount to ca.
18 vol.-% [135, 362] and alkenes do not exceed 1 vol.-% [280], a typical con-
ventional aviation fuel may be approximated as shown in Figure 4.17.
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Figure 4.17 World Fuel Survey distribution of hydrocarbon types in aviation fuel [179]

Besides those components described above, conventional aviation fuel also
contains non-hydrocarbons. From this group, sulfur is the most important
representative. This element occurs either pure or in chemical compounds.
In either form, it is corrosive and its presence is limited by specification to
a maximum of 0.3 wt.-%. Usually 99 % of the sulfur is bound in thio-
phenes [39, 179] belonging to the group of heteroorganic compounds.
These are molecules containing sulfur, nitrogen or oxygen. Even in very
small amounts, they improve the lubricity and inhibit oxidation. But they
tend to form deposits and degrade the ability of water separation (due to
polarity).

Furthermore, naphthenic acids may be present in conventional aviation
fuel as their boiling range is similar to kerosene. They are aggressive and
therefore undesired. When reacting with certain metals they tend to form
soaps. The described non-hydrocarbons can be removed by caustic washes
or hydroprocessing in combination with clay filtering [179, 357]. The share
of these compounds in conventional aviation fuel is variable. It may reflect
the characteristics of the crude oil and is strongly influenced by the refinery
technology used for kerosene production [179, 280]. As a rule of thumb,
straight-run kerosene contains the highest amount of non-hydrocarbons.
With increasing hydroprocessing severity, their number is successively re-
duced.

4.3 - Blending of Aviation Powerfuels 225



4.3.3.2 Aromatics Content

The specification limits for aromatics content of conventional kerosene are
maximum 25 vol.-% if measured following ASTM D1319 and 26.5 vol.-% if
measured in accordance with ASTM D6379. For the final aviation fuel blend,
ASTM D7566 also requires a minimum aromatics content of 8 vol.-%. An ex-
emplary aromatic content of aviation fuel batches when leaving the refinery
is shown in the following Figure 4.18, based on data from the mentioned
study at 14 major airports in Germany [135].
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Figure 4.18 Aromatic content of aviation fuel batches when leaving the refinery [135]

The minimum aromatics content in the dataset of the study were 5.9 vol.-%
and the highest 25.5 vol.-%. As shown in Figure 4.18, the modal values
range from 15 to 19 vol.-%. This covers roughly 60 % of the corresponding
samples in the dataset, while aviation fuel batches with lower and higher
aromatics contents account for less than 40 %. Note that those values were
obtained by ASTM D1319 and ASTM D6379. Both methods give similar re-
sults, but ASTM D6379 results in somewhat higher values.

When comparing the aromatic content of all samples with batches from
tank farms and pipelines (Figure 4.19), a clear averaging tendency can be
observed. The comingling of fuel batches in tanks and pipelines yields fuel
properties closer to the average values, thus reducing extreme values.
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Figure 4.19 Aromatic content of aviation fuel batches from tank farms and pipelines [135]

Bearing in mind the current requirement of a minimum aromatics content
of 8 vol.-% for synthetic kerosene blends, it is noteworthy that 15 of the
German batches had an aromatics content lower than 8 vol.-%, as conven-
tional ASTM D1655 kerosene is not required to meet the 8 vol.-% minimum.
These batches were all produced by one refinery over a course of two
months, and were delivered directly from the refinery to two airports,
where this refinery was in one case the only and in the other case the major
supplier. No adverse issues relating to the low aromatics content were ob-
served at these airports while this low aromatics fuel was delivered and
used.

4.3.3.3 Density

ASTM D1655 defines a density range from 775 to 840 kg/m3. The minimum
density found in the German dataset was 786.9 kg/m?, and the maximum
was 834.2 kg/m?3. As shown in Figure 4.20, the majority of the samples falls
in the range between 795 and 805 kg/m?>. These account for approx. 67 %
of the samples. In less than 10 % of the fuel batches sampled, densities were
discovered to be lower than 790 kg/m? or higher than 815 kg/m?3. This in-
dicates that such extreme density values were relatively rare occurrences
within the sampled batches.
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Figure 4.20 Distribution of density in conventional kerosene in Germany [135]

All values are well within the specification range. ASTM D7566 uses the
same density range for the blend as ASTM D1655 requires for the conven-
tional kerosene component, hence the density distribution of the conven-
tional blend component seems generally well suited for blending.

4.3.3.4Distillation Curve

The variety of hydrocarbons (in terms of carbon-chain lengths and molecu-
lar structure) of conventional kerosene (Figure 4.16) results in the phenom-
enon that during distillation certain components evaporate earlier than
others. Thus, a part of components in conventional kerosene evaporates at
lower temperatures (e.g., 150-180 °C) while others need substantially
higher temperatures for evaporation (ca. 240-260 °C). As per ASTM D1655,
one temperature for the recovery of 10 vol-% (205 °C) is defined to control
the fuel’s volatility and ease of evaporation. This temperature is referred to
as “T10” and is important for engine start performance. In turn, the final
boiling point (maximum 300 °C) prevents undesired heavy fractions (al-
kanes beyond Cis, poly-aromatics) from being incorporated in the fuel [280].
Figure 4.21 illustrates that the distillation slopes of the conventional avia-
tion fuel in Germany are very similar [98]. A share of 90 % of the samples
remain within a spread of less than 36 °C.
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Figure 4.21 Distillation curve gradient range for conventional kerosene in Germany [135]

In order to replicate this behavior, ASTM D7566 requires the synthetic ker-
osene (blend) to show a similar behavior [280]. In addition to the maximum
limits for T10 and the final boiling point, a minimum temperature rise of
15 °Cis required between the 10 % recovery temperature and the 50 % re-
covery temperature (T50-T10). From 50 % recovery to 90 % recovery
(T90-T50) an increase in temperature of at least 40 °C is mandatory.

ASTM D1655 (conventional kerosene) does not specify a certain mini-
mum gradient. Thus - as for aromatics - there may be conventional batches
that do not conform with ASTM D7566 (blend specification). Actual re-
quirements towards distillation gradients are under investigation [280].

4.3.4 Synthetic (Powerfuel) Kerosene

None of the ASTM D7566 annexes are specific to synthetic kerosene that
can be produced by Power-to-Liquid (PtL) production pathways. Rather,
the production pathways specified in the annexes typically start from an in-
termediate product and describe the conversion of the intermediate prod-
uct to a kerosene blending component. For example, the Alcohol-to-Jet (At])
SPK pathway describes the conversion of either ethanol or iso-butanol to a
synthetic Alcohol-to-Jet (At]) SPK blending component, regardless of how
the alcohol itself has initially been produced. Such alcohol can possibly be
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the result of a Power-to-Liquid (PtL) process, but can equally result from
biomass conversions or by using industrial off-gases. As long as the conver-
sion pathway of the specific ASTM D7566 annex is followed, the resulting
fuel will be a specification compliant, valid kerosene blending component,
both legally and chemically.

There are basically three production pathways that start with an inter-
mediate product, which can potentially be produced based on Power-to-
Liquid (PtL) pathways, namely Fischer-Tropsch (FT), Ethanol-to-Jet (Et])”
and At]-SKA. The approval process for Methanol-to-Jet (Mt]) is ongoing at
the time of writing [302, 363]. The other pathways listed in Table 4.4 start
from intermediate products based on vegetable oils, animal fats or sugar,
which currently cannot be replaced by Power-to-Liquid (PtL). A discussion
of Power-to-Liquid (PtL) kerosene blending can therefore be limited to
blending of these three pathways.

Within the Alcohol-to-Jet (At]) pathway, so far, ethanol and iso-butanol
are the only applicable synthetic Alcohol-to-Jet (At]) kerosene feedstock op-
tions. However, the approval of methanol as an alcohol feedstock for the
kerosene production is ongoing at the time of writing. Since a correspond-
ing approval for the Methanol-to-Jet (Mt]) pathway and the At]-SKA path-
way is expected in the next years [302, 363] and since a kerosene produc-
tion based on methanol is already considered to play an important role in
future, the Methanol-to-Jet (Mt]) pathway is also discussed here.

With regard to aviation fuels, most of the specification requirements
only indirectly refer to the fuel composition (except for specific aspects like
acidity, aromatics content, mercaptan sulfur content and total sulfur con-
tent) [137, 181]. Therefore, the connection between fuel composition and
its’ specification compliance is complex and conclusions about specification
compliance based on fuel composition are very challenging. A more prag-
matic approach is to study kerosene blends empirically and derive critical
properties for blending by testing the resulting blends for specification
compliance. This has been done in the past, e.g., in the High-Biofuel-Blends
in Aviation (HBBA) study [135]. This study examined a broad range of syn-
thetic types, all certified by ASTM D7566. Fuel density, aromatics content
and the distillation curve gradient were found to be critical characteristics

7 ASTM D7566 refers to this process as Alcohol-to-Jet (AtJ) SPK. To allow for a more transparent dis-
tinction between the feedstock ethanol and methanol, the expressions Ethanol-to-Jet (Et)) and
Methanol-to-Jet (Mt)) are used. At) SPK may also be produced from isobutanol or isobutene, but
these feedstocks have so far not been discussed in connection with PtL.
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for some aviation fuel blends, partially resulting in permissible blending ra-
tios well below the precautionary blending limit. In the following section,
different powerfuel production pathways, namely the Fischer-Tropsch (FT)
pathway and Alcohol-to-Jet (At]) pathway are described, the resulting fuel
properties are discussed and conclusions regarding permissible blending
ratios and overall blending characteristics are drawn.

4.3.4.1Fischer-Tropsch Kerosene

The Fischer-Tropsch (FT) pathway was the first alternative kerosene blend-
ing component pathway to be approved and is covered in Annex 1 of
ASTM D7566. The approval process for this pathway was chiefly promoted
by Sasol, with a view to the FT-conversion of coal to kerosene. However, the
approved pathway is feedstock independent, and any feedstock that can be
converted into FT-synthesis gas (syngas) is suitable in principle. In this
case, the syngas primarily consists of a mixture of hydrogen and carbon
monoxide in a ratio of about 2 to 1. In addition to coal, feedstocks for the
production of FT syngas can be for example natural gas, biomass, municipal
waste but also hydrogen and carbon dioxide that represent the two core
components for Power-to-Liquid (PtL) processes.

Work on approval of the Fischer-Tropsch (FT) pathway took some ten
years, from 1999 to 2009, not counting prior work by Sasol on an approval
specific to their fuel [200]. This was partly due to this being the first ASTM
approval of a production pathway for an alternative, synthetic kerosene
blending component, but also because there is much potential flexibility in
the design of the production process for FT liquids.

4.3.4.1.1 Chemical Composition

The direct result of the Fischer-Tropsch (FT) process is not a usable prod-
uct, but a so-called syncrude consisting of hydrocarbon chains ranging from
C1 to well over Czo, i.e. from gases to waxes [356]. The distribution of the
chain lengths of the syncrude is typically lognormal, but as Figure 4.22 il-
lustrates, both the range and the shape of the ultimately resulting kerosene
chain lengths distribution vary depending on the kind of FT reaction (e.g.
type of catalyst, type of reactor, operating parameters). This FT syncrude
must then be subject to a refining process to be converted into usable prod-
ucts, and again there is scope to vary this refining process. As a result, there
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are potentially many ways to shape the kerosene resulting from the FT pro-
cess, and much effort was spent to determine what was acceptable, and
what was not.
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Figure 4.22 Carbon-chain distributions for various Fischer-Tropsch synthetic kerosene (GtL: Gas-
to-Liquid; based on[73])

In the end, it was found that a blend of conventional kerosene and FT kero-
sene meeting the requirements of the standard ASTM D1655 specification
can be used for aviation purposes, except in those cases where the FT kero-
sene is extremely concentrated at a few carbon chain lengths, leading to a
very spiky distribution of the blend. To control this factor, minimum limits
were introduced for the difference between certain points of the distillation
curve.

4.3.4.1.2 Aromatics Content

The Fischer-Tropsch (FT) pathway does not comprise an aromatisation
step, hence the resulting fuel does not contain aromatic components.
ASTM D7566 Annex 1 is therefore known as FT synthetic paraffinic kero-
sene (SPK) - or FT-SPK - pathway annex, as the hydrocarbons in the fuel
are all paraffins (alkanes). Aromatics burn worse than paraffinic compo-
nents, and hence increase undesirable soot emissions. However, they also
cause the seals and valves in an aircraft’s fuel system to swell, and thus to
remain tight. Aircraft trials with neat FT kerosene showed that fuel with no
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aromatics increases the risk of fuel leaks. Consequently, blends with alter-
native fuel components are required to have a minimum aromatics content
of 8 vol.-%. This limit is another constraint, which may only permit blend
ratios well below 50 vol.-%.

4.3.4.1.3 Density

The practical aspects of blending conventional and Fischer-Tropsch (FT)
kerosene were investigated in the HBBA study [135], which particularly
looked at limiting factors. Although the HBBA study was about blending lim-
its for biokerosene, the FT blending component used was provided by Sasol
and produced from coal, as no biomass-based FT material was available.
The lack of aromatics in Fischer-Tropsch (FT) SPK results in a lower density
than conventional kerosene, in the case of the sample used in the HBBA
study 761.2 kg/m3. This is because aromatics are heavier than paraffins (al-
kanes), and their absence results in a fuel of a lower density. Density is
therefore another constraining factor. However, the HBBA study found this

constraint only becomes relevant for FT kerosene at blend ratios beyond
50 vol.-%.

4.3.4.1.4 Distillation Curve

For distillation curve gradients, the most limiting factor identified in the
HBBA study was T50-T10. The T50-T10 of the FT blendstock was only 8 °C.
As aresult, the T50-T10 of the conventional kerosene used for blending was
a crucial factor for permissible blend ratios. For conventional kerosene it-
self having a very flat distillation curve, the HBBA study found that adding
even a few percent of the FT blendstock resulted in the blend not meeting
the specification requirements. Conventional kerosene with a steep distilla-
tion curve, on the other hand, permitted blending up to 50 vol.-%.

It needs to be emphasised, however, that to a certain extent these re-
sults only apply to the specific sample analysed in the HBBA study. The sam-
ple was in line with other samples described in literature, but as discussed
above there is a considerable variation for FT blendstock, which potentially
can be used to ease blending constraints.
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4.3.4.2 Alcohol-to-)Jet Kerosene

The Alcohol-to-Jet (At]) SPK pathway was first approved in 2016, with the
respective annex becoming Annex 5 of ASTM D7566 [280]. This annex ini-
tially only covered synthetic kerosene produced from iso-butanol, a C4 alco-
hol, and was produced based on biomass. Later on, ethanol was also certi-
fied as potential alcoholic feedstock, and in 2023 iso-butene was approved
as another feedstock. The ASTM certification of methanol is currently ongo-
ing. Ethanol and methanol can both be provided based on synthesis gas and
thus pose potential powerfuel intermediate feedstock. In the case of etha-
nol, this would be possible via synthesis gas fermentation, while in the case
of methanol, it is possible via a thermochemical conversion.

4.3.4.2.1 Chemical Composition

Ethanol based Alcohol-to-Jet (At]) kerosene. In 2018, annex 5 was ex-
panded to also permit Alcohol-to-Jet (At]) from ethanol, based on a produc-
tion pathway developed by LanzaTech [364]. With the inclusion of ethanol
as feedstock, the maximum blending limit in annex 5 was increased from
30 to 50 vol.-%, for both Alcohol-to-Jet (At]) from ethanol and from iso-bu-
tanol [280]. Ethanol is a C; alcohol, and the resulting carbon chain distribu-
tion is comparatively close to the one of conventional kerosene (Figure
4.23). The distribution ranges from Cg to C17 which is essentially the same
as for conventional kerosene. In contrast to conventional kerosene, the car-
bon chain distribution of Alcohol-to-Jet (At]) SPK shows two distinct modal
values at Cio and Ci2. As expected, for Alcohol-to-]Jet (At]) SKA from mixed
alcohols only one modal values is recognizable, due to the range of alcohols
used feedstock for the oligomerization.

Alcohol-to-Jet (At]) SPK from ethanol was only certified after the HBBA
study was finished, and hence was not included in the study. Apparently, no
other research on the blending of Alcohol-to-]et (At]) SPK from ethanol has
been performed, hence any statement on limiting factors needs to be based
on the known properties of the fuel rather than any experimental verifica-
tion. Aromatics content and fuel density are likely to play a similar role to
what is the case for Fischer-Tropsch (FT) SPK (i.e., relatively low density of
synthetic blending component and high aromatics content required in the
conventional blending component). The reason is that both fuels are SPKs
containing no aromatics. The boiling curve of Alcohol-to-Jet (At]) SPK from
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ethanol is essentially linear, which gives the fuel a sufficiently large T50-
T10 and T90-T10 for these factors not to be a constraint [364].

OAtJ-SPK (ethanol)
BAtJ-SKA (mixed alcohols)

N
o

w
o
|

Carbon chain share [wt.-%]
N
o

-
o
|

0 —_— i
5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Carbon chain number

Figure 4.23 Carbon chain distribution of Alcohol-to-Jet (At)) SPK from ethanol and Alcohol-to-Jet
(At)) SKA from mixed alcohols (SKA: synthetic kerosene with aromatics; SPK: synthetic paraffinic ker-
osene; based on [364])

Methanol based Alcohol-to-]Jet (At]) kerosene. Several players have an-
nounced projects to produce Alcohol-to-Jet (At]) SPK based on metha-
nol [302, 363], and an approval process is currently ongoing, with a Task
Force established by ASTM in December 2022. Again, this process will pro-
duce negligible (if any) quantities of aromatics, meaning that again the same
implications as for Fischer-Tropsch (FT) SPK can be assumed (i.e., relatively
low density and high aromatics content required in the conventional blend-
ing component). If At]-SPK from methanol shows a similar, linear boiling
curve like ethanol, T50-T10 and T90-T10 would most likely be large and
probably not a constraint. Other challenges, specific to At]-SPK from meth-
anol cannot be ruled out, as at the time of writing no study on the blending
behaviour of this fuel type is available.

4.3.4.2.2 Aromatics Content

By definition, none of the synthetic kerosene production pathways contain
an aromatisation step, and the fuels therefore are also synthetic paraffinic
kerosenes (SPKs), like Fischer-Tropsch (FT) blendstock. Therefore, both
the requirement for a minimum aromatic content of 8 vol.-% and the fuel
density are further constraining factors identified by the HBBA study. Still,
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in most cases these factors only become binding at blend ratios close to
40 vol.-% or above [135].

However, very recently the company Swedish Biofuels has received ap-
proval for an At]-SKA pathway - where “SKA” stands for synthetic kerosene
with aromatics. The Swedish Biofuels kerosene is designed to correspond
to conventional kerosene in every respect except burning cleaner, with al-
most no contaminants. Due to the similarity, the carbon chain distribution
of this fuel therefore corresponds to that for conventional kerosene. This
process is feedstock flexible, with all alcohols from C; to Cs possible, either
as single alcohols or as mixtures. Approval is for a blend ratio of 50 vol.-%
at first, with approval as a 100 vol.-% fuel to be pursued as a second step.
Blending with conventional kerosene is expected to be easiest for the Swe-
dish Biofuels pathway, as the blending component is designed to corre-
spond to conventional kerosene. As a rule, it should be possible always to
blend up to the limit of 50 vol.-% [303].

4.3.4.2.3 Density

Like Fischer-Tropsch (FT) SPK, neat At]-SPK does not contain aromatics and
thus its density is lower compared to conventional kerosene (in the HBBA
study the density amounted to 757.1 kg/m3, which is substantially below
the specification minimum of 775 kg/m3). The dependency of density on
blend ratio is again linear for blends of conventional and synthetic kerosene
and therefore the resulting density of the blend can be calculated from ini-
tial values of the blend components. For the fuels investigated in the HBBA
study, the limits range from ca. 40 to 70 vol.-%. For AtJ-SKA this will not be
a problem.

4.3.4.2.4 Distillation Curve

In the HBBA study, T50-T10 and to a lesser extent T90-T50 was identified
as a possible obstacle to higher blend ratios of 70 vol.-% or more, as the
sample supplied had relatively low T50-T10 and T90-T10 values and did
not on its own meet target values for the blend.'® However, the HBBA study
used AtJ-SPK from iso-butanol which has a different carbon-chain distribu-

'8 HBBA study, page 77.
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tion than AtJ-SPK from ethanol, for instance. Using iso-butanol (C4) as feed-
stock results in high modal values for C12 and C1¢ molecules, as the oligomer-
ization step primarily generates integer multiples of the feedstock. These
modal values are likely to result in a rather flat distillation curve. In con-
trast, in the kerosene range (Cs-Ci6) there are more integer multiples for
ethanol (Cz). Accordingly, the carbon distribution is most likely rather lin-
ear and thus the resulting distillation curve gradient could be closer to the
specification limits. The At]J-SKA production pathway uses a process that is
independent of the chain length distribution of the initial alcohol, and there-
fore can produce a fuel with a carbon chain length distribution correspond-
ing to that of fossil kerosene, independent of the feedstock alcohol [303].
Early versions of this fuel still had unsatisfactory values for T50-T10 [135],
but in its current form the distillation curve is not a limiting factor. The
Methanol-to-Jet (Mt]) pathway involves a conversion into olefins of differ-
ent chain lengths as an interim step [303], hence the resulting product
should also be well-distributed [365].

4.3.5 Blending Properties

As described in section 4.3.2, an unfavorable combination of a conventional
and synthetic blending component might yield a fuel blend which does not
comply with the ASTM D7566 blend specification or at least the maximum
allowable blending ratio may not be achievable. Accordingly, synthetic and
conventional fuel batches for blending - and thus also in case of the produc-
tion of synthetic blending components by power-based or powerfuel pro-
duction pathways - should be matched carefully in the future aviation fuel
supply chain (Table 4.5). From a technical point of view, even blending ra-
tios beyond the current precautionary limit could be possible, if two favor-
able batches were chosen.

According to ASTM D7566, blending is considered manufacture of Jet A
or Jet A-1, respectively. In Europe an explicit requirement demands that it
shall be conducted upstream of the airport storage [334]. In the US, such a
requirement does not exist. However, in practice, general quality assurance
standards can be expected to rule out blending at the airport[137]. Three
analyses have to be performed before a fuel blend may be used in commer-
cial aviation:

e an ASTM D1655 analysis of the conventional kerosene before blend-

ing,
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e an ASTM D7566 analysis of the neat synthetic kerosene before
blending,
¢ an analysis of the blend, which is described in ASTM D7566, but in

practice, is an analysis of the ASTM D1655 parameters, plus some
additional ones.
Table 4.5 Comparison of properties relevant for the blending of conventional and synthetic kerosene types

(properties critical for blending are marked bold; data based on [135]; AtJ: Alcohol-to-Jet; FT: Fischer-Tropsch;
SPK: Synthetic Paraffinic Kerosene)

Characteristic Conventional FT-SPK At]J-SPK
Carbon-distribu- normal log-normal linear
tion (consisting of inte-
ger-multiples of C-
number of the alco-
hol used)
Composition alkanes (n- and iso-), alkanes (n- and iso-) alkanes (n- and iso-)
cycloalkanes,
aromatics,
heteroatoms
Density reference usually reduced usually reduced

Aromatics con-
tent

Distillation

curve

Lubricity

Freezing point

Smoke point

Flash point

up to 25vol.-%

(lack of cyclic
hydrocarbons)

max 0.5 wt.-%

(lack of cyclic
hydrocarbons)

max 0.5 wt.-%

(as per (as per
ASTM D7566) ASTM D7566)
strongly depends on strongly depends on

feedstock and pro-  feedstock and pro-
cess conditions cess conditions

reference

There is no general correlation between blend ratio and lubricity. In
blends the component with the better lubricity usually positively in-
fluences this parameter.

As long as both individual blend components meet the specification,
also the freezing point of the blend was found to be compliant with
the specification.

The smoke point primarily depends on the aromatics content of a
fuel. Therefore, blends with aromatic free synthetic fuels / blend
components (FT-SPK, AtJ-SPK) show an improved smoke point.

Flash point is mainly influenced by the presence of volatile fuel com-
ponents. In blends this property strongly depends on the blend com-
ponent with the lower flash point. For all blends investigated in the
HBBA study, flash point was not an issue.
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An entire ASTM D1655 analysis requires ca. 20 labor hours and the use of
specialized, expensive equipment. These incur high cost, usually in the
range of thousands of Euros. For the first two analyses these costs are inde-
pendent of the blend ratio and will usually be performed for large batches
of thousands of tons, yielding comparatively low specific (per ton) costs in
the range of a few Euros. This is not the case for the analysis of the blend,
since the cost impact per ton of powerfuel is crucially dependent on the
blend ratio. For single-digit blend ratios, the cost for the analysis will be in-
curred for selling only a few tons of powerfuel, leading to very high costs
per ton. However, for high blend ratios these costs will not be an issue. Fur-
thermore, using low blend ratios implies that large volumes of conventional
kerosene have to be transported to the blending point, inducing complex
and expensive logistics, and in particular potentially increase the transport
distances and thus related emissions [135].

This is why the maximum allowable blend ratio holds significance for
powerfuel producers and blenders, even in the early stages of the market.
It will also be relevant for governments and communities involved in the
planning of logistics and blending capacities [135].

Regarding the actual blending process, currently ASTM D7566 only per-
mits binary blending. This means, a conventional component meeting spec-
ification ASTM D1655 and an alternative, synthetic kerosene blending com-
ponent as specified in any individual annex to ASTM D7566 may be blended.
The resulting blend can be regarded acceptable as an aviation kerosene if it
meets the requirements defined in the body of ASTM D7566 for a target
blend. Such a blend may then again be blended with a blending component
defined in an annex to ASTM D7566.1° However, simultaneous blending of
two or more alternative, synthetic kerosene blending components with con-
ventional kerosene - so-called “multiblends” - is not covered by
ASTM D7566 yet, and hence not permitted. Against the background of in-
creasing production volumes, a broader variety of synthetic kerosene types
and the opportunity to achieve desirable fuel properties by multi-blending,
this can become a practical problem in the future. An ASTM task force is
working on also permitting the production of multiblends. However, as of
now only binary blends are permitted.2?

19 See section 1.2.2 of ASTM D7566-21[280].
20 For a discussion, see DEMO-SPK report, section 6.1.4 and 6.4 [262].
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4.3.5.1 Aromatics Content

In general, a high aromatics content leads to soot and carbon deposit for-
mation during combustion. For this reason, the maximum content of aro-
matics in kerosene is restricted to 25 vol.-% (or 26.5 vol.-%, depending on
test method). Yet, fuels without any aromatics are neither desirable, as aro-
matics contribute to a swell and mass gain of certain elastomer seals and
thus prevent leakage in the aircraft’s fuel system [137]. This chiefly affects
nitrile butadiene rubber, a common elastomer in aviation. When in contact
with aromatic-free fuel after having been exposed to highly aromatic fuel
beforehand, the seal shrinks significantly [135]. Consequently, a minimum
aromatic content of 8 vol.-% (8.4 vol.-%, depending on test method) has
been introduced in ASTM D7566. However, this is only applicable to Jet A
or Jet A-1 containing synthetic kerosene.

Figure 4.24 shows the relationship between aromatic content of the
conventional kerosene and the resulting maximum share of synthetic kero-
sene, to remain within the lower limit for the aromatics content in the blend.
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Figure 4.24 Maximum share of synthetic kerosene as a function of aromatic content in conventional
blending component (grey area indicates a representative value range for fuels leaving pipeline sys-
tems or airport tank farms in Germany; adopted from [137])

The grey area indicates a representative value range for aviation fuels leav-
ing pipeline systems or airport tank farms in Germany. It shows that most
likely for the majority of conventional fuel in use, blend ratios of at least

240 4 — System Integration



50 vol.-% of synthetic kerosene can be achieved. Still, at batch level, the var-
iation of aromatics content is substantially larger (Figure 4.18), thus for
blending individual batches the permissible blend ratio might be substan-
tially lower.

4.3.5.2 Density

Density describes the ratio of a fuel’s mass per its volume. According to
ASTM D1655 and ASTM D7566 the density of Jet A and Jet A-1 must be be-
tween 775 and 840 kg/m3. Consequently, the density of the fuel and the
tank volume of an aircraft defines the maximum fuel mass available on
board and hence its maximum range. In general, the lack of aromatics in the
discussed aviation powerfuels results in a reduced fuel density. For exam-
ple, the fuel densities for neat Fischer-Tropsch (FT) SPK and Alcohol-to-Jet
(At]) SPK measured by the HBBA study were about 760 kg/m3.

Figure 4.25 shows the maximum permissible blend ratio for different
densities of the synthetic blend component (x-axis) and the conventional
blend component (y-axis). Exemplarily, the density for both fuel types of the
HBBA study is also indicated. Assuming a mean density of the kerosene in
Germany of 800 kg/m?3[135] blend ratios of about 60 % seem feasible.
However, this will strongly depend upon the individual conventional fuel
batch.

There is a notable distinction between density as mass per volume and
energy density as energy per mass or per volume. Even though the lack of
aromatics reduces a fuel’s density, the energy content increases due to the
improved combustion behavior of straight-chain hydrocarbons compared
with cyclic hydrocarbons. A higher energy density is generally preferable,
as the same amount of mass stored as fuel leads to a higher energy stored
on board of an aircraft and consequently, the amount of fuel that an aircraft
needs to carry for flight operations can be reduced, resulting in a decrease
in the aircraft's fuel consumption.
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Figure 4.25 Maximum share of synthetic kerosene as a function of aromatic content in conventional
blending component, the grey bar indicates the density of Fischer-Tropsch (FT) SPK and AtJ-SPK
measured by the HBBA study [135](adopted from [137])

4.3.5.3 Distillation Curve

ASTM D7566 states that the volatility and ease of evaporation are con-
trolled by the distillation requirement. The 10 % recovery temperature
guarantees engine start performance by ensuring that volatile compounds
are present [137]. In turn, the final boiling point prevents undesired heavy
fractions (alkanes beyond Cis, poly-aromatics) from being incorpo-
rated [137]. However, the introduction of synthetic kerosene affects the avi-
ation fuel’s composition. As a precautionary measure minimum distillation
gradients have been specified resembling the typical behavior of conven-
tional aviation fuel. Between the 10 % recovery temperature and the 50 %
recovery temperature (T50 to T10) a minimum temperature rise of 15 °C is
required, while from 50 % recovery to 90 % recovery (T90 to T50) an in-
crease in temperature of at least 40 °C is mandatory.

Figure 4.26 shows the distribution of distillation curve gradients for
German kerosene batches and - as illustrative data - the distillation curve
for a single hydrocarbon molecule (C15H3z2) and Alcohol-to-Jet (At]) SPK and
Alcohol-to-Jet (At]) SKA as well as Fischer-Tropsch (FT) SPK. For conven-
tional kerosene, ASTM D1655 only requires to determine the 10 % recovery
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temperature and the final boiling point. It does not specify a certain mini-
mum gradient. Thus - as for aromatics - there may be conventional batches
that do not conform to ASTM D7566. As conventional kerosene contains a
broad range of different hydrocarbons with various chain lengths, the dis-
tillation curves commonly show a distinct slope. This would not be the case
if the fuel would consist only of one molecule type. For example, farnesane
(C1sH3z2; grey line with circles) has a boiling point of 274 °C. Thus, it would
entirely vaporize at this temperature and its distillation curve would be
horizontal.

- % - Germany 5 percentile of all batches — 7~ — Germany 95 percentile of all batches

—O— SIP (farnesane (C1sHs.)) -+ AtJ-SPK (isobutanol)
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Figure 4.26 Distillation curves for conventional kerosene (black lines) and indicative curves fora sin-
gle hydrocarbon molecule (CisHz2) and Alcohol-to-Jet (At)) SPK from isobutanol and ethanol, Alcohol-
to-Jet (At)) SKA from mixed alcohols and Fischer-Tropsch (FT)-SPK; (SKA: synthetic kerosene with
aromatics; SPK: synthetic paraffinic kerosene; based on [135,303]

As it is composed primarily of three different alkanes, the distillation curve
of At]-SPK from iso-butanol is extraordinary flat (dashed grey line with
boxes). This is particularly pronounced below the 50 % recovery point. Spe-
cial attention must therefore be paid to the conventional blending compo-
nent. It must have a very steep gradient for compensation [135]. However,
At] -SPK from ethanol shows a broader range of alkanes and accordingly
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their distillation curve gradient is slightly steeper (dashed grey line). A sim-
ilar behavior can be observed for Alcohol-to-Jet (At]) SKA, which is pro-
duced from mixed alcohols.

A similar situation can be observed for Fischer-Tropsch (FT) SPK. The
distillation curve of the sample investigated in the HBBA study was also
fairly narrow (Tso to T1o = 8 °C). Consequently, the conventional blending
component needs a substantially steeper slope in order to compensate for
it[135]. However, this is not necessarily the case for all Fischer-Tropsch
(FT) SPK batches, as reaction products are highly dependent on reaction
conditions (Section 4.3.4.1) Thus, for blending Fischer-Tropsch (FT) SPK,
the distillation characteristics require special attention; some conventional
kerosene might not be suitable for blending at all [135].

4.3.6 Conclusion and Outlook

In sectors like aviation and maritime, where dependence on liquid hydro-
carbon fuels will most likely persist in the foreseeable future, blending con-
ventional and renewable fuels, such as Power-to-Liquid (PtL) hydrocar-
bons, offers both a necessary path and an opportunity to leverage existing
infrastructure. Thus, a thorough understanding of powerfuel blending re-
quirements and implications is important. In this context, this article pro-
vides an overview of blending these fuels, using the example of aviation
fuels and examining the respective physical and chemical properties of con-
ventional and synthetic kerosene options for all presently approved avia-
tion powerfuel production pathways.

In this context, it can be concluded that physical and chemical proper-
ties of synthetic and conventional kerosene options vary considerably. At-
tention needs to be paid to the specific properties of each blending compo-
nent, to ensure that the resulting blend complies with fuel specifications.
Fuel density, aromatics content and the distillation curve gradient were
found to be critical for some blends, potentially resulting in permissible
blending ratios well below the precautionary blending limit laid out in the
fuel specifications.

As synthetic paraffinic kerosene (SPK) fuels contain no aromatics, the
conventional component needs to contain at least enough aromatics that
the blend still achieves the minimum aromatics content of 8 vol.-%. The lack
of aromatics also results in a rather low density, which again needs to be
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compensated for by the conventional kerosene component. In terms of dis-
tillation curve gradient, the results are less specific. As the distillation curve
gradient of the neat synthetic kerosene strongly depends on process condi-
tions (At]-SPK, FT-SPK) and the (intermediate) feedstock used (AtJ-SPK), a
simple conclusion cannot be drawn. In general, a broader distribution of
carbon-chain lengths appears to be beneficial for this specification require-
ment.

The main goal of the blending procedure as discussed in this article is
to produce a specification compliant blend from a conventional and a syn-
thetic kerosene component. However, in future, with increasing synthetic
kerosene market shares, a more targeted approach towards blending might
be beneficial. i.e. targeted blending might be used to achieve a high fuel en-
ergy content or low aromatics content. In the nearer term, permitting the
use of 100 % synthetic kerosene will permit the use of potentially fully
greenhouse gas (GHG) neutral kerosene, which is not possible with the cur-
rent limitation to a 50 % blend ratio. Similarly, a fully synthetic kerosene, in
particular one with reduced aromatics content and thus improved combus-
tion properties would be beneficial for other impacts besides GHG emis-
sions, namely contrail climate impact and local air quality [17].

In the near future, inclusion of 100 % synthetic fuels in ASTM D7566
can simplify the production process and potentially enable the use of fully
GHG neutral kerosene. Such 100 % synthetic fuels can either be fuels like
AtJ-SKA, where the aromatics production is part of the pathway, or blends
of SPKs with synthetic aromatics. At the same time, research is required on
the blend properties for powerfuel SPKs based on ethanol and / or metha-
nol. In the longer term, the potential of “designing” fuels more specifically
to utilize potentials towards improved local air quality and climate impact
should be investigated.
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Abstract

The mid-term framework of global aviation is shaped by air travel demand
growth rates of 2-5 % p.a. and ambitious targets to reduce aviation-related
COz emissions by up to 50 % until 2050. Alternative jet fuels such as bio- or
electrofuels can be considered as a potential means towards low-emission
aviation. While these fuels offer significant emission reduction potential,
their market success depends on manifold influencing factors like the ma-
turity of the production technology or the development of the price of con-
ventional jet fuel. To study the potential for adoption of alternative jet fuels
in aviation and the extent to which alternative fuels can contribute to the
reduction targets, we deploy a System Dynamics approach. The results in-
dicate that the adoption of alternative fuels and therefore their potential to-
wards low-emissions aviation is rather limited in most scenarios consid-
ered since current production processes do not allow for competitive prices
compared to conventional jet fuel. This calls for the development of new
production processes that allow for economic feasibility of converting bio-
mass or hydrogen into drop-in fuels as well as political measures to pro-
mote the adoption of alternative fuels.
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4.4.1 Introduction

Today, air transport accounts for approximately 12 % of transport-related
and 2 % of all human-induced CO2 emissions [366]. Due to the expected
growth of air travel demand of 2-5 % p.a. [367, 368], COz emissions from
aviation are projected to triple by 2050 compared to today’s level unless
substantial efforts are made to reduce the environmental impact of avia-
tion [369]. For that reason, the International Air Transport Association
(IATA), for instance, strives to improve fleet-wide fuel efficiency by 1.5 %
p-a. from 2009 to 2020, cap net emissions from 2020 (carbon-neutral
growth) and reduce net emissions by 50 % until 2050, relative to 2005 lev-
els [366, 369]. As a consequence, airlines are forced to modernize their fleet
either by replacing old aircraft or by retrofitting new fuel-efficient airframe
and engine technologies (e.g., blended winglets, geared turbofan) into exist-
ing aircraft of the fleet [153, 370]. However, fulfilling the emission reduc-
tion targets solely by fleet modernization will not be possible and even ap-
proaching them would be a substantial economic burden for airlines as long
as aircraft are purely powered by conventional jet fuels [153, 369-371].

Alternative jet fuels produced from biomass or hydrogen from electrol-
ysis powered by renewable electricity have received considerable attention
as a potential means towards low-emission aviation [371-373]. For biofu-
els, five different production pathways have already been certified for use
in current aircraft engines by the American Society for Testing and Materi-
als (ASTM) International as drop-in alternative fuels. The resulting variety
of feedstock (e.g., corn grain, soybean oil, cellulosic biomass) and conver-
sion processes affect the mitigation potential of these alternative fuel types
significantly. Biofuels that are based on cellulosic biomass, for instance, al-
low for a reduction of lifecycle CO2 emissions by up to 80 % compared to
petroleum-derived fuels [371, 374]. However, the large land areas that are
required to grow biomass as well as additional resources such as water and
fertilizer pose an obstacle for the rise of biofuels in aviation. Electrofuels are
a promising alternative to resolve these issues since they only rely on re-
newable electricity, water, and CO; that can be obtained from concentrated
sources or extracted from the air as main constituents. Over the entire life
cycle, the CO2 mitigation potential of electrofuels from renewable electricity
and CO; is estimated to range between 70 % and 87 % compared to petro-
leum-derived fuels [371, 375-377].
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In contrast to operational and technological improvements, alternative jet
fuels are not yet available on a commercial scale since production costs are
much higher than those for conventional jet fuels [92, 372]. One of the main
challenges to ensure the market success of alternative jet fuels is thus to
allow for an economically feasible conversion of biomass or hydrogen from
electrolysis into drop-in alternative fuels. For that, the maturity of the pro-
duction technology, the available production capacities, the price develop-
ment of conventional jet fuel, as well as the air travel and jet fuel demand
can be considered as main determinants. Due to these manifold influencing
factors, understanding the forces of successfully introducing alternative
fuels in aviation is a complex challenge. To this end, a model that allows for
adequately investigating the evolution of the market share of alternative jet
fuel is required. Such a model must depict the behavior of the different ac-
tors of the air transport system (ATS), i.e., passengers, airlines, airports, air-
craft manufacturers, and fuel producers. Moreover, the structure of the ATS
including all relevant influencing factors, interdependencies, and feedback
loops that affect the adoption of alternative jet fuels have to be taken into
account.

System Dynamics is a simulation approach that allows for the study of
dynamic complex systems such as the ATS. In the past, several System Dy-
namics models have been developed to simulate the aggregated and endog-
enous behavior of the ATS. Causes and strategies to manage aviation’s cy-
clical behavior are examined by Pierson and Sterman[146], Liehr et
al. [378],and Weil [379]. Lyneis and Glucksman [380] evaluate the inclusion
of feedback for simulation-based forecasts and Kleer et al. [381] study dif-
ferent pricing strategies for aviation. Pfander et al. [382] focus on trade-offs
between fleet technology and policy alternatives. Urban et al.[383]study
the development of the air transport demand as well as the required fleet
size under consideration of the main interactions between passengers, air-
lines, airports, and aircraft manufacturers. Only one System Dynamics
model by Sgouridis et al. [149] evaluates alternative jet fuels as a means to
reduce aviation emissions. However, this model assumes an exogenous de-
velopment of alternative jet fuel availability instead of integrating the de-
velopment of the production technology into the modeling approach. In ad-
dition to these System Dynamics models, several techno-economic studies
have been carried out to assess the potential of alternative jet fuels [306,
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372,375, 376].These studies only consider the production costs of alterna-
tive fuels and neglect important factors of the ATS that affect the adoption
of alternative fuels in the aviation sector and their potential towards low-
emission aviation.

The objective of this paper is thus to thoroughly investigate the adop-
tion of alternative jet fuels and assess their potential towards low-emission
aviation from the perspective of the ATS. In particular, we are interested in
answering the following two questions: (1) What is the potential for adop-
tion of alternative jet fuels in aviation? (2) To which extent can alternative
fuels contribute to the air transport industry’s reduction targets?

To answer these questions, we deploy a System Dynamics model of the
ATS. Based on existing simulation models, we develop a novel approach that
includes the main actors of the ATS, namely passengers, airlines, aircraft
manufacturers, as well as producers of alternative jet fuels. Uncertainties
inherent to our study are addressed by defining alternative future scenarios
for the development of the the ATS and conducting sensitivity analyses as
well as Monte Carlo simulations. The contribution of our work is twofold.
First, we extend existing System Dynamics models from the literature by
integrating feedback loops related to the production of alternative jet fuels,
resulting in a novel System Dynamics model of the ATS. Second, by applying
the model, a better understanding of possible obstacles for the introduction
of alternative fuel types as well as the potential of alternative fuels towards
low-emission aviation is gained taking into account relevant endogenous
system behavior. This facilitates, amongst others, the development of suit-
able policy measures to accompany the introduction of alternative jet fuels
for decision makers from policy. The remainder of the paper is organized as
follows: We describe the concept and mechanisms of the System Dynamics
model in Section 4.4.2, continue by specifying the database, validating the
model, and presenting and discussing the results of our simulation in Sec-
tion 4.4.3 and finally summarize our findings and give directions for further
research in Section 4.4.4.

4.4.2 Modeling Approach

The System Dynamics model of the ATS consists of four modules, namely
air travel demand, airline industry, aircraft manufacturer, and alternative
fuel producers. Between these modules several interdependencies exist,
which mainly determine the endogenous behavior of the ATS and thus also
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the adoption of alternative jet fuels in aviation. Moreover, the behavior is
influenced by several exogenous parameters (cf. Figure 4.27).
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Figure 4.27 Concept of the simulation model

In a nutshell, air travel demand depends on the external development of the
gross-domestic product (GDP) and population as well as endogenous effects
due to price elasticity of demand and system congestion. Based on the de-
velopment of travel demand, the airline industry adjusts the necessary fleet
sizes (long-term decision) as well as the airline fares (short-term decision).
Decisions on the fleet size are additionally influenced by the operating mar-
gin, which is determined under consideration of aircraft ownership, fuel,
and other operating costs. The operating margin also has an impact on the
number of competitors entering or exiting the market. In turn, the number
of competitors exhibits an influence on the price setting. The same holds
true for the load factor and the unit costs of operating the aircraft fleet per
revenue seat kilometer. In order to adjust the fleet size, aircraft orders can
be placed. These orders are fulfilled by the aircraft manufacturers taking
into account production capacities and delivery delays in the supply chain.
Together with the average fleet age, the fleet size constitutes the central de-
terminant for fuel consumption and thus aviation’s CO2 emissions. The CO>
emissions further depend on the market shares of alternative jet fuels and
their mitigation potential. The adoption decision of the airline industry is
influenced by the price difference between alternative and conventional jet
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fuels as well as supply capacities and mandatory drop-in quotas. The price
and production capacities for alternative jet fuels are adjusted by the alter-
native fuel producers due to changes in fuel demand as well as feedstock
and conversion costs.

In the following, the four modules are described in detail. Thereby, the
modules depicting the customer demand, the behavior of the airline indus-
try, and the aircraft manufacturers are in particular based on previous work
by Pierson and Sterman [146]. This work is extended by taking into account
dynamic manufacturing capacities for aircraft, a detailed breakdown of air-
craft costs, the influence of competition on airline fares, and decisions re-
garding the production and adoption of alternative jet fuels.

4.4.2.1Air Travel Demand

The module depicting the air travel demand is based on the work of Pierson
and Sterman [146]. Air travel demand D (t) depends on the population size
P(t), a reference demand per capita DXEF, which corresponds to the initial
demand per capita, the gross domestic product per capita EPP(t), the air-
line fares E4F(t), and the system congestion E€¢ (t):

D(t) = P(t) - DREF . EGDP(¢) - EAF(t) - ECC (1) (5)

While the population is exogenously given, effects of gross domestic prod-
uct, airline fares, and system congestion are determined within the model.
The effect of system congestion E€¢(t), modeled by the load factor, is ac-
counted for by comparing the current load factor LF(t) to the perceived
load factor PLF (t). Since passengers perceive the current load factor with a
delay t¢6G a first-order smooth function is used. Additionally, the ratio of
perceived to reference load factor is smoothed to take into account that pas-
sengers change their flying habits due to congestion with some delay. The
effects of gross domestic product EPP (t) and airline fares E4F (t) are cap-
tured similarly, albeit without smoothing.

GDP yGDP
ESPP(t) = (GDPS;) (6)
EAF(¢) = (f%fg)y (7)
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cG

%
ECS(t) = (smooth( LF(©) TCG)> (8)

PLF(t)’
PLF(t) = smooth (LF(t), tPLF) 9)
y©PP, y4F and y¢ indicate the sensitivities of demand to gross domestic
product, airline fares, and congestion, respectively.

4.4.2.2 Airline Industry

The modeling of the order behavior of airlines is based on a standard stock
management structure and similar to the model used by Pierson and Ster-
man [146]. Both stocks (aircraft orders SO(t) and fleet capacity AU(t) are
measured in seats, assuming a constant flight distance per seat. Airlines
place aircraft orders at the order rate OR(t). Aircraft in use AU(t) are dis-
carded after a fixed lifetime 74%. The indicated order rate IOR(t) is based
on the desired acquisition rate DAR(t), the supply line adjustment SLA(t),
expected growth rate SLA® (t), and aircraft returning into service RS(t)

OR(t) = max (0,I0R(t)) (10)
IOR(t) = DAR(t) + SLA(t) + SLA®(t) — RS(t) (11)

The desired acquisition rate DAR(t) is the sum of retirements RT (t), adjust-
ments for capacity CA(t), and capacity growth adjustment CA¢ (t). The ad-
justment for capacity CA®(t) is given by the difference between the desired
capacity DC(t) and the aircraft in use AU(t) divided by the time to adjust
capacity 7¢4. The desired capacity is based on estimated demand ED (t) tak-

ing into account the airlines’ target load factor LFREF
DAR(t) = RT(t) + CA(t) + CAS(t) (12)
DC(t) — AU(t)
CA(t) = o (13)
ED(t)

Similarly to the adjustment for capacity, the adjustment for supply line
SLA(t) is given by the difference between the desired supply line DSL(t)
and seats on order divided by the time to adjust supply line 75L. The desired
supply line is estimated using Little’s Law by multiplying estimated delivery
time 7P and desired acquisition rate DAR(t) [145]
DSL(t) — SO(t)
SLA(t) =

TSL

(15)
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DSL(t) = EP - DAR(t) (16)

A desired acquisition rate DAR(t) solely considering current demand and
supply line delays would yield a steady state error in the case of exponential
growth [146]. In the present study, airlines are assumed to consider de-
mand growth, which is taken into account by two growth adjustment fac-
tors, SLA®(t) and CA%(t). They are calculated by the product of seats on
order SO(t) or aircraft in use AU(t), estimated growth rates EGR(t), and a
weighting factor W ¢

SLA(t) = SO(t) - EGT(t) - W€ (17)
CAS(t) = AU(t) - EGR(t) - W€ (18)

The constant W ¢ allows for partial consideration of demand growth rates.
Estimated growth rates EGR(t) are calculated by a standard trend function
[145].

The standard stock management structure is extended by order cancel-
lations and the possibility to store aircraft. Aircraft seat orders SO(t) are
canceled at rate CX(t) if the indicated order rate IOR(t) falls below zero.
The cancellation rate CX(t) is the minimum of the indicated order rate
IOR(t) and the seats on order SO(t) divided by the time to cancel an order

7CX
%50(0 = OR(t) — DR(t) — CX(t) (19)
. SOo(t)\ .
CX(t) = min (IOR(t):TT> if IOR(t) <0 20)
0

Airlines can shift seats between the stocks aircraft in use AU(t) and aircraft
in storage AS(t) atthe rates into storage IS(t) and return into service RS (t).
The rate into storage IS(t) is given by the minimum of the indicated order
rate IOR(t) and the aircraft used divided by the time it takes to store an
aircraft /579 if IOR(t) is below zero and the operating margin OM (t) is be-
low the reference margin OMREF, The return rate into service is similarly
given by the aircraft used AU(t) divided by the time it takes to put an air-

craft into service again 7/5ER if the indicated order rate IOR(t) is above zero.
d
EAU(t) = DR(t) + RS(t) — IS(t) — RT(t) (21)
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IS(t)

min (IOR(t) 15£o)> if IOR(t) < 0 and OM(t) < OMREF (22)
u(t )
RS(t) = { ser U TOR(t) > 0 (23)
0

Airline unit costs are broken down into three different components: aircraft
ownership costs, fuel costs, and other operating costs. Aircraft ownership
costs represent cost components independent of the aircraft utilization, e.g.,
depreciations and insurances. Fuel costs relate to the sales prices of con-
ventional and alternative jet fuels. Other operating costs sum up remaining
cost components related to, e.g., flight crews, landing fees, and administra-
tive costs. The development of these cost components is modeled using
coflow structures [145]. This allows for differentiation between cost com-
ponents that depend on the number of aircraft in use AU (t) (fuel and other
operating costs) and cost components that depend on the total number of
aircraft, regardless of whether these aircraft are used or stored.

The fleet’s fuel use per kilometer FUFLE(t) increases with deliveries
DR(t) of new aircraft and decreases with retirements of used aircraft RT (t).
Thereby, the fuel consumption of new aircraft FUN4(t) is set to a reference
value FUREF at the start of the simulation and assumed to decrease over
time due to technology improvements TI(t). In order to derive the annual
fuel use of the airlines FUANN (t), the fleet’s fuel use FUFLE(t) is divided by
the average yearly flight distance per seat DPS.

d — FUFLE(t) = FUNA(t) — w-RT(t) (24)
dt AU(t)
FUNA(t) = FUREF . TI(t) (25)
NN B FUFLE(t)
FUANN(t) = —Dps (26)

The airlines’ decision behavior with regard to use of alternative fuels relies
on a cost comparison. For both fuel types, the sales price is calculated on a
per liter basis and compared. As soon as alternative fuels provide a cost ad-
vantage against conventional jet fuels, they are preferred. In reality, the
sales prices of fuels will differ for each airline due to regional price differ-
ences. This effect is included by using a table function which represents a
continuous change in the preference function for one fuel type instead of a
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binary step (“either-or”, [145]). Figure 4.28 depicts the effect of relative
price difference on the target share of alternative fuels AFSTAR(t).
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Target share of alternative jet fuel [Dmnl]

0-0 T T T T T T T T 1
-0.50 -0.30 -0.15 -0.06 0.00 0.05 0.17 0.30 0.50

Relative price difference
(price difference/price conventional jet fuel)

Figure 4.28 Table function for the effect of relative price difference between conventional and alter-
native fuel on target share of alternative jet fuel

Based on the total annual fuel consumption FUANN(t), the target share of
alternative fuels AFSTAR(t), a predefined drop-in quota for alternative
fuels AFQ, and the available production capacity for alternative fuels PC(t),
the annual consumption of alternative jet fuels AFU4NN(t) is determined.
From this, the annual emissions E4"N (t) are computed, taking into account
the mitigation potential of alternative jet fuels MP and an emission index
for conventional jet fuels E1.
AFUANN(t) = min (min(AFST4R(t), AFQ) - FUANN(t), PC(t) (27)
EANN(t) = (FUANN(t) — AFUNN(t) - MP) - EI (28)

Also, the modelling of the airline industry’s pricing mechanism is closely re-
lated to the work by Pierson and Sterman [146]. We assume that airlines
use an anchoring-and-adjustment heuristic to determine appropriate
fares [145, 384]. The airline fares AF (t) adjust to a reference level AFREF (¢)
as a goal-seeking process with adjustment time 747,
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d AFREE(t) — AF (t)

EAF@ = —AF
Currentairline fares AF (t) form the anchor to estimate the reference airline
fares AFREF (t). The fares are adjusted to cost changes, competition, and
load factors. The adjustment for cost changes AU¢(t) calculates a minimum
airline fare by correcting unit costs UC(t) for a minimum profitability
PRMIN and the perceived load factor PLF(t). The latter is included to con-
sider that it takes airlines some time to measure the actual load factor. The
adjustment factor for competition A (t) describes how airline fares change
if the number of airline competitors NC(t) changes compared to an initial
reference value NCREF, We assume that fares are reduced if the number of
competitors increases and vice versa. The adjustment factor for load factors
AL (t) captures the behavior of airlines to increase the load factor by means
of yield management. That is, if the perceived load factor PLF(t) is below
the target value LFREF, airline fares are reduced in order to increase the
load factor. The parameters y ¢, y¢ and y ¥ indicate the sensitivities of air-

line fares to unit costs, competition, and load factors, respectively.
AFREF = AF(t) - AVC(t) - AC(t) - ALF (1) (30)

.yUC

(29)

ver _ (UCE 1+ PRMIN
A% () = (AF(t) " PLF(t) ) (31)
Ne@\*
Ac(t) = (W) (32)
Leon  { PLF(®) .

The change of the number of competitors NC(t) can be described by the
airline market entries or exits AME (t), which depend on the effect of the
operating margin E°M(t) and the time to launch or close an airline 7. The
effect of operating margin consists of the ratio of the current operating mar-
gin OM(t) and a reference margin OMREF (t) above which airlines are ex-
pected to enter the market. The parameter y°M represents the sensitivity to
the effect of operating margin. Since it is greater than zero, operating mar-
gins OM(t) above the reference margin OMZEF (t) will cause higher compe-
tition and vice versa.

d
I NC(t) = AME(t) (34)
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EOM(t)

AMEG) = ©— (35)
o (oM@ +1
E° (t) = (W@H) -1 (36)

4.4.2.3 Aircraft Manufacturer

The aircraft manufacturer module depicts how the manufacturing capacity
for new aircraft evolves over time in response to sudden changes of aircraft
order backlogs as they occur frequently. In our model, we assume that these
sudden changes significantly influence aircraft manufacturing capacity
AMC((t) leading to shifts in aircraft delivery times. AMC(t) is modeled as a
goal-seeking process in which aircraft manufacturers seek to achieve a cer-
tain target delivery time 7°T. Hence, the target manufacturing capacity
TMC(t) can be estimated by dividing the actual backlog SO(t) by the target
delivery time 7°7. The difference between current manufacturing capacity
AMC(t) and target manufacturing capacity TMC (t) divided by the time to
adjust manufacturing capacity t™¢ yields the manufacturing capacity
change rate.

SO(t
TMC(t) = # (37)
d AMC(t) — TMC(®)
EAMC(t) = s (38)
4.4.2.4 Alternative Fuel Producers

One of the main challenges for alternative jet fuels is the economic feasibil-
ity of converting biomass or hydrogen from electrolysis into drop-in alter-
native fuels in order to ensure low costs [92, 372].Currently, production ca-
pacities are too low to supply relevant amounts of fuel and production costs
are too high to compete with conventional jet fuel. If production capacities
increase, economies of scale reduce the costs of alternative fuels. This effect
is depicted by the module of the production of alternative fuels. The pro-
duction capacity PC(t) of alternative fuels is modeled by first-order goal-
seeking behavior, which adjusts to a target production volume PCT4R(¢).
This target volume is equal to the demand for alternative fuels. The time to
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adjust production capacity 77¢ causes a constant delay, which takes into ac-
count the time required to install or expand capacities for the production of
alternative fuels.

d PC(t) — PCT4R(t)

aPC(t) == TPC

Economies of scale S(t) depend upon the ratio of the initial production ca-
pacity PCREF (t), which is taken as a reference value, the current production
capacity PC(t), and the degression exponent n, which aggregates effects
due to capital costs, learning, and plant operation and depends on the used
technology [376, 377].

O 40
S(t) = min ((T(t)) ,1) ( )

(39)

The costs of alternative fuels are subdivided into conversion and resource
costs CC(t) and RC(t), respectively. Conversion costs comprise costs of
components due to plant installation and operation while resource costs
comprise the costs of the feedstock used. Thus, only conversion costs are
subject to economies of scale. Both fuel types are influenced by the con-
sumer price index CPI(t) in order to account for inflation. The sum of con-
version and resource costs subtracted by financial incentives per liter
AFI'(t) constitutes production costs PCO(t). Based on the profit margin
PM, the sales price of alternative fuels AFP(t) can be determined.

PCO(t) = CC(t) + RC(t) — AFI'(¢) (41)
CC(t) = S(t) - CPI(¢t) - CCREF (42)
RC(t) = CPI(t) - RCREF (43)
AFP(t) = PCO(t) - (1 + PM) (44)

4.4.3 Validation and Computational Results

4.4.3.1 Data Base and Simulation Set Up

The system of ordinary differential equations described in Section 4.4.2 is
implemented in the software Vensim DSS 6.2 (Ventana Systems, Harvard,
MA, USA). Since the high shares of international and intercontinental flights
create difficulties in defining consistent regional boundaries, a global
framework is chosen for the simulation experiments. All simulation runs
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start in 1991 because no structural changes to the ATS have been indicated
since liberalization took place in the early 1990s. In order to capture each
of the IATA targets, simulations end in 2050. Alternative jet fuels are as-
sumed to become available on a commercial scale from 2020 onwards. For
the numerical integration of the differential equations, Euler-integration
method with a time step of 0.015625 years is applied.

The data base for the simulation experiments is compiled from publicly
available sources. Airline unit costs are estimated by means of an approach
described by Liebeck et al. [385]. Their development is determined under
consideration of improvements in operational and fuel efficiency as well as
the development of the CPI and the price for conventional jet fuels. The im-
provement rate for operational and fuel efficiency is set to 1.5 % per year
according to the IATA reduction targets and in line with historic improve-
ment rates [92]. Time series data related to the development of conven-
tional jet fuel price, population, GDP per capita, and CPI is based on infor-
mation from the Energy Information Administration (Washington, DC,
USA) [268], United Nations (New York, NY, USA), and World Bank (Wash-
ington, DC, USA) [386, 387], respectively. Moreover, many parameters of
the model are calibrated as these parameters are either not directly observ-
able or cannot be obtained from scientific literature with sufficient accu-
racy. To this end, time series of demand taken from Boeing (Chicago, IL,
USA) [388-390], of load factors taken from ICAO (Montreal, QC, Can-
ada) [391], of operating margins taken from Sgouridis [392], and of aviation
emissions taken from IATA (Montreal, QC, Canada) [393] are used.

Calibration followed a two-step procedure. First, data ranges were ob-
tained from scientific literature wherever possible. The parameters were
then calibrated within these ranges to minimize the differences between
historic data and model output by means of maximum-likelihood estima-
tion. For this step, a timeframe from 1991 to 2007 was chosen, which allows
for the inclusion of an ex-post forecast during validation. Six variables were
used for calibration, i.e., aircraft in use, annual aviation emissions, demand,
load factor, operating margin, and airline fares. The resulting set of param-
eter values can be considered to be consistent with other studies, causes
plausible model behavior, and does not interfere with physical laws. For
that reason, we believe that the calibrated values are appropriate for the
purpose of our study.
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In order to take into account uncertainties when investigating the adop-
tion of alternative jet fuels and assess their potential towards low-emission
aviation, the following input parameters are systematically altered in the
simulation model: feedstock costs of alternative jet fuels, conversion costs
of alternative jet fuels, time to adjust production capacity for alternative jet
fuels, mitigation potential of alternative jet fuels, drop-in quota for alterna-
tive jet fuels, and growth factor of conventional jet fuel prices. Biofuels as
well as electrofuels are considered. Table 4.6 gives an overview of all rele-
vant parameters and value ranges.

Conversion and feedstock costs for biofuels were derived from Schafer
etal. [306]. The feedstock costs depend on the biomass used for the produc-
tion of alternative jet fuels, ranging from low-cost biomass waste to expen-
sive plantation wood. Also, the mitigation potential of biofuels differs
amongst the alternative feedstock as indicated by the German Environment
Agency [371]. For electrofuels, the cost factors stem from Moser et al. [394].
Here, feedstock costs are heavily influenced by the energy prices, which are
assumed to range between 0.0 €/L (excess energy free of charge) and
0.15 €/L. Regarding the mitigation potential of electrofuels, it is assumed
that production fully relies on renewable energies. The drop-in quota is
based on several types of alternative fuels that have been certified accord-
ing to ASTM D7566 (standard specification for aviation turbine fuels) [371].
The time to adjust production capacity for alternative jet fuels is derived
from a production start-up schedule for renewable jet fuels given in de Jong
et al. and varied in order to take into account uncertainties [91]. Similarly,
uncertainties related to the development of conventional jet fuel prices are
taken into account by varying prices to grow at different growth rates of
their past average. The System Dynamics model including the required data
file is provided in the Supplementary Materials.

Table 4.6 Selection of parameters related to the adoption of alternative jet fuels that are altered in the simu-
lation experiments.

Parameter Value range for Value range for
biofuels electrofuels

Conversion costs [€2012/L] 0.79 0.83

Feedstock costs [€2012/L] [0.096, 0.84] [0.17,3.92]

Mitigation potential [-] [0.35,0.8] 1

Drop-in quota [-] 0.5 0.5

Time to adjust capacity [a] [3,7] [3,7]
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Growth factor of conventional jet fuel [0.8,1.2] [0.8,1.2]
prices [-]

4.4.3.2 Model Validation

Several validation tests following procedures suggested by Forrester and
Senge [395] and Sterman [145] were performed. Based on tests of the
model structure, we ensured that the structure of the model corresponds to
its real-world counterpart and that system boundaries are chosen ade-
quately. This is in particular given since the structure follows existing model
structures of the ATS (cf. Section 4.4.2) that can be found in the scientific
literature. Relevant feedback loops and influencing factors related to the
adoption of alternative jet fuels are modeled at an appropriate aggregation
level. The same holds true for the model parameters and parameter values.
For each parameter a real-world correspondence can be identified and the
values are in line with findings reported in literature and what is known
from industry (cf. Section 4.4.3.1). Moreover, the model is consistent with
regard to its dimensionality, it shows plausible behavior for extreme condi-
tions, and it was is successfully tested against integration errors.

Regarding the model behavior, the model allows to reproduce modes of
behavior that can be observed in the ATS. For instance, the model exhibits
cyclical behavior when disturbed from equilibrium state by a sudden de-
mand decrease of 25 %. Cyclical dynamics are a very typical characteristic
of the ATS [378]. Moreover, the model is able to reproduce historic system
behavior that is of particular interest for the purpose of our study. That is,
the ex-post timeframe from 2007 to 2016 of the variable used for calibra-
tion (cf. Section 4.4.3.1) is consistent with historic data (cf. Figure 4.29). For
these variables, we additionally applied Theil inequality statistics [145] to
identify the sources of error when comparing the historic data with the
model behavior from 1991 to 2016. The results of this test reveal that most
of the error is rather unsystematic with regard to the model purpose. Only
the statistics for CO2 emissions indicate a higher degree of systematic error
(cf. Table 4.7). This error, however, is of minor importance for the model
purpose since the simulated emissions reveal the same trend as the historic
data.
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Figure 4.29 Comparison between model behavior and historic development for aircraftin use, airline
fares, air travel demand, CO2emission, load factor, and operating margin.

Because alternative jet fuels have not been produced and used at a commer-
cial scale so far, the corresponding model variables cannot be obtained by
means of model calibration methods. Additionally, the long-term horizon of
this simulation study leads to high uncertainties with regard to the devel-
opment of important exogenous influencing factors. For that reason, we
also conducted sensitivity analyses. The results indicate that especially ex-
ternal factors such as economic growth rates, feedstock costs and the miti-
gation potential of alternative fuels, as well as the time required to adjust
fuel production capacities have a substantial influence on the model behav-
ior. Overall, the model reveals a high degree of numerical sensitivity, while
it can be considered robust in terms of behavior mode sensitivity [396]. The

4.4 — Simulation-Based Analysis of the Potential of Alternative Fuels 263



high uncertainty regarding the future development of the ATS is also re-
flected by other studies, e.g., the CONSAVE scenarios (Constrained Scenar-
ios on Aviation and Emissions) [397]. Thereby, our simulation results re-
garding the development of emissions and demand levels in the ATS lie
within the range of forecasts of these studies.

Based on the conducted validation tests, we are confident that the
model can be used to gain new insights with regard to adoption of alterna-
tive jet fuels and their potential towards low-emission aviation. In order to
take into account the uncertainties associated with the development of ex-
ternal influencing factors, we will make use of Monte Carlo simulation and
sensitivity analyses in the following simulation experiments. Moreover, dif-
ferent scenarios of the development of the ATS will be analyzed.

Table 4.7 Theil inequality statistics to compare model behavior with historical data between 1991 and 2016.

Variable Fraction of mean square error due to
bias unequal varia- unequal covaria-
tion tion
Aircraft in use 0.005 0.001 0.993
Airline fares 0.044 0.027 0.929
Air travel demand 0.002 0.014 0.984
CO2 emissions 0.303 0.243 0.453
Load factor 0.026 0.166 0.808
Operating margin 0.001 0.225 0.744

4.4.3.3 Simulation Experiments and Discussion

Various simulation experiments are carried out in order to answer the two
research questions raised in the introduction. The first question addresses
the potential for adoption of alternative jet fuels in aviation while the sec-
ond question is concerned with the extent to which alternative fuels can
contribute to the CO2 emissions reduction targets for the aviation sector.
First, a Monte Carlo simulation with 1000 runs is conducted. During the
Monte Carlo simulation, the values of feedstock costs, mitigation potential,
time to adjust capacity, and the growth factor of conventional jet fuel prices
are varied within the ranges reported in Table 4.6. The values for biofuels
are varied using a uniform distribution. For electrofuels, time to adjust ca-
pacity and the growth factor of conventional jet fuel prices are also varied
using a uniform distribution while a triangular distribution (with a peak at
1.67 €2012/L [394] is used to vary feedstock costs. The mitigation potential
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of electrofuels is not varied, assuming that electricity from renewable
sources is used and thus no emissions are caused by production (cf. Sec-
tion 4.4.3.1).

As outlined in Section 4.4.1, several institutions and organizations have
set ambitious targets to mitigate CO2 emissions from air transport such as a
reduction of net emissions by 50 % until 2050, relative to 2005 levels as
proposed by IATA. The results of the Monte Carlo simulation in Figure 4.30
indicate that achieving this target will require further mitigation measures
since alternative fuels, if at all, only allow for decoupling air travel demand
and CO2 emissions for a limited time span. Even the largest reduction of CO>
emissions, observed for the case of biofuels in our simulation study, only
allows to reduce emissions to approximately 710 Mt/year between 2030
and 2035, which is still an increase of approximately 13 % compared to
2005 emissions (630 Mt/year), followed by an increase to 2014 levels until
2050. The increase in emissions is due to an increase in demand of 280 %
between 2016 and 2050, which is in line with forecasts from the CONSAVE
scenarios (cf. Section 4.4.3.1). One of the main reasons for the limited miti-
gation potential is the drop-in quota of alternative fuels, which is limited to
50 % and thus restricting the possible market share. In order to improve
the mitigation potential, options to increase the drop-in quota should be ex-
plored by engine manufacturers as well as certification authorities.
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Figure 4.30 Results of the Monte Carlo simulation for biofuels (top) and electrofuels (bottom). Grey
areasindicate 100 %, yellow areas 99.5 %, and blue areas the 80 % of simulated values, which are
closest to the median (black line)
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When comparing the adoption for the two investigated types of alternative
fuel, it can be seen that biofuels have an advantage over electrofuels, i.e.,
biofuels gain market shares more often and also at an earlier point in time
than electrofuels. This is mainly due to the lower feedstock costs of biofuels
compared to electrofuels. Current production processes for electrofuels re-
quire significant amounts of electricity and are therefore highly dependent
on the electricity price. Even moderate increases of the electricity price lead
to significant cost benefits of biofuels over electrofuels. In order to exploit
the higher mitigation potential of electrofuels, new production processes
that are more energy-efficient should be developed. The relevance of such
processes is further underlined as electrofuels do not rely on biomass that
requires large areas of land and has to be transported to the production fa-
cilities. Instead, hydrogen from water electrolysis can be supplied easily for
the production of electrofuels. Thus, especially in areas where biomass has
to be transported over long distances or the area to cultivate biomass is very
limited, electrofuels are a promising alternative, provided that economi-
cally feasible production processes exist.

Since the results of the analysis suggest that biofuels provide a higher
potential towards low-emission aviation, this fuel type is further investi-
gated. To this end, three different scenarios are defined, namely a baseline
scenario, a scenario favoring alternative fuels (pro alternative) and a sce-
nario favoring conventional fuel (pro conventional). The scenarios differ in
the values of the mitigation potential of biofuels, the growth factor of con-
ventional jet fuel, the time to adjust capacity, and the feedstock cost, as re-
ported in Table 4.8.

Table 4.8 Parameter values that define the three scenarios considered in the analysis of biofuels.

Parameter Pro alterna- Baseline Pro conven-
tive tional

Feedstock costs [€2012/L] 0.096 0.47 0.84

Mitigation potential [-] 0.8 0.5 0.35

Time to adjust capacity [a] 3 5 7

Growth factor of conventional jet fuel 1.2 1.0 0.8

prices [-]

The pro alternative scenario is the only setting where biofuels gain market
shares (cf Figure 4.31). Thus, a contribution of alternative fuels towards re-
ducing CO2 emissions from aviation can only be achieved if the general con-
ditions favor biofuels significantly.
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Figure 4.31 Market sharesand CO, emissions for biofuels for the baseline (black), pro alternative
(blue), and pro conventional (green) scenario.

This requires very low feedstock costs that can only be realized if biomass
is obtained from waste and if the available amount of biomass from this
source suffices to satisfy fuel demand from the aviation sector. Additionally,
a high growth rate of the price of conventional jet fuel is necessary for bio-
fuels to gain substantial market shares. Provided that market shares are
gained, the reduction of COz emissions as shown in Figure 4 can only be re-
alized if the mitigation potential of biofuels is high. Since the adoption of
biofuels requires them to be produced from waste to ensure low feedstock
costs, a high mitigation potential can be achieved.

In order to trigger demand for biofuels in a less favorable setting, incen-
tives are required. To study the effect of incentives on market shares of bio-
fuels and COzemissions from aviation, we introduce an incentive on the pro-
duction costs (incentive level in €/L) of biofuels for a predefined time pe-
riod (incentive duration) in the baseline scenario. A full factorial simulation
experiment is conducted to study all combinations of incentive level (step
size of 0.05 €/L) and duration (step size of 1 year). The results of this ex-
periment are shown in Figure 4.32.
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Figure 4.32 2050 levels of market shares and CO2 emissions for biofuels for different incentives levels
and an incentive duration of one year (grey) three years (blue) and five years (red), respectively.
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It can be seen that an incentive level of 0.55 €/L is required to trigger de-
mand for biofuels. A further increase of the incentive does not result in ad-
ditional demand in 2050. The same holds true for the incentive duration. An
incentive that supports biofuels for one year is sufficient as an extension of
the duration does not result in additional market shares. This underlines
the importance of political measures to steer the development of the avia-
tion sector. Such measures are currently explored (e.g., Carbon Offsetting
and Reduction Scheme for International Aviation (CORSIA) as proposed by
IATA or already implemented (e.g., inclusion of the European aviation sec-
tor in the European Emission Trading System (ETS)).

4.4.4 Summary

In this paper, a System Dynamics model of the ATS has been developed in
order to investigate the adoption of alternative jet fuels in aviation and their
potential towards low-emission aviation. Real-world data is used to cali-
brate the model by means of maximum-likelihood estimation methods, to
thoroughly validate the model, and to conduct Monte-Carlo simulations as
well as scenario and sensitivity analyses. Based on the simulation experi-
ments, we show that the adoption of alternative fuels is rather unlikely for
the currently certified production pathways. These pathways do not allow
for competitive prices compared to conventional jet fuel, which holds espe-
cially true for electrofuels. In contrast, high growth rates of conventional jet
fuel prices, short durations to increase production capacities, and monetary
incentives are identified as the main drivers for the adoption of alternative
jet fuels. Even if alternative jet fuels are adopted, their potential to achieve
long-term reduction targets for aviation is limited, which is especially due
to existing restrictions regarding the blend of alternative jet fuels with con-
ventional jet fuel. The results emphasize the need for the development of
new production pathways that allow for a more efficient conversion of bio-
mass or hydrogen into drop-in fuels. Additionally, the application of policy
measures seems to be a promising measure to promote the adoption of al-
ternative fuels.

One limitation to our study is that we do not take into account con-
straints on the availability of the feedstock, which is especially important
for biofuels. The same holds true for the impact of an increase in biofuel
demand on land use changes and transport distances between biomass
sources and conversion facilities. Including these results would most likely
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further limit the adoption of alternative jet fuels and their potential towards
low-emission aviation. Future research should investigate these effects in
more detail. Integrating aspects of fuel availability at the airports would be
another way to extend the model. Additionally, the decisions of fuel produc-
ers concerning the deployment of production facilities for alternative jet
fuels, of airlines concerning the adoption of alternative jet fuels, and of pol-
icymakers concerning the application of policy measures could be modeled
and analyzed in more detail. With regard to the passengers, the influence of
more sustainable fuels on the willingness to pay and, thus, overall demand
for alternative jet fuels might be a promising way to extend the scope of the
model.
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4.5 Synthesis — System Integration

The previous sections cover aspects of integrating alternative fuels into the
air transport system, with regard to climate forcing and integration com-
plexity. These sections are now summarized and discussed against other
measures to transform the commercial air transport system towards a
lower climate forcing. Consequently, different measures to integrate the
fuel-related mitigation measures into the commercial air transport system
are described and discussed first (Research Question 4, section 4.5.1) and
then main influential factors for their successful system integration (Re-
search Question 5, section 4.5.2) and their climate forcing (Research Ques-
tion 6, section 4.5.3) are described and discussed, respectively. Lastly, po-
tential trade-offs and interdependencies among these mitigation measures
are discussed in the overall synthesis (section 4.5.4).

4.5.1 Options for System Integration

In this first part, different options for the integration of alternative fuels into
the air transport system are summarized (section 4.5.1.1). Subsequently,
other, not fuel-related transformations of the air transport system to reduce
its climate forcing are discussed (section 4.5.1.2).

4.5.1.1 Synthesis

Three different fields of action concerning the system integration of kero-
sene with a potentially lower climate forcing compared to conventional ker-
osene are studied, namely the targeted use of paraffinic kerosene, blending
requirements of current fuel specifications and system studies for market-
based measures to stimulate demand for alternative aviation fuels with a
reduced climate forcing.

The targeted use of paraffinic kerosene aims at maximizing the climate-
forcing mitigation potentials of a given amount of paraffinic kerosene (sec-
tion 4.1). Kerosene mainly consisting of such paraffinic components can sig-
nificantly reduce contrail-related climate forcing compared to conventional
kerosene, since it causes lower soot emissions due to its very low content
of aromatic components (section 4.1.1 [18, 84-86, 131]). In principle, paraf-
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finic kerosene could be provided from renewable feedstock or from hydro-
processed crude oil-based kerosene. However, it is currently scarcely avail-
able on global markets (section 3.2.4.1 [240]).

Only a small fraction (<10 %) of the commercial flights worldwide
cause the large majority (> 80 %) of the contrail climate forcing [9, 10, 177].
Moreover, contrails are typically formed during a small portion of the entire
flight distance [317]. Targeting flights or even flight segments causing a high
contrail climate forcing with paraffinic kerosene could result in substantial
climate forcing mitigation potentials [10]. But such a concept would require
a new, segregated infrastructure to supply paraffinic kerosene for particu-
larly climate relevant flights and - for the segment-specific allocation - also
modifications of the aircraft in use (section 4.1.2.1.1). Both demands result
in additional operational and partly even infrastructural efforts.

Based on the experiences made during a demonstration experiment to
study the effects on local air quality from using renewably sourced kero-
sene (section 4.2.2.1.1), such efforts are described and differences between
the demonstration flights and a targeted use concept as well as a potential
large-scale application are discussed (section 4.2). Large parts of the supply
chain (e.g., supply lines to and at airports) would need to be duplicated, in-
curring additional costs. A segregated supply of paraffinic kerosene by fuel
tanker trucks appears realistic for short- to medium-range aircraft. Long-
range aircraft, however, are equipped with substantially larger fuel tanks
(about ten times) requiring by far higher fuelling rates for the given short
turnaround times (section 4.2.2.1.1). As a result, fuelling long-range aircraft
during routine operations depends in most cases on a hydrant system, for
which the introduction of a segregated supply would be truly challeng-
ing (section 4.2.3.1).

The current requirements defined by the respective ASTM standards
for fuel blending limits carbon dioxide and contrail-related climate mitiga-
tion potentials (section 4.3). Implications from blending renewably sourced
kerosene show that fuel density, content of aromatic components and the
distillation curve gradient are relevant factors for the permissible blend ra-
tio, due to their strict limits in the present ASTM specifications (sec-
tion 4.3.6 [135-137, 181, 280]). For blends of conventional and renewably
sourced kerosene, also the variation of conventional kerosene’s properties
should be considered (section 4.3.3).
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The study of the air transport system’s dynamics (section 4.4) indicates cen-
tral levers for the market ramp up of renewably sourced kerosene, namely
the cost differential between conventional and renewably sourced kero-
sene, the air transport system’s growth rate and the lead times (“delay”) for
the ramp up of renewably sourced kerosene production capacities (sec-
tion 4.4.3). Currently, a large difference exists between the cost of conven-
tional and renewably sourced kerosene; this is particularly true for renew-
ably sourced kerosene from non-biogenic feedstock (section 4.4.4). The
main reason of this cost differential is that the cost of conventional kerosene
occurring during their use (e.g., cost to recover from more extreme weather
events, additional pressures on health systems from deteriorated local air
quality, higher dams due to a rise in sea water level) are covered by the
global society as a whole instead of solely the users of conventional kero-
sene.

4.5.1.2 Discussion

Measures to transform the commercial air transport system for lower cli-
mate forcing mostly affect flight operations and infrastructure, such as air-
ports and airspace structures [304]. The measures discussed here are flight
route modifications to lower contrail-related climate impacts, more effi-
cient flight operations and the harmonization of airspace structures; they
are listed in Table 4.9.

Table 4.9 Exemplary climate forcing mitigation measures and implications of their system integration into
the air transport system

Measure Description

Flight route modifications for ~ Avoid ice-super-saturated regions to reduce contrail-related cli-
contrail avoidance mate forcing

Modify flight profile and operations to lower fuel required for
flight, e.g., by more continuous descends, direct routings, taxiing
with fewer engines)

More efficient flight operations

Airspace harmonization Modify airspace structures to allow for more direct flight routings

The modification of flight routes could lower contrail-related climate forc-
ing [29, 177, 355]. Persistent contrails form in ice-super-saturated regions
typically characterized by a limited geographical extent[29, 177]. There-
fore, deviating flights around such ice-super-saturated regions might be
possible for a comparatively small trade-off in terms of flight time and fuel
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consumption (and thus additional greenhouse gas emissions) [29, 177,
355]. Measures to increase the efficiency of flight operations typically refer
to modifications of flight profiles to reduce the fuel consumption of individ-
ual flights, e.g., by continuous descends, more direct flight routings or taxi-
ing with fewer running engines [153, 306]. Similarly, the harmonization of
airspaces aims at allowing for more direct routings and thus a reduced fuel
consumption by avoiding conflicting borders of controlled airspace [30].

4.5.2 System Integration

In the following, important factors for a successful integration of the fuel-
related measures and of other transformations of the air transport system
are discussed. Ergo, at first implications for the system integration of fuel-
related measures are described (section 4.5.2.1) and then discussed against
implications for further adoptions of the air transport system (sec-
tion 4.5.2.2).

4.5.2.1 Synthesis

For the targeted use concept, the strategies “uniform allocation”, “flight-
specific allocation” and the “segment-specific allocation” do not only differ
in terms of their climate mitigation potentials, but also in their implications
for a successful system integration. The system integration of a uniform al-
location is comparatively simple, because no actions are required up to
blend shares of about 50 %. Therefore, this measure is considered to be al-
ready available by now (section 4.2.3.1).

Aircraft are either fuelled via refueller trucks (smaller airports) or via a
hydrant system (larger airports) [279]. Targeting individual flights via a
single line hydrant fueling system is practically not feasible; therefore, for
most of the current infrastructure available at airports, a segregated supply
can only be realized using refueller trucks (section 4.2.3.1). Due to their high
fuel demand, long-range aircraft typically cannot be fuelled by such trucks
during the available turnaround time within the given economic con-
straints (section 4.2.3.1 [279]). Thus, a viable targeted use concept for long-
range flights appears only possible in the medium-term, including sufficient
lead time for the respective (significant) infrastructure modifications (e.g.,
the construction of an additional supply line in existing hydrant systems).
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Instead, a segregated fueling of short- and medium-range flights by refuel-
ler trucks appears feasible, potentially even in the short-term (sec-
tion 4.2.3.1). This holds particularly true for airports where the fuel is de-
livered by trucks anyway.

Targeting segments of flights would not only require the infrastructure
modifications mentioned above, but also modifications of the aircraft’s in-
ternal fuel system to allow for an in-flight fuel switching (section 4.2.3.1).
Due to the long development and certification duration of new aircraft tech-
nologies, this measure would probably be available only in the medium-
term. A potential advantage of such a strategy might be that also for long-
range aircraft smaller amounts of paraffinic kerosene would be required.
This could in turn enable its supply by refueller trucks while the majority of
the flights’ fuel demand is supplied via a hydrant system (section 4.2.3.1);
as aresult, this might enable the “segment-specific allocation” even for long-
haul flights.

Current fuel specifications are defined in a way that blends of renewa-
bly sourced kerosene and conventional kerosene can be used in the same
way as neat conventional kerosene (section 4.3.2). Accordingly, in terms of
blending requirements, the system integration of alternative fuels cannot
be simplified any further. To enable the use of neat synthetic kerosene,
mostly the content of aromatic components is often considered critical for
blending [135]. However, several further fuel properties (such as fuel den-
sity and distillation curve gradient) are (in)directly affected by blending re-
newably sourced and conventional kerosene [135, 137]. The lack of aro-
matic components reduces the density of a kerosene type, which might fall
out of the permissible range defined by ASTM and thus needs to be compen-
sated for by the conventional kerosene component (section 4.3.5 [135,
137]).

The system dynamics study of the air transport system provides in-
sights about key levers affecting the system integration of renewably
sourced kerosene. It identifies the air transport system’s growth rate, the
delay for the ramp up of renewably sourced kerosene and the cost differ-
ence between conventional and renewably sourced kerosene as key levers
for a successful market ramp up of renewably sourced kerosene. However,
from a present-day perspective some noteworthy limitations of the study
are recognizable, e.g., a short delay for capacity ramp up and most likely
strong scale effects for renewably sourced kerosene.
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The commercial air transport system’s growth rate almost directly affects
the change in the air transport system’s energy and thus fuel demand.
Higher growth rates would require greater amounts of renewably sourced
kerosene and thus a steeper increase in their production capacities, while
less or even no growth of the air transport system would reduce the efforts
for replacing the majority of aviation’s current fossil fuel-based energy use
demand by renewably sourced kerosene and thus facilitate the mitigation
of aviation’s climate impact (section 4.4.3.3). Similarly, the shorter the delay
for the ramp up of renewably sourced kerosene production facilities (i.e.,
the faster the corresponding facilities can be planned and constructed), the
greater would be the extent to which such fuels can support the reduction
of aviation’s climate forcing (section 4.4.4). The cost difference between
conventional and renewably sourced kerosene could be overcome by either
adequately allocating the use cost of conventional kerosene to its users (e.g.,
by carbon pricing mechanisms, section 4.5.1) or by incentivizing the use of
renewably sourced kerosene (section 4.4.3).

4.5.2.2 Discussion

The main influential factors for the measures to adopt the air transport sys-
tem for lower climate forcing are summarized in Table 4.10. In the follow-
ing, key influential factors facilitating or hindering the respective measures’
system integration are discussed as basis for a comparison with the system
integration implications for the fuel-related measures discussed in the pre-
vious section.

Table 4.10 Exemplary climate forcing mitigation measures and main influential factors for their sys-
temintegration

Category Measure System Integration

Uncertain, due to uncertain mar-
ginal abatement cost and pres-
ently missing incentive schemes

Flight route modifications for
contrail avoidance

More efficient flight operations
Operations and Infrastructure  (continuous descent, direct
routing, single-engine taxi)

Facilitated by reduction of airline
operational cost

Facilitated by reduction of airline
Airspace harmonization operational cost but hindered by
political complexity
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Due to the large effect of fuel cost on airline operating cost, a strong demand
signal exists for reducing fuel consumption of engines and aircraft in gen-
eral [232, 306]. This clearly facilitates the introduction of measures to re-
duce fuel consumption and thus carbon dioxide-related climate forcing such
as more efficient flight routings and the harmonization of airspaces [306]. A
prominent example for airspace harmonization is the EU’s “Single European
Sky” initiative, which has been delayed for a long period of time due to its
political complexity [398].

Flight route modifications to reduce contrail-related climate forcing are
currently not clearly associated with an economic benefit. As of now, the
marginal abatement cost for mitigating contrail-related climate impacts by
flight route modifications have not yet been investigated at depth. First
studies indicate only a comparatively small increase in operating cost due
to an increased fuel consumption [177, 399].

In light of these factors, it appears that measures to lower the air
transport system’s fuel consumption are already largely incentivized by the
airlines’ pressure to lower operational cost. For the system integration of
measures to reduce contrail-related climate forcing, such climate effects
would need to be reflected economically similar to carbon dioxide-related
climate forcing. Thus, including all climate effects of aviation in economic
systems, e.g., via emissions trading schemes, could create an incentive for
the introduction of mitigation strategies such as the targeted use of paraf-
finic kerosene or flight route modifications for contrail avoidance, for which
some studies indicate a high mitigation potential at comparatively low op-
erational cost[177, 399].

4.5.3 Climate Forcing Mitigation Potentials

Now, the climate forcing mitigation potentials of the different system inte-
gration options of the fuel-related measures and of other transformations
of the air transport system are discussed. Initially, the climate forcing miti-
gation potentials of the fuel-related measures are described (sec-
tion 4.5.2.1) and then discussed against mitigation potentials of further air
transport system adoptions (section 4.5.2.2).
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4.5.3.1 Synthesis

The targeted use concept studied in chapter 4 assumes that 5 % of the over-
all kerosene consumption can be provided as neat paraffinic kerosene. Com-
pared to no use of paraffinic kerosene, a uniform allocation to all 844 364
flights in the dataset used here would reduce the contrail energy forcing by
about 4 %. If only the flights with the highest warming contrail forcing re-
ceive neat paraffinic kerosene, the contrail energy forcing would be lowered
by 36 %. In this case, about 10 % of the flights with a net warming contrail
energy forcing would receive paraffinic kerosene. Furthermore, when only
the segments of flights which are responsible for the most warming con-
trails are targeted, the contrail energy forcing would even be lowered by
55 %. Here, about 62 % of the flights with a net warming contrail energy
forcing would receive paraffinic kerosene.

Inter-annually (when comparing the years 2017,2018 and 2019 against
each other), estimated mitigation potentials are rather robust. However, on
shorter time-scales, seasonal and meteorological variations strongly affect
contrail-related climate forcing and thus also the associated mitigation po-
tentials (section 4.1.3.1.3).

Provided that the envisioned ramp up of renewably sourced kerosene
materializes, market shares of paraffinic kerosene would gradually in-
crease. In this case, the advantages of a segment-specific over a flight-spe-
cific allocation diminish at market shares of about 25 % (section 4.1.3.1.2).
Thus, the segment-specific allocation appears only beneficial for a transi-
tional period.

Since the contrail-related climate forcing of the aircraft used for the
demonstration flights are subject to large uncertainties, the associated mit-
igation potentials of the segregated supply were estimated using the previ-
ous model of the same aircraft family (section 4.2.2.1.1). From a flight oper-
ational perspective, both aircraft are very similar since the main difference
among them is the engine type. The contrail energy forcing of the demon-
stration flights with a 35 % renewably sourced kerosene blend was about
11 % lower compared to a case where conventional kerosene would have
been used. By using a 50 % blend, these mitigation potentials might be in-
creased to more than 20 % in terms of contrail energy forcing (sec-
tion 4.2.2.3.2).
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The system dynamics model used here assumes that a blend limit of
50 % remains in place until 2050. Based hereupon, model simulations
achieving a renewably sourced kerosene market share of 50 % reach simi-
lar carbon dioxide emissions level by the year 2050 as in 2019. In this case,
the carbon dioxide emission reductions in 2050 are counterbalanced by the
assumed commercial air transport system’s growth rate (section 4.4.3.3).
This underlines the importance of a specification for neat, renewably
sourced kerosene on the one hand and the significant effect of the expected
commercial air transport system’s growth rates on the other.

4.5.3.2 Discussion

The main influential factors on the climate forcing mitigation potential for
the measures to adopt the air transport system are summarized in Table
4.11. These factors are used as basis for a comparison with the main influ-
ential factors on the climate forcing mitigation potential for the fuel-related
measures discussed in the previous section.

For flight route modifications to lower contrail-related climate impacts,
a simulation study shows a mitigation of almost all warming contrail energy
forcing for a fuel penalty of less than 1% of the overall fuel consump-
tion [29]. Similar results were found by an experimental demonstration of
rerouting flights to avoid contrail formation [399]. However, several ques-
tions remain as to the applicability of such concept in high density airspace
(e.g., above Europe), airspace with high separation minima (e.g., the North
Atlantic flight corridor) and the reliability of contrail climate forcing fore-
casts.

Table 4.11 Exemplary climate forcing mitigation measures and influential factors affecting their system inte-
gration); ? - unknown mitigation potential, low - less than 10 %, medium - up to 50 %, high - up to 100 %

Climate forcing mitigation potential

Category Measure (contrail- / carbon dioxide-related)
Flight route modifications for contrail High
avoidance (high / low)

Operations More efficient flight operations (continu-

. . . . Low
and Infra- ous descent, direct routing, single-engine
. (low / low)
structure taxi)
. o Low
Airspace harmonization
(low / low)
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Typical measures to reduce fuel consumption in terms of flight operations
or airspace harmonization are expected to reduce carbon dioxide-relate cli-
mate forcing by less than 5 % [153, 306]. Reductions in contrail-related cli-
mate forcing can hardly be expected [153, 306].

In light of these factors, flight route modifications and the targeted use
of paraffinic kerosene appear as most promising options to lower contrail-
related climate forcing. Measures to adopt the commercial air transport sys-
tem for lower carbon dioxide-related climate forcing show a rather limited
mitigation potential.

4.5.4 Overall Synthesis

Figure 4.33 shows a comparison of the measures concerning their system
integration complexity and overall climate forcing mitigation. For most
cases, the change in climate forcing and implications for system integration
seem to be correlated - large mitigation potentials can mainly be achieved
for a more complex system integration. Particularly promising measures
would yield a comparatively large mitigation potential at rather low impli-
cations for technology and system.

The targeted use of paraffinic kerosene illustrates this relationship. The
integration of a uniform allocation of paraffinic kerosene into the air
transport system would be simpler than targeting specific flights or even
segments of flights. However, a uniform allocation would also only allow for
a minor mitigation of aviation’s overall climate forcing. A flight-specific al-
location to short- and medium-range flights appears feasible in the short-
term and would allow for a clearly larger mitigation in climate forcing at the
expense of a slightly more complex system integration. A segment-specific
allocation or targeting long-range flights, however, appears rather to be fea-
sible in the medium-term.

In comparison, flight route modifications for contrail avoidance appear
particularly promising. For a seemingly simpler system integration than,
e.g., targeting specific flights, they might yield major climate forcing reduc-
tions by mitigating a large fraction of contrail-related climate impacts.
Measures to reduce fuel consumption either by more efficient flight opera-
tions or by airspace harmonization would only yield minor changes in cli-
mate forcing, but would require notable changes in the air transport system
in some cases (e.g., airspace harmonization).
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For this reason, understanding synergies among the targeted use of paraf-
finic kerosene and modifications of flight routes could reveal further in-
sights. For example, paraffinic kerosene could be used on routes where the
avoidance of ice-super-saturated regions is either impossible or counter-
balanced by a substantially increased fuel consumption. Airspaces with high
traffic densities (e.g., Central Europe) or large aircraft separation minima
(e.g., the North Atlantic region) might impede the diversion of flights for
contrail avoidance. Alternatively, in cases where the avoidance of such re-
gions induces a high fuel penalty (e.g., by deviating from the most economic
flight altitude or by substantially increased flight distances), the use of par-
affinic kerosene might be suitable as well.
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Figure 4.33 System integration and climate forcing mitigation potentials of the system integration
measures discussed in this section

Assessing the mitigation cost of additional hydroprocessing against the
mitigation cost of flight route modifications could indicate their respective
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marginal abatement cost. This would provide further information on the
economic efforts required for their realization.

The commercial air transport system’s dynamics are presently charac-
terized by an incomplete economic representation of the social and envi-
ronmental / ecological costs of using fossil crude oil-based energy carrier.
This results in a large cost differential between conventional, i.e., fossil fuel-
based kerosene and renewably sourced kerosene. Since cost of climate
damages incurred by the extensive use of fossil energy carrier are not in-
cluded in the present economic system based on the current legal framing,
their use is currently clearly favored. This holds true for contrail- and car-
bon dioxide-related climate impacts. A more accurate representation of
these effects and all further climate impacts of aviation in economic systems
(e.g., by including them in emissions trading schemes), could incentivize the
use of renewably sourced kerosene or measures to lower contrail-related
climate forcing, such as the targeted use of paraffinic kerosene or flight
route modifications.

In summary, the comparative discussion of fuel-related mitigation
measures with other mitigation measures indicates two particularly prom-
ising mitigation measures. These are the targeted use of paraffinic kerosene
and flight route modifications to lower contrail-related climate forcing. The
use of renewably sourced kerosene to lower carbon dioxide-related climate
forcing in turn, might be stipulated by more adequately including the cost
of using fossil energy carrier in economic systems. Furthermore, interac-
tions among a targeted use concept and flight route modifications to lower
contrail-related climate impacts might be of particular interest. For exam-
ple, flights for which flight route modifications are not possible could be tar-
geted with paraffinic kerosene.
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5 Summary and
Outlook

This chapter summarizes the results in terms of fuel provi-
sion (chapter3) and system integration (chapter4) and
draws overall conclusions for the role of fuel-related mitiga-
tion measures to mitigate climate forcing of aviation. In the
end, an outlook on potential further research developments
is provided.
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5.1 Summary

The primary goal of this thesis is to contribute towards a better understand-
ing about the role of fuel-related measures to mitigate the climate forcing of
commercial aviation. Both aspects, the availability of a technology to pro-
vide alternative aviation fuels and the integration of such fuels into the air
transport system determine the climate forcing mitigation potential of any
fuel-related measure. Hence, this thesis examines these two aspects, namely
the provision and system integration of fuel-related measures to mitigate
the climate forcing of aviation. Moreover, due to the time-critical nature of
anthropogenic climate change, the duration to implement such fuel-related
mitigation measures is considered as well.

Figure 5.1 shows the fuel-related measures in terms of fuel provision
and system integration classified by contrail- / carbon dioxide-related cli-
mate forcing reduction and climate forcing reduction / system integration,
respectively. The temporal availability of the different measures is indi-
cated by black font for measures available in the short-term (until the year
2030) and grey font for measures available in the medium-term (between
the years 2030 and 2050). Since the potential of measures available in the
long-term (i.e., after the year 2050) is highly uncertain, they are not shown
in this figure.

In the short-term, i.e., until the year 2030, mild hydroprocessing of con-
ventional kerosene and blended renewably sourced kerosene appear to be
realistic options for fuel provision. Mild hydroprocessing of conventional,
crude oil-based kerosene would mainly lower contrail-related climate forc-
ing by about 20 % (in terms of energy forcing) for the assumptions taken in
section 3.1, but also imply a very small increase in carbon dioxide-related
climate forcing. The use of blended renewably sourced kerosene would
moderately lower carbon dioxide-related climate forcing (by up to 50 % de-
pending on their specific lifecycle carbon dioxide emissions and global mar-
ket shares). Regarding the system integration, a uniform allocation of par-
affinic kerosene or targeting short- and medium-range flights appear feasi-
ble. While a uniform allocation could presumably only achieve a minor cli-
mate forcing mitigation, targeting short- and medium-range flights would
allow for a larger climate forcing mitigation (up to 36 % in terms of contrail
energy forcing) at the expense of a moderately more complex system inte-
gration.
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Figure5.1 Fuel-related measures to mitigate the climate forcing of aviation and their effect on cli-
mate forcing and system integration; short-term — until the year 2030, medium-term — between the
years 2030 and 2050

In the medium term, i.e., between the years 2030 and 2050, the develop-
ment of fuel standards for neat paraffinic and / or renewably sourced kero-
sene might enable the utilization of harsh hydroprocessing and neat renew-
ably sourced kerosene. Harshly hydroprocessing the majority of the con-
ventional kerosene would lower contrail energy forcing by about 33 %,
while already considering the small carbon dioxide trade-off from fuel pro-
cessing. Neat renewably sourced kerosene could largely mitigate carbon di-
oxide-related climate forcing by up to 100 %, depending on its specific
lifecycle carbon dioxide emissions and global market shares. The contrail-
related mitigation potential of renewably sourced kerosene strongly de-
pends on the allocation strategy employed. By then, further system integra-
tion measures could potentially be employed, such as a segment-specific al-
location strategy and / or targeting of long-range flights with paraffinic ker-
osene.

In the long-term, i.e., after the year 2050, the majority of aviation fuel in
use should originate from renewable sources of energy to achieve the glob-
ally agreed mitigation targets. In this case the additional benefits of a tar-
geted use of paraffinic kerosene would be substantially smaller compared
to the present situation.
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Based on these results, the following conclusions about the role of fuel-re-
lated measures to mitigate the climate forcing of aviation can be drawn.

e For a transitional period, hydroprocessing of crude oil-based kerosene
can further reduce aviation’s contrail-related climate forcing. This holds
true even when considering additional carbon dioxide emissions from
hydrogen provision required for additional hydroprocessing.

e Renewably sourced kerosene is essential to mitigate aviation’s carbon
dioxide-related climate forcing, because it substitutes the currently used
fossil fuel-based kerosene and thus allows for the mitigation of in princi-
ple all lifecycle carbon dioxide emissions from using kerosene. Addition-
ally, depending on its system integration (i.e., uniform or targeted to
flights with high contrail-related climate forcing), renewably sourced
kerosene can additionally mitigate contrail-related climate forcing.

e The targeted use of paraffinic kerosene (either from renewable sources
of energy or hydroprocessed crude oil-based kerosene) can substantially
mitigate large contrail-related climate forcing. However, depending on
the allocation strategy (flight or segment-specific) and the aircraft types
affected (short- and medium-range or long-range), the system integra-
tion might become increasingly complex.

Overall, fuel-related measures play an important role in mitigating the over-
all climate forcing of aviation. In terms of carbon dioxide-related climate
forcing, they constitute the only option to entirely mitigate lifecycle carbon
dioxide emissions. For contrail-related climate forcing, hydroprocessing of
conventional kerosene and allocating paraffinic kerosene to flights with
high contrail-related climate forcing provide opportunities for further sub-
stantial climate forcing mitigation.

5.2 Outlook

After summarizing the role of fuel-related mitigation measures from a pre-
sent-day perspective in the previous section, this section turns towards fu-
ture research developments. Potential steps for the introduction of fuel-re-
lated measures are discussed in the interaction with other measures, sorted
by their temporal availability.
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5.2.1 Short-term

In the short-term, i.e., until the year 2030, the use of blended renewably
sourced kerosene, mild hydroprocessing, a uniform fuel allocation and po-
tentially targeting short- and medium-range flights with kerosene charac-
terized by a reduced content of aromatic components appear feasible. How-
ever, a deeper understanding as well as the assessment of the broad variety
of possible implications from the introduction of such measures and inter-
dependencies with other mitigation measures require further investigation.

In this regard, the exploration of the extent of lowering the maximum
permissible content of aromatic components contained in conventional fos-
sil fuel-based kerosene can facilitate the introduction of mild hydropro-
cessing. For example, a content of aromatic components below the current
average of about 18 m-% [180] could mitigate contrail-related climate forc-
ing while being in line with existing fuel specifications and could thus be
introduced without any infrastructure and / or aircraft modifications
within the commercial air transport system (cf. section 3.1).

For a timely mitigation of aviation’s carbon dioxide-related climate forc-
ing, the production and use of renewably sourced kerosene should be
ramped up rapidly. For this, the specific design of an appropriate economic
representation considering the use cost of fossil energy carrier should be
investigated. Instead of allocating these costs to society as a whole, these
costs could be solely allocated to the users of fossil fuel-based energy car-
rier. This would reduce the price differential of conventional and renewably
sourced kerosene and in turn stimulate demand for renewably sourced ker-
osene (cf. section 4.4).

Furthermore, it should be evaluated how political and industrial targets
as well as incentive schemes could widen their focus on aviation’s entire
climate forcing instead of carbon dioxide emissions alone. The recent intro-
duction of a monitoring, reporting and verification scheme for non-carbon
dioxide-related climate forcing within the EU Emissions Trading
Scheme [400] can be considered as an initial step towards this direction.
The inclusion of non-carbon dioxide-related climate impacts, and thus also
contrail-related climate impacts, could also further support the introduc-
tion of contrail-related climate forcing mitigation measures.

As long as market shares of renewably sourced kerosene remain far be-
low market shares of conventional kerosene - which is very likely in the
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short-term [154, 167, 205, 206] - allocating paraffinic kerosene to flights
with high contrail-related climate forcing could provide additional mitiga-
tion potentials (cf. section 4.1). Such an approach would benefit from a valid
estimation of the contrail climate forcing of individual flights. Several
measures could potentially improve present models. An online monitoring,
e.g., by sensors during refueling, might provide valuable information about
the actual properties of kerosene used for specific flights and thus could re-
duce uncertainties about a fuel’s content of aromatic components / hydro-
gen content. The effects of engine wear on soot particle emissions could be
considered based on real-world measurements instead of model data, e.g.,
by measuring emissions during maintenance events. Humidity data at air-
craft cruise altitude could be augmented by integrating humidity sensors in
aircraft or at least in a part of the global aircraft fleet. Furthermore, the con-
trail formation of modern engines with lean-burn combustors could be val-
idated by flight measurements and subsequently included in contrail cli-
mate forcing models. By investigating these options in greater detail, the
uncertainties in the contrail-climate forcing estimation of individual flights
could be reduced further.

To maximize the contrail-climate forcing mitigation from a targeted use
concept, flights / flight segments with particularly high contrail-related cli-
mate forcing could be targeted with neat paraffinic kerosene, i.e., kerosene
containing hardly any aromatics. It should be evaluated, if the use of neat
paraffinic kerosene could be viable for a certain share of flights. Provided
that, e.g., each 10t flight of an aircraft can be approved to use neat paraffinic
kerosene, this might allow for a large reduction of contrail-related climate
forcing, while avoiding a costly re-certification of the aircraft. Alternatively,
a new specification for neat paraffinic kerosene could be developed, and at
least new aircraft types could be certified for its use.

Beyond the measures discussed in-depth here, other mitigation
measures might complement fuel-related measures. Strategies for flight
route modifications to avoid ice-supersaturated regions indicate a large
contrail-related mitigation potential but might be limited by the size of such
regions and airspace congestion. Flights could be targeted with paraffinic
kerosene where the vertical extent of the en-route ice-supersaturated re-
gion causes a high fuel penalty for its circumnavigation. Similarly, a targeted
use of paraffinic kerosene could be applied for flights in congested airspaces
where avoidance is not possible due to aircraft separation minima.
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5.2.2 Medium-term

In the medium term, i.e., from the year 2030 onwards, the approval of neat
renewably sourced kerosene, harshly hydroprocessed kerosene and target-
ing long-range flights might allow for further mitigation potentials. In this
period, the ramp up of renewably sourced kerosene plays a decisive role for
achieving the global climate change mitigation goals. In parallel, hydropro-
cessing of conventional kerosene and a targeted use concept are required
for the mitigation of aviation’s climate forcing.

Provided that market shares of renewably sourced kerosene remain
low even beyond 2030, hydroprocessing of conventional fossil fuel-based
kerosene and the targeted use of paraffinic kerosene could potentially sup-
port the mitigation of contrail-related climate forcing. By introducing harsh
hydroprocessing, the use of paraffinic kerosene could be enabled on the ma-
jority of flights. Alternatively, adjusting the airport infrastructure to target
entire long-range flights with paraffinic kerosene would further increase
the mitigation potential of a targeted use concept in the medium-term. In
case of very low market shares of paraffinic kerosene, also segments of
flights could be targeted. In this case, the efforts due to aircraft modifica-
tions for a segment-specific allocation could be alleviated by implementing
a flight-specific allocation strategy at scale and using a segment-specific al-
location strategy only on newly produced aircraft. Furthermore, a segment-
specific allocation strategy might also facilitate targeting of long-range
flights. Since this strategy requires rather small amounts of paraffinic kero-
sene per flight, these might be supplied by refueller trucks to long-range
aircraft, while the remaining kerosene for the respective flight is fuelled
from a hydrant system.

Contrarily, provided that market shares of renewably sourced kerosene
ramp up swiftly towards almost 100 % by 2050, the benefits from addi-
tional hydroprocessing or a targeted use concept would be smaller, because
the lower aromatics content of renewably sourced kerosene itself would
yield about the same effects as hydroprocessed conventional kerosene. In
this case, a specification for neat renewably sourced kerosene would still be
required. Assuming that such a specification maintains a requirement for
minimum aromatics content, it could still be beneficial to consider the ap-
proval and use of a strategy to target e.g., each 10 flight by (neat) paraffinic
kerosene.
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In the medium term, flight route modifications might also provide a further
option to mitigate contrail-related climate forcing. Even if neat paraffinic
kerosene is used, contrail formation takes place, but the contrail lifetime
and optical density is reduced (cf. section 3.1.2.2 [8, 10, 131]). Even if all
contrail-relevant flights could be targeted with paraffinic kerosene, route
modifications might avoid the formation of the contrails with reduced life-
time and optical density. To which extent this can further mitigate contrail-
related climate forcing should be a further field of research.

5.2.3 Long-term

In the long-term, more radical and innovative strategies could unleash fur-
ther potentials but also require careful consideration and further investiga-
tions in order to avoid adverse and unexpected outcomes. It might be valu-
able to investigate the extent to which the cooling climate impact of flights
forming contrails with a negative, i.e., cooling, energy forcing could be main-
tained. This might be possible by the admixture of specific molecules, such
as renewably sourced aromatic compounds or cycloalkanes. However, this
option needs to be studied in greater detail regarding the specific influences
of such molecules and the validity of estimating the contrail-related climate
forcing of individual flights.

Additionally, further fuel options (e.g., alcohols and / or gases), and
technologies (e.g., a counter-rotating open rotor engine) might be available.
Provided that the mitigation targets of the airline industry will be achieved,
aviation’s carbon dioxide emissions should be entirely mitigated by then.
Other climate forcing, e.g., from contrails are not (yet) included in such mit-
igation targets, despite their large contribution towards the overall climate
impact of aviation. The years to come will tell, if and how far the air
transport system'’s overall climate forcing will be mitigated - by the fuel-
related measures discussed here or other, not fuel-related mitigation
measures.
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6 Appendices

292

This chapter contains the supplementary information pub-
lished with the scientific publications included in this thesis.
Specifically, this concerns the sections 3.1 “Hydroprocessing
of Fossil Fuel-based Aviation Kerosene” (Appendix A), 3.2
“Renewable Fuel Options For Aviation” (Appendix B) and 4.1
“Targeted Use of Paraffinic Kerosene” (Appendix C). Addi-
tionally, a list with definitions of relevant terms used in this
thesis is provided (Appendix D).



A. AppendixSection 3.1

A.1  Background
For aviation until 2018, the most prominent climate factors based on effec-
tive radiative forcing (ERF) are contrails, in particular contrail-cirrus clus-
ter at night, followed by historically accumulated CO2 emissions and indi-
rect effects of NOx emissions. Water vapor emissions in the stratosphere,
aerosol-radiation interaction, and aerosol-cloud interaction (both by soot
and sulfur) have a still relevant but smaller climate impact than indirect ef-
fects caused by NOyx emissions [5]. Accordingly, this study focusses on the
contrail-climate impact for the following reasons:

e For the reduction of CO; emissions in aviation, extensive research exists
(e.g. [32,94,123,156]).

e Indirect NOy effects are primarily influenced by combustion tempera-
tures and thus primarily dependent on engine technology instead of the
properties of the hydrocarbon fuel (here: aviation kerosene) in use
(e.g, [31, 1185 ff]).

e All the other remaining effects on global climate recognized and under-
stood so far are either almost one order of magnitude smaller than the
contrail effective radiative forcing (ERF). In some cases, they are not yet
scientifically well understood; e.g., for aerosol-cloud interactions it is
not even clear yet if they have a warming or cooling climate impact [5].

The goal of aviation kerosene processing to reduce soot emissions is to re-

duce the share of components with a high sooting tendency. This can be

achieved by saturation or separation of aromatics. In principle, aromatics
can be separated by extractive distillation, where a high-boiling point polar
solvent is added to the corresponding fraction [81]. Subsequently, high-po-
lar components such as aromatics bind to the solvent, form high-boiling
point molecules, and can thus be removed by distillation. As a high sulfur
content characterizes some crude oils and their straight-run kerosene frac-
tion, the solvent needs to resist these contaminations. Presently used sol-
vents do not fulfil this criterion; thus, the development of new solvents
would be required [83]. As this development requires time, it appears un-
likely that aromatic separation can be used in the short-term. In contrast,
hydroprocessing is a common process used for fuel finishing within modern
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refineries [39]. Depending on reaction types, hydroprocessing can be dis-

tinguished by rather mild processing conditions (“hydrotreatment”) or ra-

ther harsh processing conditions (“hydrocracking”):

e Mild process conditions are typically around 270 to 340 °C and 15 to
30 bar [39] and involve the removal of contaminants such as sulfur and
others and the saturation of unsaturated components, such as alkenes.
The saturation of aromatics into cycloalkanes is also included in this
process, but not the cracking of C-C single bonds.

e Harsher process conditions are typically considered around 370 to
510 °C and 140 to 170 bar [39] and also involve cracking of C-C single
bonds. Thus, cracking of aromatics into acyclic alkanes is possible in
principle under hydrocracking process conditions.

A.2 DataandAssumptions

A.2.1 Aviation Kerosene Properties
The composition of chemical compounds contained typically within fossil
fuel-based kerosene varies significantly by the specific crude oil from which
they are refined?1[135, 357]. The composition of crude oil in turn varies
greatly, typically depending on its respective reservoir. Hence, this varia-
tion might in turn yield regional variability in aromatics content and subse-
quently in the resulting contrail climate impact.

Crude oil is a globally traded commodity. This global trading prevents
direct conclusions about aviation kerosene properties from the crude oil
used as feedstock. Available data for various aviation kerosenes are sum-
marized in Table A1. The substantial variations of the various hydrocarbon
groups typically contained within aviation kerosene are apparent.

Table A1 Average fractions of aviation kerosene components and corresponding ranges (m-% - mass-%; vol-
% - volume %; N/A - not available)

Component Average Min Max Region Refer-

ence
n- and iso-Al- 47 m-% 32m-% 64 m-% global [179]
kanes

21Some kerosene is produced based on coal or natural gas. Compared to the overall kerosene demand,
production from these feedstock is negligibly small [211]. Additionally, these kerosene types are not
considered here as they show significantly higher lifecycle CO2 emissions (natural gas 1.14 to 1.17 and
coal 2 to 2.4 times higher GHG emissions compared to crude oil) [374]. It appears unlikely that a po-
tentially lower contrail climate impact can counterbalance this effect.
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Cycloalkanes 32m-% 23m-% 47 m-% global [179]
Aromatics 18.3 vol-% 12.7vol-%  24.6vol-% global [180]
N/A 5.9 vol-% 25.5vol-% Germany [135]
N/A 11.2vol-%  25.0vol-% UK [362]
Sulfur 1580 ppm 1 ppm 2960 ppm global [180]
490 ppm N/A N/A global [179]
N/A 1 ppm 2676 ppmll  Germany [135]

[al whereas the majority of batches are below 1 500 ppm

Alkanes. The assessed samples average at 47 m-% of n- and iso-alkanes,
with a considerable variation among samples (e.g., 32 m-% or 64 m-%)).
Cycloalkanes average at ca. 32 m-% (some samples indicate 23 m-% or
47 m-%) [179].

Aromatics. Aromatics average at 18.3 vol-%, again with considerable
variation (from 12.7 vol-% to 24.6 vol-%) [180]. Other investigations
found a range between 5.9 vol-% to 25.5 vol-% in Germany, while in the
UK 11.2 vol-% up to 25 vol-% have been measured [135, 362]. Even
though the respective standard ASTM D1655 does not explicitly address
a minimum aromatics content, the specification for synthetic aviation
kerosene, ASTM D7566, does specify a minimum of 8 vol-% [181, 280].
Some samples of fossil fuel-based aviation kerosene batches in Germany
fell below this level. They were produced over two months from one re-
finery and directly delivered to two airports. For one airport, the refin-
ery was the only and the primary supplier for the other. No problems
were observed throughout this period [135]. Naphthalene is a bicyclic
aromatic hydrocarbon and a component of aviation kerosene's aromat-
ics. Due to its molecular structure, it is suspected to be particularly rel-
evant for soot formation [15]. Average naphthalene content amounts to
ca. 1.9 m-% (1.1 m-% to highest 2.3 m-%) globally [179]. As the naphtha-
lene content of an aviation kerosene sample must only be determined if
the aviation kerosene’s smoke point is below 25 mm [181], the reported
sample size is most likely smaller than the sample size for aromatics
content.

Sulfur content. A mean sulfur content of 1 580 ppm, ranging from 1 to
2960 ppm, has been stated [180]. Other sources report an average of
490 ppm, while for Germany most samples contain less than 1 500 ppm
sulfur, even though the specification limit lies at 3 000 ppm [135, 179,
181]. Presently, maximum permissible sulfur contents for diesel and
gasoline are more than two orders of magnitude lower (e.g., 10 ppm in
the EU [401]).
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To sum up, fossil fuel-based kerosene composition varies largely for the re-
spective batch. Additionally, most airports operate an aviation kerosene
storage system to decouple aviation kerosene supply and demand resulting
in an extra mixing of various batches [208]. If the aviation kerosene is trans-
ported via a pipeline to the respective airport (which is the case for most
airports with high aviation kerosene demand, e.g., due to intercontinental
flights), aviation kerosene batches mingle even before the airport’s storage.
Those processes create an averaging tendency, and it can be assumed that
the fossil fuel-based kerosene composition for large airports and longer
time horizons moves closer to the average values typical for the respective
region.

A.2.2 Aviation Kerosene Processing

In present-day refineries, mild hydroprocessing is primarily employed to
ensure compliance with sulfur limits of aviation kerosene specifications
(Figure A1). In Europe, the maximum permissible sulfur content for road
transportation fuels is substantially lower than for aviation kerosene (ca.
0.001 m-% vs. 0.3 m-% [181, 401]). Thus, the process conditions for current
refinery aviation kerosene hydroprocessing are rather mild compared to
gasoline or diesel. To which extent equipment for processing of road trans-
portation fuels could be utilized for aviation kerosene, would need to be the
subject of more specific process (simulation) studies.

Harsh hydroprocessing in turn is primarily employed for cracking vac-
uum gas oil into lighter compounds, such as gasoline or aviation kerosene
in order to increase the yields of such lighter fractions. The aviation kero-
sene fraction from hydroprocessed vacuum gas oil contains almost no aro-
matics. Alternatively, straight-run aviation kerosene from atmospheric dis-
tillation could also be hydroprocessed under harsh conditions. However, it
is questionable to which extent the equipment for vacuum gas oil is usable
for straight-run aviation kerosene from atmospheric distillation.

As the equipment for hydroprocessing is a well-developed technology,
a short-term implementation of the described processing options appears
feasible at scale [74]. Thus, neither substantial investments in aviation ker-
osene processing technology and infrastructure nor the development of
new technologies are considered. Additionally, it is assumed that aviation
kerosene processing strategies are introduced globally and simultaneously.
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Influences on the production of other fuel types or petrochemicals beyond
the scope of this study.

Crude oil
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Figure A1  Basicrefinery scheme for aviation kerosene production

A.2.3 Contrail Climate Impact

The pycontrails / CoCiP model and the required data have been described
extensively elsewhere [9, 10, 164, 177, 185, 186, 193]. Hence, this section
discusses only the particularities of the datasets and configurations used
here (Figure A2).

Weather data is retrieved from the European Center for Medium-
Range Weather Forecast (ECMWF) Reanalysis [192] version 5 for the pres-
sure levels 400, 350, 300, 250, 225, 200, 175 and 150. Meteorological con-
ditions for flights between those pressure levels are interpolated from the
two nearest pressure levels [317].

Flight Data are derived from Automatic Dependent Surveillance Broad-
cast (ADS-B) information from the Opensky historical database [188]. For
computational reasons, this study focusses on departing flights of the five
largest European airports, by passenger numbers. These are London-
Heathrow, Paris Charles De-Gaulle, Amsterdam Schiphol, Frankfurt Inter-
national and Madrid Barajas airport.
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Weather Flight data Performance model
* European Center for * ADS-B Data from Opensky * Eurocontrol Base of
Medium-Range Weather Network Aircraft Data (BADA3.15)
Forecast Reanalysis v5 * Departing flights from 5
(ERA5) largest European airports

A A v

Contrail-Cirrus Prediction (CoCiP) model:

* Relative humidity correction: exponential boost with latitude scaling

* Radiative Heating effects are considered, otherwise default settings

Figure A2 Datasets and configurations used for the Contrail-Cirrus Prediction (CoCiP) Model to es-
timate the contrail-climate impact

The aircraft performance data used to calculate aviation kerosene con-
sumption and the emissions of each flight are computated using the Euro-
control Base of Aircraft Data (BADA) [190] version 3.15. It covers 1409 air-
craft types, of which 250 aircraft types are directly supported and the re-
maining aircraft types are matched with a directly supported aircraft type
considered to be equivalent [190]. The assignment of engine types to air-
craft is based on the Eurocontrol Base of Aircraft Data (BADA) version 3.15.

A.3  Methods

A.3.1 Aviation Kerosene Processing

This study compares three cases against each other: A reference case with-
out additional aviation kerosene processing, a case where all aviation kero-
sene used in the dataset is hydroprocessed under mild conditions and an-
other case where all aviation kerosene is hydroprocessed under harsh con-
ditions. Both hydroprocessing options are considered to be additional pro-
cessing steps. The provision of hydrogen for hydroprocessing incurs CO2
emissions; while their magnitude depends on the respective hydrogen pro-
vision pathway.

The process conditions required for aromatics saturation (hydrotreat-
ment) and cracking of aromatics to acyclic alkanes (hydrocracking) both
also enable heteroatom removal. For most crude oils, sulfur heteroatoms
have the largest share, while other trace elements (e.g., nitrogen or metals)
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usually occur at far smaller quantities [39, 402]. Hence, the additional hy-
drogen requirement is determined by the hydrogen required for aromatics
saturation / cracking and sulfur removal.

Hydrogen required for aromatics saturation/cracking is calculated
assuming stoichiometric reactions for hydroprocessing. Based on data from
the World Fuel Survey [179], a distribution of the aviation kerosene compo-
nents (alkanes, aromatics, etc.) and their average hydrogen content is as-
sumed. Table A2 shows the corresponding values.

Table A2 Composition of the different aviation kerosene components (HC-ratio - hydrogen-to-carbon ratio;
H-content - hydrogen content)

Cru.d ¢ Acyclical- Cycloalkanes  Aromatics Naphthalene
option kanes

HC-ratiol 2.168 2.000 1.347 0.800
H-contentld [m- 15.3m-% 14.3 m-% 10.1 m-% 6.3m-%

%l

[al based on data from [179]

The composition of the aviation kerosene without additional processing is
also based on data from the World Fuel Survey [179]. This study includes
57 samples of different Jet A/A-1 fuels, and appears to be the broadest pub-
licly available aviation kerosene properties dataset as of now.

The hydrogen content of each processing case is calculated as weighted
average of each component’s hydrogen content (Table A3). For hydrotreat-
ment, 50 % of aromatics (incl. naphtalene) assumed to be converted to cy-
cloalkanes and in case of hydrocracking, 80 % of aromatics (incl. naph-
talene). This results in an increase in hydrogen content by ca. 0.3 mass per-
centage points for hydrotreatment and ca. 0.7 mass percentage points for
hydrocracking.

Table A3 Resulting composition of the different aviation kerosene options considered here (values are

rounded)

Processing case Acyclic Al- Cycloal- Aromat- Naphtha- Hydrogen
kanes [m-%] kanes ics [m-%)] lene content [m-

[m-%] [m-%] %]

Reference casel?l 50.0 34.0 15.0 1.0 14.1

Mild hydropro- 50.0 42.0 7.5 0.5 14.4

cessing

Harsh hydropro- 62.8 34.0 3.0 0.2 14.8

cessing

[al based on data from [179]
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The amount of molecular hydrogen required for Hydroprocessing Amy ,p
is derived by (46):

W = My 2 _Amypp +my (45)
, = =
my, + mep my, + mep

With:
My, =AMy pp + My,

Amy yp + My 4

h & Amypp

Amypyp + myq + me,

_ (mH,l + mc,1)h2 — My
- 1—nh,

homiotarn — My (46)
1-1,

& Amypp =

h, denotes the aviation kerosene’s hydrogen mass fraction after processing
and m¢; and my; denote the carbon and hydrogen mass contained in the
aviation kerosene (i=1 before hydroprocessing and i=2 after hydropro-
cessing). The effect of heteroatoms (e.g., sulfur or nitrogen) is not taken into
account. Using the data from Table 3.2, this yields a hydrogen requirement
between ~4 kg2 /tkerosene for mild hydroprocessing and ~8 kguz/tkerosene for
harsh hydroprocessing. These values match the ranges of other studies [74,
83].

Hydrogen required for sulfur removal Amy  is determined based on
the stoichiometric reaction of all sulfur contained in the feedstock to hydro-
gen sulphide (HzS). In (47), Mgy ;pnyur denotes the mass of sulfur contained
in the aviation kerosene and Mgy, the molar mass of sulfur and accord-
ingly Myyqrogen refers to the molar mass of hydrogen:

Msuiphur (47)

A"lH,S = 2 x MHydrogen

MSulphur

The hydrogen sulphide (HzS) can be further processed to retrieve elemental
sulfur [83]. This process step is not considered here. The sum of Amy yp and
Amy s corresponds to the amount of hydrogen required for hydropro-

cessing.
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The increased hydrogen content of aviation kerosene also affects other
properties, than the hydrogen content itself. These are heating value and
water emissions, among others. These properties are adopted using a linear
relationship between the hydrogen content and heating value / water emis-
sions following the methodology described by Teoh et al. for an increasing
aviation kerosene hydrogen content [10].

A.3.2 Contrail Climate Impact

Flight Data from the Opensky database [188] are resampled to a frequency
of 1 minute and latitudinal and longitudinal information is filtered to reduce
erroneous positional information. Flight sections without ADS-B coverage
(e.g., parts of the North Atlantic flight corridor) are estimated using the py-
contrails “resample_and_fill” function. It uses a geodesic interpolation for
data gaps of longer distances and a linear interpolation for shorter dis-
tances. Flights are discarded from the dataset in several cases: (1) when for
atleast one waypoint altitude, latitude or longitude information is not avail-
able or the flight altitude remains below 6000 m or exceeds 13 000 m
(6.5 % of the flights loaded from the Opensky Database). (2) Flights are also
excluded when their aircraft type is not included in the Eurocontrol Base of
Aircraft Data (BADA) performance data (0.2 % of the flights loaded from the
Opensky Database). Some flights contain erroneous positional information
and are excluded after the Contrail Cirrus Prediction Model (CoCiP) has run
(5.6 % of the flights evaluated by CoCiP). The aviation kerosene consump-
tion of the remaining 797 602 flights is used to calculate the amount of avi-
ation kerosene undergoing additional hydroprocessing and the contrail cli-
mate impact of these flights is calculated with the Contrail-Cirrus Prediction
model (CoCiP).

Aircraft performance model data are used to calculate the emissions of
each individual flight by simulating the aircraft performance (e.g., the re-
quired thrust for the present flight state at each waypoint, the fuel con-
sumption and together with the engine model the associated emissions). A
thorough description of the emissions estimation is included in the pycon-
trails / CoCiP version 48.1 documentation [185]. Since the thrust setting is
a central factor for aircraft emissions and thus also the changes in contrail
climate impact by different fuels, an assessment of the simulation results is
provided in the following. In order to take into account the effect of an in-
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creased aviation kerosene energy content from hydroprocessing, an adjust-
ment factor (qconventional/dprocessea) 1S used to adjust the thrust specific
fuel consumption from the BADA data tables towards the processed kero-
sene’s energy content.

For the assessment of the simulated thrust settings, Figure A3 shows a
comparison between the distribution of thrust settings from this study with
a previous study [10]. Both studies use flight data from the same year
(2019) but different flight routes. While this study covers departing flights
from five large, international airports in Europe, the study for comparison
focuses on a traffic dataset for the North Atlantic. In general, both distribu-
tions show a bi-modal distribution, with one distinct peak at thrust settings
around 50 % with a steeper slope at thrust settings below this maximum
and a more gradual slope towards thrust settings of 100 %. In this study,
the second maximum (around thrust settings of 10 %) is more pronounced
than in the comparison study. Simultaneously, the comparison study seems
to estimate slightly higher thrust settings compared to the thrust settings
estimated here. Both differences can be explained by disparities in the traf-
fic datasets. Most likely, the comparison dataset includes a large share of
long-range flights, while this study also includes intra-european connection
flights. Thus, the dataset in this study has a larger fraction of descend-
ing/decelerating flights with reduced thrust settings which could constitute
the more pronounced second maximum at lower thrust settings. The ten-
dency of higher thrust settings in the comparison dataset might be ex-
plained by more pronounced traffic patterns (east- or westbound) across
the North Atlantic resulting in less airspace congestion and thus fewer
speed reduction requirements. In general, however, the difference is not
very pronounced and could also be explained by the fact that the compari-
son study also includes BADA4 aircraft performance data while this study
only considers BADA3. In general, both distributions seem to align appro-
priately.
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Figure A3  Comparison of thrust settings estimated using ADS-B data from the Opensky Network
and the BADA3 aircraft performance data and thrust settings from Teoh et al. [10]

The Contrail Cirrus Prediction (CoCiP) model is applied using the default
settings from pycontrails / CoCiP version 48.1 with two exceptions. On the
one hand, the humidity data of the ECMWF reanalysis 5 (ERA5) data to in-
situ measurements [317] is performed using the “exponential boost with
latitude scaling” method [9]. On the other, radiative heating effects, i.e., the
influence of radiative heating on the contrail plume and thus contrail life-
time are taken into account [9]. Again, the simulation results are compared
to a previous study [10] (Figure A4).

While changes in contrail occurrence, contrail cover and the contrail op-
tical density (T;ontrqiz) are in good agreement between this study and the
comparison study, the changes in mean nvPM emissions number (EI,), en-
ergy forcing per contrail distance and the mean contrail age differ by up to
10 %-points. One explanation might be a different susceptibility to fuel
changes of the fleets investigated. The comparison study primarily focusses
on long-range flights and thus a significantly smaller set of aircraft (and en-
gine) types than this study, which has a higher share of short-haul flights.
This larger variation in aircraft and engine types results in a systematic dif-
ference between both studies, which might explain the different changes in
nvPM emission numbers. As the nvPM emissions number directly affects
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the energy forcing per contrail distance and mean contrail age, these pa-
rameters are directly affected. Furthermore, the comparison study uses a
different method to adjust the humidity information from the ERA5 dataset.
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Figure A4 Comparison of simulation results (solid lines) and results by Teoh et al., (2022) [10]
(dashedlines)

As the occurrence of ice-supersaturated regions and their degree of super-
saturation largely determines the contrail lifetime, the different humidity
scaling methods might also contribute to the differences between both stud-
ies. For additional information, Figure A4 also shows the fleet’s fuel con-
sumption, being anti-proportionate to the increasing fuel energy content
from increasing hydroprocessing intensity. This reduction in fuel consump-
tion decreases the required amount of fuel for hydroprocessing but also
lowers CO2 emissions from fuel combustion. For an increase in hydrogen
content from 14.1 m-% to 14.9 m-%, the fuel consumption (and thus also
the resulting energy forcing) would decrease by less than 1 %, while the en-
ergy forcing due to COz emissions from hydroprocessing (AEFnydroprocessing)
would increase by about 2.5 %.

Contrail efficacy is assumed to be unity in this study. However, various
studies suggest that secondary effects such as a reduction in natural cloud-
iness by contrails or rapid adjustments in atmospheric temperatures sub-
stantially lower the climate efficacy of contrails [5, 174, 175, 403]. Such ef-
fects are subject to large uncertainties [5, 172] and therefore not subject of

304



this study. Figure A5 shows the simulation results for contrail efficacies of
1, of 0.31, which is the lowest available estimate [175] and 0.42 [5].
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Figure A5 Changein net energy forcing for contrail efficacies 0.31( ),0.42( )y dA=1(X. ssum-
ing a 50-year time horizon and medium hydrogen provision emissions (m-% mass-percentage)

As depicted above, increasing the hydroprocessing intensity increases the
relative climate benefit for all contrail efficacies considered. The climate
cost of additional CO2 emissions from aviation kerosene hydroprocessing
(AEFnhydroprocessing) are substantially lower and thus do not counterbalance
the climate benefits of a reduced contrail energy forcing (AEFcontrail), €ven
for contrail efficacies as low as 0.31. Such low efficacies would only slightly
reduce the reduction in net energy forcing by up to 5 %-points. Concluding,
while the contrail efficacy is an important factor for the contrail climate im-
pact in absolute terms, the relative mitigation potential of hydroprocessing
aviation kerosene remains largely unaffected. This is mainly due to the com-
paratively low climate cost of hydroprocessing emissions (AEFnydroprocessing)-
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B.

B.1

Appendix Section 3.2

Synthetic Kerosene Blends (CiH,)

Here, a synthetic kerosene blend is considered as a specification-compliant
blend of a fossil and a synthetic kerosene component. Both usually consist
of a range of hydrocarbons with a typical chain length of 8 to 16 carbon at-
oms. The most prominent hydrocarbon types in aviation fuels are n- and
iso-alkanes, cycloalkanes and aromatics [137]. Seven conversion and two
co-processing options are approved for the provision of synthetic kerosene
by ASTM D7566 and ASTM D1655 [87, 92,94, 102, 123].

Synthesis gas (“Syngas”) is an intermediate suitable to produce sev-
eral fuel options (e.g., FT-SPK) to be produced based on biogenic
and/or non-biogenic renewable feedstock22[216, 217]. For bio-
genic feedstock, two elementary pathways exist. The first covers the
conversion of biomass by an anaerobic digestion (fermentation) into
biogas (mainly CH4 and COz) and the subsequent production of syn-
gas via a reforming process. Second, lignocelluloses-rich biomass
can be converted to syngas by a thermochemical gasification and a
subsequent gas cleaning and conditioning. For non-biogenic feed-
stock, syngas can be produced using electricity from renewable en-
ergy, water and sustainable CO2. Water is split into hydrogen and ox-
ygen by electrolysis utilizing “green” electricity. Renewably sourced
CO; provided from biogenic sources (e.g., biogas or bioethanol pro-
duction) or from atmospheric CO2 is converted with hydrogen into a
syngas by using a reverse-water-gas-shift reaction. If syngas is pro-
duced exclusively based on “green” electricity, these fuels are often
referred to as "power-to-liquid" (PtL) fuel [94, 216, 217]. To produce
synthetic kerosene, this syngas is fed into a Fischer-Tropsch reactor
converting the syngas into a so-called “FT-Crude”. This in turn, can
be fractionated into synthetic kerosene and other products based on
“classical” refinery processes. FT-SPK/A denotes the addition of ar-
omatics, which are considered to be relevant for the sealing of fuel
system components (section 3.2.3.3) [204].

22 A production of syngas based on fossil feedstock (e. g. via coal gasification or methane reforming) is
also possible. Due to the fossil origin of the feedstock, this pathway is not included in the present

study.
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The “Hydroprocessed Esters and Fatty Acids” (HEFA) pathway or
catalytic hydrothermolysis (CH) are suitable conversion processes
for lipid feedstock. The first consists of a combination of a hydro-
genation, cracking and subsequent isomerization. Hydrogen is used
to saturate the ester and/or double bonds of the lipids. The oxygen
naturally present in the oil/fat molecule is separated as water. The
product is then fractionated. The catalytic hydrothermolysis, in turn,
converts the feedstock into alkenes in a water atmosphere under su-
percritical conditions (high pressure and temperature). The alkenes
are subsequently hydrogenated into alkanes and then separated into
individual fuel fractions. Compared with HEFA, the process has a
lower hydrogen demand but a greater degree of technological com-
plexity [216]. HC-HEFA-SPK refers to a similar conversion pathway,
however at present itis only certified for lipids derived from the Bot-
ryococcus braunii algae species [204].

Fermentation is an option to convert sugar into aviation fuel. This is
either performed via the Hydroprocessed-Fermented-Sugars to Syn-
thetic Isoparaffins (HFS-SIP) process, where genetically modified
yeast microorganisms produce a long-chain hydrocarbon (farne-
sene) to be further upgraded by separation and hydrogenation to
farnesane [89, 94, 216]. Alternatively, for the Alcohol-to-Jet (At])
process, sugar or starch is fermented to alcohol, subsequently dehy-
drated (removal of oxygen from the alcohol molecules in the form of
water), oligomerized (formation of long-chain olefins) and hydro-
genated. Again, “classic” refinery processes separate the individual
hydrocarbon product fractions into, among other products, kero-
sene [216]. Lignocellulosic biomass can potentially be used for the
AtJ-SPK or HFS-SIP via saccharification. However, this technology
pathway is still in an early phase [87].

Co-Processing describes the joint refining of e.g. vegetable oils, ani-
mal fats or FT-Crude with fossil crude o0il [216]. As these pathways
contain a large share of feedstock of fossil origin, they are not con-
sidered here.

Currently, the global market share of synthetic kerosene blends is far below
1 %, with the majority being produced via the HEFA process [167]. As they
are specifically produced for use as aviation fuels, their major future utili-
sation would be to gradually replace fossil kerosene.
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B.2 NeatSynthetic Kerosene

Due to a (slightly) different chemical composition of neat synthetic kero-
sene (depending on the specific conversion pathway), compliance with
ASTM D1655 requires additional adaptations. Several production pathways
do not yield aromatics (e.g., HEFA- or FT-SPK) or show a different distilla-
tion curve gradient (e.g., HFS-SIP) [142]. Theoretically, the same production
pathways as described for synthetic kerosene blends can be used for neat
synthetic kerosene production. To which extent all conversion pathways al-
low an unblended use has not yet been determined.

As neat synthetic kerosene is not yet certified for aviation use; i.e. it is
not allowed to be used for commercial flights. Nevertheless, selected air-
plane and engine manufacturer are currently pursuing test flights using
neat synthetic kerosene [404-407]. Like synthetic kerosene blends, their
major use will be as an aviation fuel. Since they allow for a greater reduction
of aviation’s greenhouse gas emissions and potentially also lower aviation’s
non-COz-related climate forcing [17, 27], from an environmental perspec-
tive it would be desirable for them to replace synthetic kerosene blends.

B.3 Methanol (CH;OH)

Methanol is a colourless, toxic, water-soluble liquid. Together with oxygen
(e.g., from air) it forms highly flammable mixtures [223]. Methanol is also
produced from syngas (see above) [219]. The origin of methanol (i.e., fossil
or renewable) is thus primarily determined by the used syngas (sec-
tion 3.2.4.1). Presently, global methanol production ranges from 90 to
100 Mt/a (ca.2 EJ/a). But only less than 1 % of the produced methanol is
from renewable sources [46].

Methanol serves as an important bulk chemical for the chemical indus-
try. In some countries (e.g., China), it is also used as a fuel (component) in
parts of road transport or as a feedstock for the conversion of other fuel
types. Methanol of renewable origin can substitute methanol of fossil origin
in its various applications and thus support defossilation. Methanol could
play an increasingly important role for mobility applications (e.g., maritime
fuel, use in heavy-duty road-transportation). For aviation, methanol could
theoretically either be used directly as a fuel or converted to a synthetic
kerosene via the Methanol-to-Jet pathway. So far, this pathway is not intro-
duced in the evaluation process for a potential certification by ASTM [204].
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B.4 Ethanol (C;HsOH)

Ethanol is a colourless, volatile, water-soluble liquid. Like methanol, to-
gether with oxygen (e.g., from air) it forms highly flammable mixtures [223].
Presently, the major production pathway for ethanol is an anaerobic fer-
mentation of sugar and starch. Ethanol is basically the only alcohol that is
currently produced from renewable feedstock at industrial scale [220, 221];
the global production volume is about 100 Mt/a (ca. 3 EJ/a) [213].

During alcoholic fermentation, sugar is converted by biocatalysts (here:
yeasts) into ethanol and carbon dioxide (COz). Depending on the used bio-
genic resource, various pretreatment steps are required to provide a sugar
solution. After fermentation has been finished, ethanol is separated and pu-
rified. While the use of biomass containing sugar and starch is well-devel-
oped, saccharification of lignocellulosic biomass is not yet fully imple-
mented at commercial scale [220, 223, 242, 269].

A provision of ethanol via syngas processing is also technically feasible.
But, due to still unsolved technical challenges, this pathway has no im-
portance on the global market yet.

Ethanol has a wide range of applications (e.g., fuel or fuel additive, po-
table alcohol, bulk chemical for chemical and pharmaceutical applications).
Additionally, ethanol of renewable origin serves as a platform chemical
within the chemical industry. Also, it can be used as an educt for the Alcohol-
to-Jet conversion pathway to produce synthetic kerosene (At]-SPK) [87].

B.5 Butanol (C.H,OH)

Butanol is a colourless, water-soluble, flammable liquid. It is less volatile
than ethanol or methanol [223]. “Green” butanol is produced via the ABE-
fermentation realised by bacteria (here: clostridia phylum) or other path-
ways such as fermentation by genetically engineered biocatalysts or from
ethanol via the acetaldehyde pathway. Compared to ethanol production, the
conversion efficiency is lower and different products are provided; i.e. there
is a need to separate the product spectrum afterwards [220, 222]. Since the
synthesis of butanol from fossil fuel based reactants is more cost-effective
than ABE-fermentation, most ABE-fermentation plants have been shut
down in the past[222]. Annually around 3.7 Mt/a (ca. 0.1 E]/a) butanol are
produced being clearly less compared to methanol or ethanol produc-
tion [119, 242].
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Butanol can be and is used as a bulk chemical within the chemical industry
[223]. Additionally, it can be used as a fuel (additive) for road transporta-
tion and potentially also for aviation either in direct use or as synthetic ker-
osene via the At] conversion. The use of isobutanol as feedstock for the AtJ-
SPK conversion pathway is already certified [204].

B.6 Ammonia (NH:)

Ammonia is a colourless, water-soluble gas with a pungent smell. The cur-
rent ammonia production is based on the Haber-Bosch process, which syn-
thesises hydrogen and nitrogen to ammonia. Before that, nitrogen is ex-
tracted from ambient air by air separation processes. Currently, hydrogen
for such an ammonia production is provided from natural gas via steam me-
thane reforming. This provision pathway could be replaced by hydrogen
provided by water electrolysis using “green” electricity [118]. The present
global ammonia production amounts to approximately 180 Mt/a (ca.
3.3E]/a) [408].

Currently, fertilizer for agriculture is the main market for ammonia.
Other consumers are the chemical and the pharmaceutical industry. Beyond
replacing the fossil-based ammonia of these industries, ammonia of renew-
able origin is discussed as an option for energy storage and as a maritime
fuel [209, 408-410]

B.7 Methane (CH.)
Methane is a colour- and odourless gas. It is the main component of natural
gas [210]. To produce “green” methane, biomass-based as well as electric-
ity-based supply pathways are possible [210, 220, 226]. During the bio-
mass-based provision, biomass is degraded by anaerobic digestion via var-
ious intermediate steps to methane and carbon dioxide. In subsequent gas
purification processes, pure biomethane is provided [219]. For the electric-
ity-based pathway a methane synthesis is used. Therefore, syngas (sec-
tion 3.2.4.1) is converted to methane (CH4) and water (H20). The global me-
thane production amounts to approximately 2,670 Mt/a, of which less than
0.1 % (< 0.2 EJ/a) are produced from renewable sources [210, 226].
Methane resp. natural gas is used today mainly for heat and power gen-
eration. Compressed methane serves as a fuel for road transport and lique-
fied methane as a marine fuel or fuel for heavy duty transportation. Further-
more, it is a feedstock for the provision of hydrogen and methanol - so far
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mainly from natural gas. In addition to replacing existing use of methane
from natural gas, methane of renewable could also successively replace
other fuels in the transport sector.

B.8 Hydrogen (H>)

Hydrogen is a is a non-toxic, colour- and odourless gas [215]. Most of the
global hydrogen production originates from fossil sources based on natural
gas and coal. Hydrogen of renewable origin can be produced by water elec-
trolysis. Technically, also biochemical, solar-thermal, and other production
pathways are possible being still in an early development stage [215]. If the
electricity for the water electrolysis is provided exclusively from sustaina-
ble, renewable sources (e.g., from photovoltaic and/or wind power plants),
“green” hydrogen can be provided [35, 207, 227]. Annually, about 70 Mt/a
of hydrogen are produced worldwide, but only a minor share via electroly-
sis of water (approximately 0.1 %, ca. 0.01 E]J/a) [244]; the latter does not
necessarily exclude the (partial) use of electricity produced from fossil fuel
energy.

Hydrogen is a key intermediate product in the chemical industry, pres-
ently mainly produced from natural gas via steam methane reforming. It is
a base chemical to produce ammonia and methanol, among others. Hydro-
gen is also used in refinery processes for processing of feedstock and fur-
ther intermediate products (e.g., desulfurization or hydrocracking). In aer-
ospace applications, hydrogen is used as a rocket fuel [215]. Hydrogen pro-
vided by renewable energy is regarded as a central element of a CO2-neutral
energy system [215, 244].
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C. Appendix Section 4.1

C.1  Flight Trajectories

C.1.1 Data
Flight Data are derived from Automatic Dependent Surveillance Broadcast
(ADS-B) information from the Opensky historical database [188]. Flight tra-
jectories consist of departing flights of the five largest European airports
(by passenger numbers). These are London-Heathrow, Paris Charles De-
Gaulle, Amsterdam Schiphol, Frankfurt International and Madrid Barajas
airport.

C.1.2 Methods

Flight Data from the Opensky database [188] are resampled to a frequency
of 1 minute and latitudinal and longitudinal information is filtered to reduce
erroneous positional information. Flight sections without ADS-B coverage
(e.g., parts of the North Atlantic flight corridor) are estimated using the py-
contrails “resample_and_fill” function. It uses a geodesic interpolation for
data gaps of longer distances and a linear interpolation for shorter dis-
tances. Flights are discarded from the dataset in several cases: (1) when for
atleast one waypoint altitude, latitude or longitude information is not avail-
able or the flight altitude remains below 6 000 m or exceeds 13 000 m
(6.5 % of the flights in the 2019 dataset). (2) Flights are also excluded when
their aircraft type is not included in the Eurocontrol Base of Aircraft Data
(BADA) performance data (0.2 % of the flights in the 2019 dataset). Some
flights contain erroneous positional information and are excluded after the
Contrail Cirrus Prediction Model (CoCiP) has run (5.6 % of the flights in
2019 evaluated by CoCiP). The aviation kerosene consumption of the re-
maining flights is used to calculate the amount of paraffinic kerosene avail-
able.

Figure C1 shows the daily amount of flights for each day, and the sea-
sonal (in boxes) and annual (at the ordinate) means for the years 2017,
2018 and 2019. A modest seasonal pattern is recognizable. Typically, the
summer and autumn months include more flights than winter and spring. A
plausible explanation for this behaviour is an increase in leisure air traffic
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activity due to the summer holidays. On an annual basis, in 2017 substan-
tially fewer flights (2166 flights per day) were stored in the database com-
pared to 2018 and 2019 (2420 and 2312 flights per day, respectively). This
can be explained by an increasing coverage area of the OpenSky receiver
network [188], yielding a larger amount of flights to be stored in the data-
base. Additionally, a few short data gaps in the Opensky Database for the
year 2018 (e.g., in September 2018) are apparent.
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FigureC1  Flights of each day for 2017,2018 and 2019 (ordinate) (figures in each box show the
mean for the corresponding timeframe; means of each year are shown in brackets on the ordinate)

Figure C2 shows the distance traveled per flight for each day, and the sea-
sonal (in boxes) and annual (at the ordinate) means for the years 2017,
2018 and 2019. Again, the distance per flight is higher in summer and au-
tumn than during winter and spring for all three years evaluated. Compar-
ing the different years, the distance travelled per flight seems comparatively
constant. Again, the data gaps in the Opensky Database for the year
2018 (e.g., in September 2018) mentioned above are visible.

The mean of 1822 km /flight for the year 2019 is about 17 % higher than
the mean distance per flight of 1516 km/flight estimated by Teoh et al.
(2024) [317]. This can be explained by this study’ focus on large interna-
tional hubs, which typically have a high share of long-range flights.
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C.2  Aircraft Performance

C.2.1 Data

The performance data used to calculate aviation kerosene consumption and
emissions of each flight is computated using the Eurocontrol Base of Air-
craft Data (BADA) version 3.15 [190]. It covers 1409 aircraft types, of which
250 aircraft types are directly supported and the remaining aircraft types
are matched with a directly supported aircraft type considered to be equiv-
alent [190]. The assignment of engine types to aircraft is based on the Euro-
control Base of Aircraft Data (BADA) version 3.15.

C.2.2 Methods

Data from aircraft performance models are utilized to compute the emis-
sions of individual flights through simulations of parameters such as thrust
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requirements at different waypoints, fuel consumption, and emissions as-
sociated with the engine model. Detailed information on emission estima-
tion can be found in the documentation for pycontrails/CoCiP version 48.1.
To accommodate for the increasing energy content in aviation kerosene
with higher hydrogen contents, an adjustment factor (q.onventionai/
Aprocessea) is employed to modify the thrust-specific fuel consumption from
BADA data tables to align with the energy content of processed kerosene.

Figure C3 shows a comparison between the distribution of thrust set-
tings from this study with a previous study by Teoh et al. [10]. Both studies
use flight data from the same year (2019) but different flight routes. While
this study covers departing flights from five large, international airports in
Europe, the study for comparison focuses on a traffic dataset for the North
Atlantic.
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FigureC3  Comparison of thrust settings estimated using ADS-B data from the Opensky Network
and the BADA3 aircraft performance data and thrust settings from Teoh et al. [10]

In general, both distributions show a bi-modal distribution, with one
distinct peak at thrust settings around 50 % with a steeper slope at thrust
settings below this maximum and a more gradual slope towards thrust set-
tings of 100 %. In this study, the second maximum (around thrust settings
0f 10 %) is more pronounced than in the comparison study. Simultaneously,
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the comparison study seems to estimate slightly higher thrust settings com-
pared to the thrust settings estimated here. Both differences can be ex-
plained by disparities in the traffic datasets. Most likely, the comparison da-
taset includes a large share of long-range flights, while this study also in-
cludes intra-european connection flights. Thus, the dataset in this study has
alarger fraction of descending/decelerating flights with reduced thrust set-
tings which could constitute the more pronounced second maximum at
lower thrust settings. The tendency of higher thrust settings in the compar-
ison dataset might be explained by more pronounced traffic patterns (east-
or westbound) across the North Atlantic resulting in less airspace conges-
tion and thus fewer speed reduction requirements. In general, however, the
difference is not very pronounced and could also be explained by the fact
that the comparison study also includes BADA4 aircraft performance data
while this study only considers BADA3. In general, both distributions seem
to align appropriately.

Figure C4 depicts the calculated fuel use per flight for the simulations
by day and as seasonal and annual means. On average, between 4.6 and 5.3 t
of aviation kerosene were used per flight. Again, for 2018 and 2019 slightly
higher values can be observed for summer and autumn compared to the
winter and spring months. Additionally, the estimated fuel consumption in
2018 is considerably higher than in 2019 (on average by about 12 %). This
could either be explained by longer flight distances in the 2018 trajectories
or areduced coverage area of the Opensky receivers for the year 2019, caus-
ing seemingly shorter flights.

C.3  Meteorological Data

C.3.1 Data

Weather data is retrieved from the European Center for Medium-Range
Weather Forecast (ECMWF) Reanalysis version 5 [192] (ERAS5) for the pres-
sure levels 400, 350, 300, 250, 225, 200, 175 and 150. Since these data are
an ex-post analysis, they are not available for flight planning purposes. For
the realization of a targeted paraffinic kerosene use, the use of ex-ante data
from a weather forecast would be necessary, which might incur further un-
certainties.
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C.3.2 Methods

Meteorological conditions for flights between those pressure levels are in-
terpolated from the two nearest pressure levels. The properties and lifetime
of the simulated contrails is highly sensitive to relative humidity data [9,
193, 318], but the data are limited in this regard. Relative to radiosonde
measurements, the ice-supersaturated regions within the ERA5 data could
be overestimated [411], but in-situ measurements suggest an underestima-
tion [412]. Additionally, in-situ measurements suggest generally higher ice
supersaturation values than found in the ERA5 data [186, 343, 411, 412].
Teoh et al. developed a correction method to improve consistency between
the ERAS humidity data and in-situ measurements [9]. This method is also
applied in this study to adjust the ERA5 humidity data.

Year
2019 [4.62 [t/flight]] 2018 [5.29 [t/flight]] 2017 [4.84 [t/flight]]
Fuel per flight [t/flight]

01. January 20. March 21. June 22. September 21. December
Day of year
FigureC4 Calculated fuel use per flight for each day for 2017,2018 and 2019 (ordinate) (figuresin
each box show the mean for the corresponding timeframe; means of each year are shown in brackets
on the ordinate)

317



318



D. Termsinthis Thesis

Table D1 Description and synonyms of common terms used throughout this thesis

Term Description Used in Syno-
specification p Chapter nyms
any substance which can be used as an energy source in
fuel . : 1-9
combustion engines
C . 1,3,42,5
alternative f. 2 fuel Whl(?h is atyplc::'llly .used, e.g.,, the use of ethanol 6.1 63, 6.4,
where typically gasoline is used 7.9
any substance, which can theoretically be used as an en- 1-5,
aviation f. ergy source in combustion engines of aircraft, regardless 6.1, 6.2, 6.3
of its compliance with aviation fuel specifications 8
ja::efrnatlve alternative fuel for aircraft engines (s. above) 6.1, 6.4
a mixture of hydrocarbons comprising cyclic and acyclic -
. . . aviation
kerosene molecules of an approximate chain length of eight to 16 1-9 Kerosene
carbon atoms
- 1-3,4.1,
aviation k.  s. kerosene 61,62 63 kerosene
kerosene-like alternative aviation fuel, fuel, e.g., renewa- 2 42
alternative k. bly sourced kerosene or crude oil-based kerosene with a 6’ 3 7’
reduced aromatics content -
conventional typically used kerosene from conventional sources, i.e.,
K crude-oil, natural gas liquid condensates, heavy oil, shale 1-9
) oil and oil sands [181]
svnthetic k kerosene from alternative sources, i.e., coal, natural gas, 3,4.2,4.3
y " biomass, fatty esters acids among others [280] 6.2,6.3,7
2,3
fossil (fuel- kerosene from fossil sources, e.g., crude oil, heavy oil, 4.1,4.3
)based k. coal, natural gas 5,6.1,
7-9
renewably- kerosene from renewable sou'rce.s of energy, e.g, bio- 23,43
mass, hydrogen and carbon dioxide provided by renewa-
sourced k. 5,6.1,6.2
bly sourced energy
biofuels s. renewably sourced k. 6.3,6.4
renewably sourced k. from non-biogenic sources, e.g., hy- electro-
powerfuels drogen and carbon dioxide provided by renewably 2,3,63 fuels
sourced energy
electrofuels s. powerfuels 6.4 power=
fuels
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.. kerosene with an increased hydrogen content (mainly by
low contrail . . -
K removing aromatic compounds) to reduce contrail-re- 4.1,6.2
) lated climate forcing

. kerosene containing only alkanes (straight-chain, satu- 3,42,43,5,
paraffinic k. 6.1, 6.3,
rated hydrocarbons) 7.9
drop-in k kerosene compliant with current fuel specifications, i.e., 42 435
P ) ASTM D1655 (and ASTM D7566, if applicable) B
non drop-in  kerosene not compliant with current fuel specifications, 425

k. i.e., ASTM D1655 and ASTM D7566

320



7 References

[7]

[PCC, "Summary for Policymakers," Global Warming of 1.5°C. An IPCC Special
Report on the impacts of global warming of 1.5°C above pre-industrial levels
and related global greenhouse gas emission pathways, in the context of
strengthening the global response to the threat of climate change, sustainable
development, and efforts to eradicate poverty, 2018. [Online]. Available:
https://www.ipcc.ch/site/assets/uploads/sites/2/2019/05/SR15_SPM_
version_report_LR.pdf

United Nations, "Paris Agreement: COP21," United Nations, 2015. Accessed:
Nov. 2, 2024. [Online]. Available: https://unfccc.int/sites/default/files/eng-
lish_paris_agreement.pdf

IATA, Resolution on the industry's commitment to reach net zero carbon
emissions by 2050, 2021. Accessed: Nov. 2, 2024. [Online]. Available: https://
www.iata.org/contentassets/dcd25da635cd4c3697b5d0d8ae32e159//iata-
agm-resolution-on-net-zero-carbon-emissions.pdf

ICAO. "ICAO welcomes new net-zero 2050 air industry commitment." Ac-
cessed: Nov. 2, 2024. [Online]. Available: https://www.icao.int/Newsroom/
Pages/ICAO-welcomes-new-netzero-2050-air-industry-commitment.aspx

D. S. Lee, D. W. Fahey, A. Skowron, M. R. Allen, U. Burkhardt, Q. Chen, S. J.
Doherty, S. Freeman, P. M. Forster, ]. Fuglestvedt, A. Gettelman, R. R. de Leon,
L. L. Lim, M. T. Lund, R. ]. Millar, B. Owen, ]. E. Penner, G. Pitari, M. ]. Prather,
R. Sausen, and L. J. Wilcox, "The contribution of global aviation to anthropo-
genic climate forcing for 2000 to 2018," Atmospheric environment (Oxford,
England : 1994), early access. doi: 10.1016/j.atmosenv.2020.117834.
P.Jaramillo, S. Kahn Ribeiro, P. Newman, S. Dhar, O. E. Diemuodeke, T. Kajino,
D.S. Lee, S. B. Nugroho, and X. Ou, "Transport," in Climate Change 2022 - Mit-
igation of Climate Change, Intergovernmental Panel on Climate Change
(IPCC), Ed., Cambridge University Press, 2023, pp. 1049-1160.

"Annex III: Tables of Historical and Projected Well-mixed Greenhouse Gas
Mixing Ratios and Effective Radiative Forcing of All Climate Forcers," in Cli-
mate Change 2021 - The Physical Science Basis, Intergovernmental Panel on
Climate Change (IPCC), Ed., Cambridge University Press, 2023, pp. 2139-
2152.

321



[8] B.Karcher, "Formation and radiative forcing of contrail cirrus," Nat Commun,
early access. doi: 10.1038/s41467-018-04068-0.

[9] R. Teoh, Z. Engberg, U. Schumann, C. Voigt, M. Shapiro, S. Rohs, and M. E. J.
Stettler, "Global aviation contrail climate effects from 2019 to 2021," Atmos.
Chem. Phys., vol. 24, no. 10, pp. 6071-6093, 2024, doi: 10.5194 /acp-24-6071-
2024.

[10] R. Teoh, U. Schumann, C. Voigt, T. Schripp, M. Shapiro, Z. Engberg, ]. Molloy, G.
Koudis, and M. E.]. Stettler, "Targeted Use of Sustainable Aviation Fuel to Max-
imize Climate Benefits," Environmental science & technology, early access.
doi: 10.1021/acs.est.2c05781.

[11] H. Appleman, "The Formation of Exhaust Condensation Trails by Jet Aircraft,"
Bulletin of the American Meteorological Society, vol. 34, no. 1, pp. 14-20,
1953, doi: 10.1175/1520-0477-34.1.14.

[12] U. Schumann, "Uber Bedingungen zur Bildung von Kondensstreifen aus Flu-
gzeugabgasen,” metz, vol. 5, no. 1, pp. 4-23, 1996, doi:
10.1127 /metz/5/1996 /4.

[13] L. Bock and U. Burkhardt, "Reassessing properties and radiative forcing of
contrail cirrus using a climate model," ]. Geophys. Res. Atmos., vol. 121, no. 16,
pp. 9717-9736, 2016, doi: 10.1002/2016]D025112.

[14] U. Schumann and A. J. Heymsfield, "On the Life Cycle of Individual Contrails
and Contrail Cirrus," Meteorological Monographs, vol. 58, 3.1-3.24, 2017, doi:
10.1175/AMSMONOGRAPHS-D-16-0005.1.

[15] T. Schripp, B. Anderson, E. C. Crosbie, R. H. Moore, F. Herrmann, P. Of3wald, C.
Wahl, M. Kapernaum, M. Kohler, P. Le Clercq, B. Rauch, P. Eichler, T. Mikoviny,
and A. Wisthaler, "Impact of Alternative Jet Fuels on Engine Exhaust Compo-
sition During the 2015 ECLIF Ground-Based Measurements Campaign," Envi-
ronmental science & technology, early access. doi: 10.1021/acs.est.7b06244.

[16] T. Brauer, C. Voigt, D. Sauer, S. Kaufmann, V. Hahn, M. Scheibe, H. Schlager, G.
S. Diskin, J. B. Nowak, J. P. DiGangi, F. Huber, R. H. Moore, and B. E. Anderson,
"Airborne Measurements of Contrail Ice Properties—Dependence on Tem-
perature and Humidity," Geophys. Res. Lett., vol. 48, no. 8, 2021, doi:
10.1029/2020GL092166.

[17] C. Voigt, ]. Kleine, D. Sauer, R. H. Moore, T. Brauer, P. Le Clercq, S. Kaufmann,
M. Scheibe, T. Jurkat-Witschas, M. Aigner, U. Bauder, Y. Boose, S. Borrmann, E.
Crosbie, G. S. Diskin, ]. DiGangi, V. Hahn, C. Heckl, F. Huber, ]. B. Nowak, M.
Rapp, B. Rauch, C. Robinson, T. Schripp, M. Shook, E. Winstead, L. Ziemba, H.
Schlager, and B. E. Anderson, "Cleaner burning aviation fuels can reduce con-
trail cloudiness,” Commun Earth Environ, vol. 2, no. 1, 2021, doi:
10.1038/s43247-021-00174-y.

322



[18] T. Schripp, B. E. Anderson, U. Bauder, B. Rauch, J. C. Corbin, G. J. Smallwood, P.
Lobo, E. C. Crosbie, M. A. Shook, R. C. Miake-Lye, Z. Yu, A. Freedman, P. D.
Whitefield, C. E. Robinson, S. L. Achterberg, M. Kéhler, P. OfRwald, T. Grein, D.
Sauer, C. Voigt, H. Schlager, and P. LeClercq, "Aircraft engine particulate mat-
ter emissions from sustainable aviation fuels: Results from ground-based
measurements during the NASA/DLR campaign ECLIF2/ND-MAX," Fuel, vol.
325, p. 124764, 2022, doi: 10.1016/j.fuel.2022.124764.

[19] B. T. Brem, L. Durdina, F. Siegerist, P. Beyerle, K. Bruderer, T. Rindlisbacher, S.
Rocci-Denis, M. G. Andac, ]. Zelina, O. Penanhoat, and ]. Wang, "Effects of Fuel
Aromatic Content on Nonvolatile Particulate Emissions of an In-Production
Aircraft Gas Turbine," Environmental science & technology, early access. doi:
10.1021/acs.est.5b04167.

[20] T. Brauer, C. Voigt, D. Sauer, S. Kaufmann, V. Hahn, M. Scheibe, H. Schlager, F.
Huber, P. Le Clercq, R. H. Moore, and B. E. Anderson, "Reduced ice number
concentrations in contrails from low-aromatic biofuel blends," Atmos. Chem.
Phys., vol. 21, no. 22, pp. 16817-16826, 2021, doi: 10.5194/acp-21-16817-
2021.

[21] B. Karcher, U. Burkhardt, A. Bier, L. Bock, and I. J. Ford, "The microphysical
pathway to contrail formation," J. Geophys. Res. Atmos., vol. 120, no. 15, pp.
7893-7927, 2015, doi: 10.1002/2015]D023491.

[22] ]. Kleine, C. Voigt, D. Sauer, H. Schlager, M. Scheibe, T. Jurkat-Witschas, S. Kauf-
mann, B. Karcher, and B. E. Anderson, "In Situ Observations of Ice Particle
Losses in a Young Persistent Contrail," Geophys. Res. Lett., vol. 45, no. 24,
2018, doi: 10.1029/2018GL079390.

[23] A. Bier and U. Burkhardt, "Impact of Parametrizing Microphysical Processes
in the Jet and Vortex Phase on Contrail Cirrus Properties and Radiative Forc-
ing," ]. Geophys. Res. Atmos., vol. 127, no. 23, 2022, Art. no. e2022]D036677,
doi: 10.1029/2022]JD036677.

[24] M. Vazquez-Navarro, H. Mannstein, and S. Kox, "Contrail life cycle and prop-
erties from 1 year of MSG/SEVIRI rapid-scan images," Atmos. Chem. Phys., vol.
15, no. 15, pp. 8739-8749, 2015, doi: 10.5194 /acp-15-8739-2015.

[25] U. Schumann, R. Baumann, D. Baumgardner, S. T. Bedka, D. P. Duda, V.
Freudenthaler, ].-F. Gayet, A. ]. Heymsfield, P. Minnis, M. Quante, E. Raschke,
H. Schlager, M. Vazquez-Navarro, C. Voigt, and Z. Wang, "Properties of individ-
ual contrails: a compilation of observations and some comparisons,” Atmos.
Chem. Phys., vol. 17, no. 1, pp. 403-438,2017, doi: 10.5194 /acp-17-403-2017.

[26] Z. Wang, L. Bugliaro, T. Jurkat-Witschas, R. Heller, U. Burkhardt, H. Ziereis, G.
Dekoutsidis, M. Wirth, S. Grof3, S. Kirschler, S. Kaufmann, and C. Voigt, "Obser-
vations of microphysical properties and radiative effects of a contrail cirrus

323



outbreak over the North Atlantic,” Atmos. Chem. Phys., vol. 23, no. 3, pp.
1941-1961, 2023, doi: 10.5194 /acp-23-1941-2023.

[27] L. Bock and U. Burkhardt, "The temporal evolution of a long-lived contrail cir-
rus cluster: Simulations with a global climate model," ]. Geophys. Res. Atmos.,
vol. 121, no. 7, pp. 3548-3565, 2016, doi: 10.1002/2015]D024475.

[28] U. Burkhardt, L. Bock, and A. Bier, "Mitigating the contrail cirrus climate im-
pact by reducing aircraft soot number emissions," npj Clim Atmos Sci, vol. 1,
no.1,2018, doi: 10.1038/s41612-018-0046-4.

[29] R. Teoh, U. Schumann, and M. E. |. Stettler, "Beyond Contrail Avoidance: Effi-
cacy of Flight Altitude Changes to Minimise Contrail Climate Forcing," Aero-
space, vol. 7,no. 9, p. 121, 2020, doi: 10.3390/aerospace7090121.

[30] M. Niklaf3, V. Gollnick, B. Liihrs, K. Dahlmann, C. Froemming, V. Grewe, and J.
van Manen, "Cost-Benefit Assessment of Climate-Restricted Airspaces as an
Interim Climate Mitigation Option," Journal of Air Transportation, vol. 25, no.
2,pp.27-38,2017, doi: 10.2514/1.D0045.

[31] G. Braunling, Flugzeugtriebwerke: Grundlagen, Aero-Thermodynamik, ideale
und reale Kreisprozesse, thermische Turbomaschinen, Komponenten, Emis-
sionen und Systeme (VDI-Buch). Berlin: Springer Vieweg, 2015.

[32] G. Quante, N. Bullerdiek, S. Bube, U. Neuling, and M. Kaltschmitt, "Renewable
fuel options for aviation - A System-Wide comparison of Drop-In and non
Drop-In fuel options,” Fuel, vol. 333, p. 126269, 2023, doi:
10.1016/j.fuel.2022.126269.

[33] ICAO, "CORSIA Default Life Cycle Emissions Values for CORSIA Eligible Fuels,"
International Civil Aviation Organisation, Jun. 2022. Accessed: Aug. 12, 2022.
[Online]. Available: https://www.icao.int/environmental-protection/COR-
SIA/Documents/CORSIA_Eligible_Fuels/ICA0%20document%2006%20-
%?20Default%20Life%20Cycle%20Emissions%20-%20June%202022.pdf

[34] ]. P. Abella and ]. A. Bergerson, "Model to investigate energy and greenhouse
gas emissions implications of refining petroleum: impacts of crude quality
and refinery configuration,” Environmental science & technology, early ac-
cess. doi: 10.1021/es3018682.

[35] IEA, "The Future of Hydrogen: Seizing today's opportunities,” [EA, Jun. 2019.
Accessed: Jan. 6, 2024. [Online]. Available: https://www.iea.org/reports/the-
future-of-hydrogen

[36] E. Cetinkaya, I. Dincer, and G. F. Naterer, "Life cycle assessment of various hy-
drogen production methods," International Journal of Hydrogen Energy, vol.
37,no. 3, pp. 2071-2080, 2012, doi: 10.1016/j.ijhydene.2011.10.064.

[37] ]J. Ruether, M. Ramezan, and E. Grol, "Life-Cycle Analysis of Greenhouse Gas
Emissions for Hydrogen Fuel Production in the United States from LNG and
Coal," National Energy Technology Laboratory, 2005.

324



[38] R. Kothari, D. Buddhi, and R. L. Sawhney, "Comparison of environmental and
economic aspects of various hydrogen production methods," Renewable and
Sustainable Energy Reviews, vol. 12, no. 2, pp. 553-563, 2008, doi:
10.1016/j.rser.2006.07.012.

[39] C.S.Hsu and P. R. Robinson, Eds. Springer handbook of petroleum technology:
With 754 figures and 282 Tables (Springer Handbooks). Cham: Springer In-
ternational Publishing, 2017.

[40] A. Bauen, A. Harris, C. Sim, N. Gudde, M. Prussi, and N. Scarlat, "CORSIA Lower
Carbon Aviation Fuels: An Assessment of the Greenhouse Gas Emission Re-
duction Potential," Applied Sciences, vol. 12, no. 22, p. 11818, 2022, doi:
10.3390/app122211818.

[41] concawe, "Estimating the marginal CO2 intensities of EU refinery products:
Prepared for the CONCAWE Refinery Management Group," concawe, Brussels,
2017.

[42] M. S. Masnadi, H. M. El-Houjeiri, D. Schunack, Y. Li, ]. G. Englander, A. Ba-
dahdabh, J.-C. Monfort, |J. E. Anderson, T. ]. Wallington, ]. A. Bergerson, D. Gor-
don, J. Koomey, S. Przesmitzki, I. L. Azevedo, X. T. Bi, ]. E. Duffy, G. A. Heath, G.
A.Keoleian, C. McGlade, D. N. Meehan, S. Yeh, F. You, M. Wang, and A. R. Brandt,
"Global carbon intensity of crude oil production,” Science (New York, N.Y.),
vol. 361, no. 6405, pp. 851-853, 2018, doi: 10.1126/science.aar6859.

[43] P. Ciais, C. Sabine, G. Bala, L. Bopp, V. Brovkin, ]J. Canadell, A. Chhabra, R. De-
Fries, ]. Galloway, M. Heimann, C. Jones, C. Le Quéré, R. B. Myneni, S. Piao, and
P. Thornton, "Carbon and Other Biogeochemical Cycles," Climate Change
2013: The Physical Science Basis. Contribution of Working Group I to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change, 2013.

[44] F.Joos, R. Roth, |. S. Fuglestvedt, G. P. Peters, 1. G. Enting, W. von Bloh, V. Brov-
kin, E. ]. Burke, M. Eby, N. R. Edwards, T. Friedrich, T. L. Frélicher, P. R. Hal-
loran, P. B. Holden, C. Jones, T. Kleinen, F. T. Mackenzie, K. Matsumoto, M.
Meinshausen, G.-K. Plattner, A. Reisinger, ]. Segschneider, G. Shaffer, M. Stein-
acher, K. Strassmann, K. Tanaka, A. Timmermann, and A. ]. Weaver, "Carbon
dioxide and climate impulse response functions for the computation of green-
house gas metrics: a multi-model analysis," Atmos. Chem. Phys., vol. 13, no. 5,
pp. 2793-2825, 2013, doi: 10.5194 /acp-13-2793-2013.

[45] M. Niklaf3, K. Dahlmann, V. Grewe, S. Maertens, M. Plohr, ]. Scheelhaase, ].
Schwieger, U. Brodmann, and Claudia Kurzbock, Mischa Repmann, Nadin
Schweizer, "Integration of Non-CO2 Effects of Aviation in the EU ETS and un-
der CORSIA," Umweltbundesamt, Dessau-Rof3lau, Final Report, Dec. 2019.

[46] M. Niklaf, Ein systemanalytischer Ansatz zur Internalisierung der Klimawir-
kung der Luftfahrt. Hamburg: Dissertationsschrift, 2019.

325



[47] Szopa, S., V. Naik, B. Adhikary, P. Artaxo, T. Berntsen, W.D. Collins, S. Fuzzi, L.
Gallardo, A. Kiendler-Scharr, Z. Klimont, "Short-lived Climate Forcers," in Cli-
mate Change 2021 - The Physical Science Basis, Intergovernmental Panel on
Climate Change (IPCC), Ed., Cambridge University Press, 2023, pp. 817-922.

[48] C. Voigt, T. Jurkat, H. Schlager, D. Schaduble, A. Petzold, and U. Schumann, "Air-
craft Emissions at Cruise and Plume Processes," in Atmospheric Physics (Re-
search topics in aerospace), U. Schumann, Ed., Berlin, Heidelberg: Springer
Berlin Heidelberg, 2012, pp. 675-692.

[49] A. H. Lefebvre and D. R. Ballal, Gas turbine combustion: Alternative fuels and
emissions / Arthur H. Lefebvre and Dilip R. Ballal, 3rd ed. Boca Raton: Taylor
& Francis, 2010.

[50] D. Nicol, P. C. Malte, . Lai, N. N. Marinov, D. T. Pratt, and R. A. Corr, "NOx Sen-
sitivities for Gas Turbine Engines Operated on Lean-Premixed Combustion
and Conventional Diffusion Flames," in Volume 3: Coal, Biomass and Alterna-
tive Fuels; Combustion and Fuels; Oil and Gas Applications; Cycle Innovations,
Cologne, Germany, 1992, doi: 10.1115/92-GT-115.

[51] J. Fuglestvedt, "Climatic forcing of nitrogen oxides through changes in tropo-
spheric ozone and methane; global 3D model studies," Atmospheric environ-
ment (Oxford, England : 1994), vol. 33, no. 6, pp. 961-977, 1999, doi:
10.1016/S1352-2310(98)00217-9.

[52] C. D. Holmes, M. ]. Prather, O. A. Sgvde, and G. Myhre, "Future methane, hy-
droxyl, and their uncertainties: key climate and emission parameters for fu-
ture predictions,” Atmos. Chem. Phys., vol. 13, no. 1, pp. 285-302, 2013, doi:
10.5194/acp-13-285-2013.

[53] A. Dornbrack, "The Atmosphere: Vast, Shallow, and Full of Subtleties,” in At-
mospheric Physics (Research topics in aerospace), U. Schumann, Ed., Berlin,
Heidelberg: Springer Berlin Heidelberg, 2012, pp. 3-16.

[54] S. D. Eastham, T. Fritz, I. Sanz-Morere, P. Prashanth, F. Allroggen, R. G. Prinn,
R. L. Speth, and S. R. H. Barrett, "Impacts of a near-future supersonic aircraft
fleet on atmospheric composition and climate,” Environ. Sci.: Atmos., vol. 2,
no. 3, pp. 388-403, 2022, doi: 10.1039/d1ea00081k.

[55] G. P. Brasseur, M. Gupta, B. E. Anderson, S. Balasubramanian, S. Barrett, D.
Duda, G. Fleming, P. M. Forster, ]. Fuglestvedt, A. Gettelman, R. N. Halthore, S.
D. Jacob, M. Z. Jacobson, A. Khodayari, K.-N. Liou, M. T. Lund, R. C. Miake-Lye,
P. Minnis, S. Olsen, J. E. Penner, R. Prinn, U. Schumann, H. B. Selkirk, A. Sokolov,
N. Unger, P. Wolfe, H.-W. Wong, D. W. Wuebbles, B. Yi, P. Yang, and C. Zhou,
"Impact of Aviation on Climate: FAA’s Aviation Climate Change Research Ini-
tiative (ACCRI) Phase I1," Bulletin of the American Meteorological Society, vol.
97, no. 4, pp. 561-583, 2016, doi: 10.1175/BAMS-D-13-00089.1.

326



[56] ]. E. Penner, C. Zhou, A. Garnier, and D. L. Mitchell, "Anthropogenic Aerosol
Indirect Effects in Cirrus Clouds," J. Geophys. Res. Atmos., early access. doi:
10.1029/2018]D029204.

[57] ]. E. Penner, Y. Chen, M. Wang, and X. Liu, "Possible influence of anthropogenic
aerosols on cirrus clouds and anthropogenic forcing," Atmos. Chem. Phys., vol.
9, no. 3, pp.- 879-896, 2009, doi: 10.5194 /acp-9-879-20009.

[58] C. Zhou and ]. E. Penner, "Aircraft soot indirect effect on large-scale cirrus
clouds: Is the indirect forcing by aircraft soot positive or negative?," . Ge-
ophys. Res. Atmos., vol. 119, no. 19, 2014, doi: 10.1002/2014JD021914.

[59] G. Pitari, D. Iachetti, G. Di Genova, N. de Luca, O. Sgvde, @. Hodnebrog, D. Lee,
and L. Lim, "Impact of Coupled NOx/Aerosol Aircraft Emissions on Ozone Pho-
tochemistry and Radiative Forcing," Atmosphere, vol. 6, no. 6, pp. 751-782,
2015, doi: 10.3390/atmos6060751.

[60] A. Gettelman and C. Chen, "The climate impact of aviation aerosols," Geophys.
Res. Lett., vol. 40, no. 11, pp. 2785-2789, 2013, doi: 10.1002/grl.50520.

[61] Z. Z. Kapadia, D. V. Spracklen, S. R. Arnold, D. J. Borman, G. W. Mann, K. ]. Prin-
gle, S. A. Monks, C. L. Reddington, F. Benduhn, A. Rap, C. E. Scott, E. W. Butt,
and M. Yoshioka, "Impacts of aviation fuel sulfur content on climate and hu-
man health," Atmos. Chem. Phys., vol. 16, no. 16, pp. 10521-10541, 2016, doi:
10.5194/acp-16-10521-2016.

[62] M. Righi, ]. Hendricks, and R. Sausen, "The global impact of the transport sec-
tors on atmospheric aerosol: simulations for year 2000 emissions," Atmos.
Chem. Phys., vol. 13, no. 19, pp. 9939-9970, 2013, doi: 10.5194 /acp-13-9939-
2013.

[63] V. Hahn, R. Meerkotter, C. Voigt, S. Gisinger, D. Sauer, V. Catoire, V. Dreiling, H.
Coe, C. Flamant, S. Kaufmann, |. Kleine, P. Knippertz, M. Moser, P. Rosenberg,
H. Schlager, A. Schwarzenboeck, and ]. Taylor, "Pollution slightly enhances at-
mospheric cooling by low-level clouds in tropical West Africa,” Atmos. Chem.
Phys., vol. 23, no. 15, pp. 8515-8530, 2023, doi: 10.5194 /acp-23-8515-2023.

[64] G. Myrhe, D. Shindell, F.-M. Bréon, W. Collins, ]. Fuglestvedt, ]. Huang, D. Koch,
].-F. Lamarque, D. S. Lee, B. Mendoza, T. Nakajima, A. Robock, G. Stephens, T.
Takemura, and H. Zhang, "2013: Anthropogenic and Natural Radiative Forc-
ing," Climate Change 2013: The Physical Science Basis. Contribution of Work-
ing Group I to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change, 2013.

[65] ].S. Fuglestvedt, K. P. Shine, T. Berntsen, J. Cook, D. S. Lee, A. Stenke, R. B. Skeie,
G. Velders, and 1. A. Waitz, "Transport impacts on atmosphere and climate:
Metrics," Atmospheric environment (Oxford, England : 1994), vol. 44, no. 37,
pp. 4648-4677, 2010, doi: 10.1016/j.atmosenv.2009.04.044.

327



[66] ASTM. "Standardization News: Fueling the Future of Aviation." Accessed: Nov.
10, 2023. [Online]. Available: https://sn.astm.org/features/fueling-future-
aviation-ja23.html

[67] Florian Wolters, "Einfluss alternativer drop-in Flugturbinenkraftstoffe auf
das Emissionsverhalten des globalen Luftverkehrs," PhD Thesis, Ruhr-Uni-
versitat Bochum, Bochum, 2020.

[68] R. H. Moore, K. L. Thornhill, B. Weinzier], D. Sauer, E. D'Ascoli, J. Kim, M.
Lichtenstern, M. Scheibe, B. Beaton, A. ]. Beyersdorf, ]. Barrick, D. Bulzan, C. A.
Corr, E. Crosbie, T. Jurkat, R. Martin, D. Riddick, M. Shook, G. Slover, C. Voigt,
R. White, E. Winstead, R. Yasky, L. D. Ziemba, A. Brown, H. Schlager, and B. E.
Anderson, "Biofuel blending reduces particle emissions from aircraft engines
at cruise conditions," Nature, vol. 543, no. 7645, pp. 411-415, 2017, doi:
10.1038/nature21420.

[69] P. Schmidt, W. Weindorf, A. Roth, V. Batteiger, and F. Riegel, "Power-to-Liq-
uids: Potentials and Perspectives for the Future Supply of Renewable Aviation
Fuel," German Environment Agency, Dessau-Rof3lau, Sep. 2016.

[70] C. Falter, V. Batteiger, and A. Sizmann, "Climate Impact and Economic Feasi-
bility of Solar Thermochemical Jet Fuel Production,” Environmental science &
technology, early access. doi: 10.1021/acs.est.5b03515.

[71] M. Micheli, D. Moore, V. Bach, and M. Finkbeiner, "Life-Cycle Assessment of
Power-to-Liquid Kerosene Produced from Renewable Electricity and CO2
from Direct Air Capture in Germany," Sustainability, vol. 14, no. 17, p. 10658,
2022, doi: 10.3390/su141710658.

[72] M. F. Rojas-Michaga, S. Michailos, E. Cardozo, M. Akram, K. ]. Hughes, D.
Ingham, and M. Pourkashanian, "Sustainable aviation fuel (SAF) production
through power-to-liquid (PtL): A combined techno-economic and life cycle as-
sessment,” Energy Conversion and Management, vol. 292, p. 117427, 2023,
doi: 10.1016/j.enconman.2023.117427.

[73] D. H. Konig, Techno-6konomische Prozessbewertung der Herstellung synthe-
tischen Flugturbinentreibstoffes aus CO2 und H2: Dissertation, 2016.

[74] A. de Klerk, Fischer-Tropsch refining. Weinheim: Wiley-VCH, 2011.

[75] ]. Sloop, "Liquid Hydrogen as a Propulsion Fuel: 1945-1959," National Aero-
nautics and Space Administration (NASA), 1978. Accessed: Jul. 18, 2024.
[Online]. Available: https://www.nasa.gov/wp-content/uploads/2023/03/
sp-4404.pdf

[76] H. G. Klug and R. Faass, "CRYOPLANE: hydrogen fuelled aircraft — status and
challenges," Air & Space Europe, vol. 3, 3-4, pp. 252-254, 2001, doi:
10.1016/51290-0958(01)90110-8.

[77] M. Kaltschmitt and U. Neuling, Eds. Biokerosene: Status and prospects. Berlin:
Springer, 2018. [Online]. Available: http://www.springer.com/

328



[78] Airbus. "ZEROe Towards the world's first zero-emission commercial aircraft."
Accessed: Nov. 2, 2024. [Online]. Available: https://www.airbus.com/en/in-
novation/zero-emission/hydrogen/zeroe

[79] IATA. "SAF Volumes Growing but Still Missing Opportunities.” Accessed: Mar.
11, 2024. [Online]. Available: https://www.iata.org/en/pressroom/2023-re-
leases/2023-12-06-02/

[80] Roland Berger, "Hydrogen: A future fuel for aviation?," Roland Berger, 2020.

[81] S. R. H. Barrett, R. Speth, and N. N., "ASCENT Project 039 Naphtalene Removal
Assessment: Final Report," FAA Center of Excellence for alternative jet fuels
& environment, 2022. Accessed: Nov. 20, 2022. [Online]. Available: https://
ascent.aero/project/naphthalene-removal-assessment/

[82] L. Brink, "Modeling the Impact of Fuel Composition on Aircraft Engine NOx,
CO and Soot Emissions," Massachusetts Institute of Technology, 2020.

[83] D. Weibel, "Techno-economic Assessment of Jet Fuel Naphtalene Removal to
Reduce Non-volatile Particulate Matter Emissions: Master's Thesis," Massa-
chusetts Institute of Technology, 2018. Accessed: 11.07.22. [Online]. Availa-
ble: https://dspace.mit.edu/bitstream/handle/1721.1/124174/
1143740791-MIT.pdf?sequence=1&isAllowed=y

[84] ]. Faber, J. Kiraly, D. S. Lee, B. Owen, and A. O'Leary, "Potential for reducing
aviation non-CO2 emissions through cleaner jet fuel," CE Delft, Delft, 2022.

[85] MathPro Inc., "Techno-Economic Assessment of Process Routes For Naph-
talenes Control in Petroleum Jet Fuel: Prepared for The International Council
On Clean Transportation,” Maryland, United States, 2023.

[86] K. Gierens, R. Sausen, U. Bauder, G. Eckel, K. Grofdmann, P. Le Clercq, D. S. Lee,
B. Rauch, D. Sauer, C. Voigt, and A. Schmidt, "Influence of aviation fuel compo-
sition on the formation and lifetime of contrails: a literature review," concawe,
2024. Accessed: Feb. 20, 2024. [Online]. Available: https://www.concawe.eu
/wp-content/uploads/Rpt_24-1-1-Copy-2.pdf

[87] A. Bauen, N. Bitossi, L. German, A. Harris, and K. Leow, "Sustainable Aviation
Fuels," Johnson  Matthey  Technology = Review, 2020, doi:
10.1595/205651320X15816756012040.

[88] M. D. Staples, R. Malina, H. Olcay, M. N. Pearlson, ]. I. Hileman, A. Boies, and S.
R. H. Barrett, "Lifecycle greenhouse gas footprint and minimum selling price
of renewable diesel and jet fuel from fermentation and advanced fermenta-
tion production technologies," Energy Environ. Sci., vol. 7, no. 5, pp. 1545-
1554, 2014, doi: 10.1039/c3ee43655a.

[89] D. Klein-Marcuschamer, C. Turner, M. Allen, P. Gray, R. G. Dietzgen, P. M. Gress-
hoff, B. Hankamer, K. Heimann, P. T. Scott, E. Stephens, R. Speight, and L. K.

329



Nielsen, "Technoeconomic analysis of renewable aviation fuel from microal-
gae, Pongamia pinnata and sugarcane,” Biofuels, Bioprod. Bioref., vol. 7, no. 4,
pp. 416-428, 2013, doi: 10.1002/bbb.1404.

[90] ].I. Hileman and R. W. Stratton, "Alternative jet fuel feasibility," Transport Pol-
icy, vol. 34, pp. 52-62, 2014, doi: 10.1016/j.tranpol.2014.02.018.

[91] S.de]Jong, R. Hoefnagels, A. Faaij, R. Slade, R. Mawhood, and M. Junginger, "The
feasibility of short-term production strategies for renewable jet fuels - a com-
prehensive techno-economic comparison,” Biofuels, Bioprod. Bioref., vol. 9,
no. 6, pp. 778-800, 2015, doi: 10.1002/bbb.1613.

[92] M. Kousoulidou and L. Lonza, "Biofuels in aviation: Fuel demand and CO2
emissions evolution in Europe toward 2030," Transportation Research Part
D: Transport and Environment, vol. 46, pp. 166-181, 2016, doi:
10.1016/j.trd.2016.03.018.

[93] S. Geleynse, K. Brandt, M. Garcia-Perez, M. Wolcott, and X. Zhang, "The Alco-
hol-to-Jet Conversion Pathway for Drop-In Biofuels: Techno-Economic Evalu-
ation," ChemSusChem, early access. doi: 10.1002/cssc.201801690.

[94] U. Neuling and M. Kaltschmitt, "Techno-economic and environmental analysis
of aviation biofuels," Fuel Processing Technology, vol. 171, pp. 54-69, 2018,
doi: 10.1016/j.fuproc.2017.09.022.

[95] S. van Dyk and J. Saddler, "Progress in Commercialization of Biojet/Sustaina-
ble Aviation Fuels (SAF): Technologies, potential and challenges," IEA Bioen-
ergy, May. 2021. Accessed: Nov. 4, 2021. [Online]. Available: https://www.ie-
abioenergy.com/wp-content/uploads/2021/06/Task-39-Progress-in-the-
commercialisation-of-biojet-fuels-FINAL-May-2021.pdf?utm_campaign=
[EA%?20Bioenergy%20Press%20Release%2029%20June&utm_medium=
email&utm_source=EOACLK

[96] ]. Holladay, Z. Abdullah, and ]J. Heyne, "Sustainable Aviation Fuel: Review of
Technical Pathways," U.S. Department of Energy, 2020.

[97] R. Peters, N. Wegener, R. C. Samsun, F. Schorn, ]. Riese, M. Griinewald, and D.
Stolten, "A Techno-Economic Assessment of Fischer-Tropsch Fuels Based on
Syngas from Co-Electrolysis," Processes, vol. 10, no. 4, p. 699, 2022, doi:
10.3390/pr10040699.

[98] A. Zschocke, "Abschlussbericht zu dem Vorhaben Projekt BurnFAIR," 2014.

[99] M. Fasihi, D. Bogdanov, and C. Breyer, "Techno-Economic Assessment of
Power-to-Liquids (PtL) Fuels Production and Global Trading Based on Hybrid
PV-Wind Power Plants," Energy Procedia, vol. 99, pp. 243-268, 2016, doi:
10.1016/j.egypro.2016.10.115.

[100] A. Goldmann, W. Sauter, M. Oettinger, T. Kluge, U. Schrdder, ]. Seume, . Frie-
drichs, and F. Dinkelacker, "A Study on Electrofuels in Aviation," Energies, vol.
11, no. 2, p. 392, 2018, doi: 10.3390/en11020392.

330



[101] P. Schmidt, V. Batteiger, A. Roth, W. Weindorf, and T. Raksha, "Power-to-Liq-
uids as Renewable Fuel Option for Aviation: A Review," Chemie Ingenieur
Technik, vol. 90, 1-2, pp. 127-140, 2018, doi: 10.1002/cite.201700129.

[102] S. Driinert, U. Neuling, T. Zitscher, and M. Kaltschmitt, "Power-to-Liquid fuels
for aviation - Processes, resources and supply potential under German condi-
tions," Applied Energy, vol. 277, p. 115578, 2020, doi: 10.1016/j.apen-
ergy.2020.115578.

[103] S. Schemme, Techno-6konomische Bewertung von Verfahren zur Herstel-
lung von Kraftstoffen aus H2 und CO2: Dissertation. Jiilich: Schriften des For-
schungszentrum Jiilich, 2020.

[104] V. Batteiger, K. Ebner, A. Habersetzer, L. Moser, P. Schmidt, W. Weindorf, and
T. Rakscha, "Power-to-Liquids: A scalable and sustainable fuel supply per-
spective for aviation," Umweltbundesamt, Dessau-Rofilau, 2022.

[105] D. H. Konig, F. G. Albrecht, and R.-U. Dietrich, "Power and Biomass-to-Liquid
(PBtL): a Promising Approach to Produce Biofuels using Electricity,"” 2016,
doi: 10.5071/24thEUBCE2016-3C0.7.3.

[106] S. Vof3, S. Bube, and M. Kaltschmitt, "Hybrid Biomass- and Electricity-Based
Kerosene Production—A Techno-Economic Analysis," Energy Fuels, vol. 38,
no. 6, pp. 5263-5278, 2024, doi: 10.1021/acs.energyfuels.3c04876.

[107] S. A. Isaacs, M. D. Staples, F. Allroggen, D. S. Mallapragada, C. P. Falter, and S.
R. H. Barrett, "Environmental and Economic Performance of Hybrid Power-
to-Liquid and Biomass-to-Liquid Fuel Production in the United States," Envi-
ronmental science & technology, early access. doi: 10.1021/acs.est.0c07674.

[108] A. D. Reiman, "AMC's Hydrogen Future: Sustainable Air Mobility," Master
Thesis, Wright-Patterson Air Force Base, Ohio, Ohio, 2009. [Online]. Available:
https://www.researchgate.net/publication/235113427_AMC%27s_Hydro-
gen_Future_Sustainable_Air_Mobility/figures?lo=1

[109] D. Verstraete, "The Potential of Liquid Hydrogen for long range aircraft pro-
pulsion,” PhD Thesis, Cranfield University, Cranfield.

[110] D. Verstraete, "Long range transport aircraft using hydrogen fuel," Interna-
tional Journal of Hydrogen Energy, vol. 38, no. 34, pp. 14824-14831, 2013,
doi: 10.1016/j.ijhydene.2013.09.021.

[111] F. Troeltsch, M. Engelmann, F. Peter, ]. Kaiser, M. Hornung, and A. Scholz,
"Hydrogen Powered Long Haul Aircraft with Minimized Climate Impact," Bau-
haus Luftfahrt e.V. (BHL), Technische Universitdt Miinchen, Reston, Virgina.

[112] R. Price, "Liquid hydrogen—an alternative aviation fuel?," International
Journal of Hydrogen Energy, vol. 16, no. 8, pp. 557-562, 1991, doi:
10.1016/0360-3199(91)90155-C.

331



[113] G. Brewer, "Aviation usage of liquid hydrogen fuel—prospects and prob-
lems," International Journal of Hydrogen Energy, vol. 1, no. 1, pp. 65-88, 1976,
doi: 10.1016/0360-3199(76)90011-2.

[114] G. Brewer, "A plan for active development of LH2 for use in aircrafts," Inter-
national Journal of Hydrogen Energy, vol. 4, no. 3, pp. 169-177, 1979, doi:
10.1016/0360-3199%2879%2990021-1.

[115] D. Verstraete, "On the energy efficiency of hydrogen-fuelled transport air-
craft," International Journal of Hydrogen Energy, vol. 40, no. 23, pp. 7388-
7394, 2015, doi: 10.1016/j.ijhydene.2015.04.055.

[116] A. Gong and D. Verstraete, "Fuel cell propulsion in small fixed-wing un-
manned aerial vehicles: Current status and research needs," International
Journal of Hydrogen Energy, vol. 42, no. 33, pp. 21311-21333, 2017, doi:
10.1016/j.ijhydene.2017.06.148.

[117] M. Prewitz, A. Bardenhagen, and R. Beck, "Hydrogen as the fuel of the future
in aircrafts - Challenges and opportunities,” International Journal of Hydro-
gen Energy, vol. 45, no. 46, pp. 25378-25385, 2020, doi:
10.1016/j.ijhydene.2020.06.238.

[118] Y. Bicer and I. Dincer, "Life cycle evaluation of hydrogen and other potential
fuels for aircrafts," International Journal of Hydrogen Energy, vol. 42, no. 16,
pp. 10722-10738, 2017, doi: 10.1016/j.ijhydene.2016.12.119.

[119] N. Bullerdiek, S. Vof3, U. Neuling, and M. Kaltschmitt, "Direct alcohol vs. alco-
hol-to-jet SPK utilisation in commercial aviation - an energetic-operational
analysis,” IJSA, vol. 8, no. 3, 2022, Art. no. 124483, doi:
10.1504/1JSA.2022.124483.

[120] S. Seyam, L. Dincer, and M. Agelin-Chaab, "Novel hybrid aircraft propulsion
systems using hydrogen, methane, methanol, ethanol and dimethyl ether as
alternative fuels," Energy Conversion and Management, vol. 238, p. 114172,
2021, doi: 10.1016/j.enconman.2021.114172.

[121] ]. 1. Hileman, R. W. Stratton, and P. E. Donohoo, "Energy Content and Alterna-
tive Jet Fuel Viability," Journal of Propulsion and Power, vol. 26, no. 6, pp.
1184-1196, 2010, doi: 10.2514/1.46232.

[122] K. Atsonios, M.-A. Kougioumtzis, K. D. Panopoulos, and E. Kakaras, "Alterna-
tive thermochemical routes for aviation biofuels via alcohols synthesis: Pro-
cess modeling, techno-economic assessment and comparison,” Applied En-
ergy, vol. 138, pp. 346-366, 2015, doi: 10.1016/j.apenergy.2014.10.056.

[123] S. de Jong, K. Antonissen, R. Hoefnagels, L. Lonza, M. Wang, A. Faaij, and M.
Junginger, "Life-cycle analysis of greenhouse gas emissions from renewable
jet fuel production,” Biotechnology for biofuels, early access. doi:
10.1186/s13068-017-0739-7.

332



[124] D. Zemanek, P. Champagne, and W. Mabee, "Review of life-cycle greenhouse-
gas emissions assessments of hydroprocessed renewable fuel ( HEFA ) from
oilseeds," Biofuels, Bioprod. Bioref., vol. 14, no. 5, pp. 935-949, 2020, doi:
10.1002/bbb.2125.

[125] M. D. Staples, R. Malina, P. Suresh, ]. I. Hileman, and S. R. Barrett, "Aviation
CO2 emissions reductions from the use of alternative jet fuels," Energy Policy,
vol. 114, pp. 342-354, 2018, doi: 10.1016/j.enpol.2017.12.007.

[126] N. Pavlenko, S. Searle, and A. Christensen, "The cost of supporting alternative
jet fuels in the European Union," International Council on Clean Transporta-
tion, 2019.

[127] M. Braun-Unkhoff and U. Riedel, "Alternative fuels in aviation," CEAS Aero-
naut J, vol. 6, no. 1, pp. 83-93, 2015, doi: 10.1007/s13272-014-0131-2.

[128] K. Dahal, S. Brynolf, C. Xisto, ]. Hansson, M. Grahn, T. Gronstedt, and M. Leht-
veer, "Techno-economic review of alternative fuels and propulsion systems
for the aviation sector,"” Renewable and Sustainable Energy Reviews, vol. 151,
p. 111564, 2021, doi: 10.1016/j.rser.2021.111564.

[129] U. Schumann, L. Bugliaro, A. Dérnbrack, R. Baumann, and C. Voigt, "Aviation
Contrail Cirrus and Radiative Forcing Over Europe During 6 Months of COVID-
19," Geophys. Res. Lett, vol. 48, no. 8, e2021GL092771, 2021, doi:
10.1029/2021GL092771.

[130] E. Gryspeerdt, M. E. ]. Stettler, R. Teoh, U. Burkhardt, T. Delovski, O. G. A.
Driver, and D. Painemal, "Operational differences lead to longer lifetimes of
satellite detectable contrails from more fuel efficient aircraft," Environ. Res.
Lett,, vol. 19, no. 8, p. 84059, 2024, doi: 10.1088/1748-9326/ad5b78.

[131] R. S. Mark], C. Voigt, D. Sauer, R. K. Dischl, S. Kaufmann, T. Harlaf3, V. Hahn, A.
Roiger, C. Weif3-Rehm, U. Burkhardt, U. Schumann, A. Marsing, M. Scheibe, A.
Dornbrack, C. Renard, M. Gauthier, P. Swann, P. Madden, D. Luff, R. Sallinen, T.
Schripp, and P. Le Clercq, "Powering aircraft with 100 % sustainable aviation
fuel reduces ice crystals in contrails,” Atmos. Chem. Phys., vol. 24, no. 6, pp.
3813-3837, 2024, doi: 10.5194 /acp-24-3813-2024.

[132] S. Kaufmann, R. Dischl, and C. Voigt, "Regional and seasonal impact of hydro-
gen propulsion systems on potential contrail cirrus cover,” Atmospheric En-
vironment: X, vol. 24, p. 100298, 2024, doi: 10.1016/j.aea0a.2024.100298.

[133] DLR. "Analysing the contrails of the future." Accessed: Jul. 25, 2024. [Online].
Available: https://www.dlr.de/en/latest/news/2022/03/20220720_analys-
ing-the-contrails-of-the-future

[134] Elisabeth Woeldgen, "Distribution of Sustainable Aviation Fuel to Enhance
Climate Benefits: Feasible Sustainable Aviation Fuel Deployment Strategies in
Europe to Increase its Overall Climate Benefits,"

333



[135] A. Zschocke, S. Scheuermann, and J. Ortner, "High Biofuel Blends in Aviation
(HBBA): ENER/C2/2021/420-1 Final Report," 2017.

[136] T. Schripp, T. Grein, . Zinsmeister, P. Ofdwald, M. Kéhler, F. Miiller-Langer, S.
Hauschild, C. Marquardt, S. Scheuermann, A. Zschocke, and D. Posselt, "Tech-
nical application of a ternary alternative jet fuel blend - Chemical characteri-
zation and impact on jet engine particle emission," Fuel, vol. 288, p. 119606,
2021, doi: 10.1016/j.fuel.2020.119606.

[137] ]. Pechstein and A. Zschocke, "Blending of Synthetic Kerosene," in Biokero-
sene: Status and prospects, M. Kaltschmitt and U. Neuling, Eds., Berlin:
Springer, 2018, p. 665-686.

[138] S. Blakey, B. Rauch, A. Oldani, and T. Lee, "Advanced Fuel Property Data Plat-
form: Overview and Potential Applications,” Front. Energy Res., vol. 10, 2022,
Art. no. 771325, doi: 10.3389/fenrg.2022.771325.

[139] C. Moses, "Jet Fuel "Aromatics Effects" and "Distillation Slope" Research Sur-
vey," Coordinating Research Council, Apr. 2021.

[140] A. Benavides, P. Benjumea, F. B. Cortés, and M. A. Ruiz, "Chemical Composi-
tion and Low-Temperature Fluidity Properties of Jet Fuels," Processes, vol. 9,
no. 7, p. 1184, 2021, doi: 10.3390/pr9071184.

[141] A. P. P. Pires, Y. Han, J. Kramlich, and M. Garcia-Perez, "Chemical Composition
and Fuel Properties of Alternative Jet Fuels," BioResources, vol. 13, no. 2,
2018, doi: 10.15376/biores.13.2.2632-2657.

[142] S. Kramer, G. Andac, ]. Heyne, ]. Ellsworth, P. Herzig, and K. C. Lewis, "Per-
spectives on Fully Synthesized Sustainable Aviation Fuels: Direction and Op-
portunities,” Front. Energy Res. vol. 9, 2022, Art. no. 782823, doi:
10.3389/fenrg.2021.782823.

[143] A. Anuar, V. K. Undavalli, B. Khandelwal, and S. Blakey, "Effect of fuels, aro-
matics and preparation methods on seal swell,” Aeronaut. j., vol. 125, no.
1291, pp. 1542-1565, 2021, doi: 10.1017 /aer.2021.25.

[144] K. Kieckhifer, G. Quante, C. Miiller, T. Spengler, M. Lossau, and W. Jonas, "Sim-
ulation-Based Analysis of the Potential of Alternative Fuels towards Reducing
CO2 Emissions from Aviation,” Energies, vol. 11, no. 1, p. 186, 2018, doi:
10.3390/en11010186.

[145] ]. D. Sterman, Business dynamics: Systems thinking and modeling for a com-
plex world. Boston, Burr Ridge, IL, Dubuque, IA, Madison, W1, New York, San
Fransico, St. Louis, Bangkok, Bogota: [rwin McGraw-Hill, 2000. [Online]. Avail-
able: http://bvbr.bib-bvb.de /F?func=service&doc_library=BVB01&
doc_number=009195995&line_number=0002&func_code=DB_RECORDS&
service_type=MEDIA

334



[146] K. Pierson and ]. D. Sterman, "Cyclical dynamics of airline industry earnings,"
System Dynamics Review, vol. 29, no. 3, pp. 129-156, 2013, doi:
10.1002/sdr.1501.

[147] L. M. Dray, A. W. Schéfer, and K. Al Zayat, "The Global Potential for CO 2 Emis-
sions Reduction from Jet Engine Passenger Aircraft,” Transportation Re-
search Record, vol. 2672, no. 23, pp. 40-51, 2018, doi:
10.1177/0361198118787361.

[148] International Council of the Aeronautical Sciences, Ed., A System Dynamics
Analysis of Fleet Technology and Policy Options for Environmental Impact
Mitigation.

[149] S. Sgouridis, P. A. Bonnefoy, and R. ]. Hansman, "Air transportation in a car-
bon constrained world: Long-term dynamics of policies and strategies for mit-
igating the carbon footprint of commercial aviation,” Transportation Re-
search Part A: Policy and Practice, vol. 45, no. 10, pp. 1077-1091, 2011, doi:
10.1016/j.tra.2010.03.019.

[150] M. Schaefer, "Development of a Forecast Model for Global Air Traffic Emis-
sions," Dissertation, Ruhr-Universitdt Bochum, Bochum.

[151] 19th World Conference of the Air Transport Research Society, Ed., Future
Passenger Air Traffic Modelling: A theoretical Concept to integrate Quality of
Travel, Cost of Travel and Capacity Constraints. Singapore, 2015.

[152] Deutsche Gesellschaft fiir Luft- und Raumfahrt, Ed., Modelling the European
Air Transport System: A System Dynamics Approach.

[153] C. Miiller, K. Kieckhafer, and T. S. Spengler, "The influence of emission thresh-
olds and retrofit options on airline fleet planning: An optimization approach,”
Energy Policy, vol. 112, pp. 242-257,2018, doi: 10.1016/j.enpol.2017.10.022.

[154] N. Bullerdiek, "Kerosinoptionen auf Basis regenerativer Energien im inter-
nationalen Luftverkehr: Identifikation, Analyse und Bewertung kosteneffizi-
enter und klimazielkompatibler Integrationspfade,” Doctoral thesis, TU Ham-
burg, Hamburg, 2024.

[155] A. Jovanovi¢, Future of biofuels and other alternative fuels in aviation: Mod-
eling economic and environmental impacts of possible scenarios of biofuels
and alternative fuels use in aviation, 1st ed. Stuttgart: Steinbeis-Ed, 2012.

[156] V. Grewe, A. Gangoli Rao, T. Gronstedt, C. Xisto, F. Linke, ]. Melkert, ]. Middel,
B. Ohlenforst, S. Blakey, S. Christie, S. Matthes, and K. Dahlmann, "Evaluating
the climate impact of aviation emission scenarios towards the Paris agree-
ment including COVID-19 effects," Nature communications, early access. doi:
10.1038/s541467-021-24091-y.

335



[157] L. Dray, A. W. Schifer, C. Grobler, C. Falter, F. Allroggen, M. E. ]. Stettler, and
S. R. H. Barrett, "Cost and emissions pathways towards net-zero climate im-
pacts in aviation," Nat. Clim. Chang,, vol. 12, no. 10, pp. 956-962, 2022, doi:
10.1038/s41558-022-01485-4.

[158] N. Bullerdiek, U. Neuling, and M. Kaltschmitt, "A GHG reduction obligation
for sustainable aviation fuels (SAF) in the EU and in Germany," Journal of Air
Transport Management, vol. 92, p. 102020, 2021, doi: 10.1016/j.jairtra-
man.2021.102020.

[159] D. S. Lee, D. W. Fahey, P. M. Forster, P. J. Newton, R. C. N. Wit, L. L. Lim, B.
Owen, and R. Sausen, "Aviation and global climate change in the 21st century,"
Atmospheric environment (Oxford, England : 1994), early access. doi:
10.1016/j.atmosenv.2009.04.024.

[160] ICAO. "Economic Impacts of COVID-19 on Civil Aviation." Accessed: Mar. 4,
2022. [Online]. Available: https://www.icao.int/sustainability/Pages/Eco-
nomic-Impacts-of-COVID-19.aspx

[161] B. Urbanek, S. Grofs, A. Schifler, and M. Wirth, "Determining stages of cirrus
evolution: a cloud classification scheme," Atmos. Meas. Tech., vol. 10, no. 5, pp.
1653-1664, 2017, doi: 10.5194 /amt-10-1653-2017.

[162] C. Voigt, U. Schumann, T. Jurkat, D. Schauble, H. Schlager, A. Petzold, ].-F.
Gayet, M. Kramer, J. Schneider, S. Borrmann, J. Schmale, P. Jessberger, T. Ham-
burger, M. Lichtenstern, M. Scheibe, C. Gourbeyre, J. Meyer, M. Kiibbeler, W.
Frey, H. Kalesse, T. Butler, M. G. Lawrence, F. Holzapfel, F. Arnold, M.
Wendisch, A. Dopelheuer, K. Gottschaldt, R. Baumann, M. Zdger, 1. Solch, M.
Rautenhaus, and A. Dérnbrack, "In-situ observations of young contrails -
overview and selected results from the CONCERT campaign,” Atmos. Chem.
Phys., vol. 10, no. 18, pp. 9039-9056, 2010, doi: 10.5194 /acp-10-9039-2010.

[163] C. Voigt, U. Schumann, P. Jessberger, T. Jurkat, A. Petzold, ].-F. Gayet, M.
Kramer, T. Thornberry, and D. W. Fahey, "Extinction and optical depth of con-
trails," Geophys. Res. Lett, vol. 38, no. 11, n/a-n/a, 2011, doi:
10.1029/2011GL047189.

[164] U. Schumann, "A contrail cirrus prediction model,"” Geosci. Model Dev., vol. 5,
no. 3, pp. 543-580, 2012, doi: 10.5194/gmd-5-543-2012.

[165] S. Unterstrasser, "Properties of young contrails — a parametrisation based on
large-eddy simulations,” Atmos. Chem. Phys., vol. 16, no. 4, pp. 2059-2082,
2016, doi: 10.5194/acp-16-2059-2016.

[166] L. Bock and U. Burkhardt, "Contrail cirrus radiative forcing for future air traf-
fic," Atmos. Chem. Phys., vol. 19, no. 12, pp. 8163-8174, 2019, doi:
10.5194/acp-19-8163-2019.

[167] WEF and CST, "Clean Skies for Tomorrow: Sustainable Aviation Fuels as a
Pathway to Net-Zero Aviation," Nov. 2020. Accessed: Nov. 2, 2024. [Online].

336



Available: https://www3.weforum.org/docs/WEF_Clean_Skies_Tomorrow_
SAF_Analytics_2020.pdf

[168] IEA, "Renewables 2022," International Energy Agency, 2022. Accessed: Dec.
9,2022. [Online]. Available: https://www.iea.org/reports/renewables-2022

[169] IEA, "World Energy Outlook 2021," International Energy Agency, Dec. 2021.
Accessed: Apr. 11, 2022. [Online]. Available: https://www.iea.org/reports/
world-energy-outlook-2021

[170] M. D. Staples, R. Malina, and S. R. H. Barrett, "The limits of bioenergy for mit-
igating global life-cycle greenhouse gas emissions from fossil fuels," Nat En-
ergy, vol. 2, no. 2, 2017, doi: 10.1038/nenergy.2016.202.

[171] A. Midilli, H. Kucuk, M. E. Topal, U. Akbulut, and I. Dincer, "A comprehensive
review on hydrogen production from coal gasification: Challenges and Oppor-
tunities," International Journal of Hydrogen Energy, vol. 46, no. 50, pp.
25385-25412, 2021, doi: 10.1016/j.ijhydene.2021.05.088.

[172] D. S. Lee, M. R. Allen, N. Cumpsty, B. Owen, K. P. Shine, and A. Skowron, "Un-
certainties in mitigating aviation non-CO 2 emissions for climate and air qual-
ity using hydrocarbon fuels," Environ. Sci.: Atmos., vol. 3, no. 12, pp. 1693-
1740, 2023, doi: 10.1039/d3ea00091e.

[173] U. Schumann and B. Mayer, "Sensitivity of surface temperature to radiative
forcing by contrail cirrus in a radiative-mixing model," Atmos. Chem. Phys.,
vol. 17, no. 22, pp. 13833-13848, 2017, doi: 10.5194 /acp-17-13833-2017.

[174] ]. Hansen, M. Sato, R. Ruedy, L. Nazarenko, A. Lacis, G. A. Schmidt, G. Russell,
I. Aleinov, M. Bauer, S. Bauer, N. Bell, B. Cairns, V. Canuto, M. Chandler, Y.
Cheng, A. Del Genio, G. Faluvegi, E. Fleming, A. Friend, T. Hall, C. Jackman, M.
Kelley, N. Kiang, D. Koch, ]. Lean, J. Lerner, K. Lo, S. Menon, R. Miller, P. Minnis,
T. Novakov, V. Oinas, ]. Perlwitz, ]. Perlwitz, D. Rind, A. Romanou, D. Shindell,
P. Stone, S. Sun, N. Tausnev, D. Thresher, B. Wielicki, T. Wong, M. Yao, and S.
Zhang, "Efficacy of climate forcings," ]. Geophys. Res., vol. 110, D18, 2005, Art.
no. 2005JD005776, doi: 10.1029/2005]D005776.

[175] M. Ponater, S. Marquart, R. Sausen, and U. Schumann, "On contrail climate
sensitivity," Geophys. Res. Lett., vol. 32, no. 10, 2005, Art. no. 2005GL022580,
doi: 10.1029/2005GL022580.

[176] A. Rap, P. M. Forster, ]. M. Haywood, A. Jones, and O. Boucher, "Estimating the
climate impact of linear contrails using the UK Met Office climate model," Ge-
ophys. Res. Lett, vol. 37, no. 20, 2010, Art. no. 2010GL045161, doi:
10.1029/2010GL045161.

[177] R. Teoh, U. Schumann, A. Majumdar, and M. E. ]. Stettler, "Mitigating the Cli-
mate Forcing of Aircraft Contrails by Small-Scale Diversions and Technology

Adoption,” Environmental science & technology, early access. doi:
10.1021/acs.est.9b05608.

337



[178] A. K. Coker, Petroleum refining design and applications handbook: Volume
1. Beverly, MA, Hoboken, NJ: Scrivener Publishing; John Wiley and Sons Inc,
2018. [Online]. Available: https://onlinelibrary.wiley.com/doi/book/
10.1002/9781119257110

[179] ]. Edwards, "Jet Fuel Properties: Interim Report,"” U.S. Air Force Research La-
boratory, 2020. Accessed: Jan. 6, 2024. [Online]. Available: https://
apps.dtic.mil/sti/pdfs/AD1093317.pdf

[180] PQIS, "Petroleum Quality Information System," Defense Logistics Agency En-
ergy, 2011. Accessed: Jan. 6, 2024. [Online]. Available: https://apps.dtic.mil/
sti/tr/pdf/ADA635643.pdf

[181] ASTM, "ASTM Standard Specification for Aviation Turbine Fuels: D1655,"
ASTM, 2024. Accessed: Jul. 31, 2024. [Online]. Available: https://
www.astm.org/d1655-24.html

[182] ]. Scherzer and A. ]. Gruia, Hydrocracking science and technology (Chemical
industries 66). New York, NY: Dekker, 1996.

[183] T. Gaillot, S. Beauchet, D. Lorne, and L. Krim, "The impact of fossil jet fuel
emissions at altitude on climate change: A life cycle assessment study of a
long-haul flight at different time horizons," Atmospheric environment (Ox-
ford, England : 1994), vol. 311, p. 119983, 2023, doi: 10.1016/].AT-
MOSENV.2023.119983.

[184] NASA. "By the numbers | Earth - NASA Solar System Exploration.” Accessed:
Nov. 24, 2023. [Online]. Available: https://solarsystem.nasa.gov/planets/
earth/by-thenumbers/

[185] Marc Shapiro, Zeb Engberg, Roger Teoh, Marc Stettler, and Tom Dean, py-
contrails: Python library for modeling aviation climate impacts (2023). Ze-
nodo.

[186] R. Teoh, U. Schumann, E. Gryspeerdt, M. Shapiro, ]. Molloy, G. Koudis, C. Voigt,
and M. E. ]. Stettler, "Aviation contrail climate effects in the North Atlantic
from 2016 to 2021," Atmos. Chem. Phys., vol. 22, no. 16, pp. 10919-10935,
2022, doi: 10.5194 /acp-22-10919-2022.

[187] Airports Council International, "Airports turning the corner: +98% jump in
passenger traffic in 2022," Airports Council International. Accessed: Nov. 28,
2023. [Online]. Available: https://www.aci-europe.org/downloads/medi-
aroom/23-02-06%20Airports%20Turning%20the%20Cor-
ner%2098%20jump%20in%20passenger%?20traf-
fic%20in%202022%20PRESS%20RELEASE.pdf

[188] M. Schafer, M. Strohmeier, V. Lenders, I. Martinovic, and M. Wilhelm, "Bring-
ing up OpenSKky: A large-scale ADS-B sensor network for research,” in IPSN-

338



14 Proceedings of the 13th International Symposium on Information Pro-
cessing in Sensor Networks, Berlin, Germany, 2014, pp. 83-94, doi:
10.1109/IPSN.2014.6846743.

[189] EUROCONTROL, "User Manual for the Base of Aircraft Data (BADA) Family
4," 2016. Accessed: Nov. 24, 2023. [Online]. Available: https://www.eurocon-
trol.int/model /bada

[190] EUROCONTROL, "User Manual for the Base of Aircraft Data (BADA) Revision
3.15," 2019. Accessed: Nov. 24, 2023. [Online]. Available: https://www.euro-
control.int/model/bada

[191] EASA, "ICAO Aircraft Engine Emissions Databank (07/2021)," 2021. Ac-
cessed: Aug. 17, 2021. [Online]. Available: https://www.easa.europa.eu/do-
mains/environment/icao-aircraftengine-

[192] ECMWEF, "The Copernicus Programme: Climate Data Store," 2021. Accessed:
Nov. 24, 2023. [Online]. Available: https://cds.climate.copernicus.eu/
#!/home

[193] U. Schumann, I. Poll, R. Teoh, R. Koelle, E. Spiniell, ]. Molloy, G. S. Koudis, R.
Baumann, L. Bugliaro, M. Stettler, and C. Voigt, "Air traffic and contrail changes
over Europe during COVID-19: a model study,” Atmos. Chem. Phys., vol. 21,
no. 10, pp. 7429-7450, 2021, doi: 10.5194 /acp-21-7429-2021.

[194] R. H. Moore, M. Shook, A. Beyersdorf, C. Corr, S. Herndon, W. B. Knighton, R.
Miake-Lye, K. L. Thornhill, E. L. Winstead, Z. Yu, L. D. Ziemba, and B. E. Ander-
son, "Influence of Jet Fuel Composition on Aircraft Engine Emissions: A Syn-
thesis of Aerosol Emissions Data from the NASA APEX, AAFEX, and ACCESS
Missions," Energy Fuels, vol. 29, no. 4, pp. 2591-2600, 2015, doi:
10.1021/ef502618w.

[195] R. C. Miake-Lye, B. E. Anderson, W. R. Cofer, H. A. Wallio, G. D. Nowicki, J. O.
Ballenthin, D. E. Hunton, W. B. Knighton, T. M. Miller, |. V. Seeley, and A. A.
Viggiano, "SO x oxidation and volatile aerosol in aircraft exhaust plumes de-
pend on fuel sulfur content,” Geophys. Res. Lett., vol. 25, no. 10, pp. 1677-
1680, 1998, doi: 10.1029/98GL00064.

[196] U. Schumann, F. Arnold, R. Busen, J. Curtius, B. Kircher, A. Kiendler, A.
Petzold, H. Schlager, F. Schroder, and K.-H. Wohlfrom, "Influence of fuel sulfur
on the composition of aircraft exhaust plumes: The experiments SULFUR 1-
7," ]. Geophys. Res., vol. 107, D15, 2002, doi: 10.1029/2001JD000813.

[197] A. Petzold, M. Gysel, X. Vancassel, R. Hitzenberger, H. Puxbaum, S. Vrochticky,
E. Weingartner, U. Baltensperger, and P. Mirabel, "On the effects of organic
matter and sulfur-containing compounds on the CCN activation of combus-
tion particles,” Atmos. Chem. Phys., vol. 5, no. 12, pp. 3187-3203, 2005, doi:
10.5194 /acp-5-3187-2005.

339



[198] L. Sens, U. Neuling, K. Wilbrand, and M. Kaltschmitt, "Conditioned hydrogen
for a green hydrogen supply for heavy duty-vehicles in 2030 and 2050 - A
techno-economic well-to-tank assessment of various supply chains," Interna-
tional Journal of Hydrogen Energy, 2022, doi:
10.1016/j.ijhydene.2022.07.113.

[199] DNV Group, "Hydrogen Forecast to 2050: Energy Transition Outlook 2022,"
DNV Group, 2022.

[200] M. Rumizen, "Aviation Biofuel Standards and Airworthiness Approval," in Bi-
okerosene: Status and prospects, M. Kaltschmitt and U. Neuling, Eds., Berlin:
Springer, 2018, pp. 639-664.

[201] C. Hall, B. Rauch, U. Bauder, P. Le Clercq, and M. Aigner, "Predictive Capability
Assessment of Probabilistic Machine Learning Models for Density Prediction
of Conventional and Synthetic Jet Fuels," Energy Fuels, vol. 35, no. 3, pp. 2520-
2530, 2021, doi: 10.1021 /acs.energyfuels.0c03779.

[202] D.]. Cookson, C. P. Lloyd, and B. E. Smith, "Investigation of the chemical basis
of kerosene (jet fuel) specification properties,” Energy Fuels, vol. 1, no. 5, pp.
438-447,1987, doi: 10.1021/ef00005a011.

[203] ICAO. "Aviation green transition progress through ICAO CAEP." Accessed:
Mar. 3, 2022. [Online]. Available: https://www.icao.int/Newsroom/Pages/
Aviation-green-transition-progresses-through-ICAO-CAEP.aspx

[204] CAAFI. "Fuel Qualification." Accessed: Mar. 28, 2022. [Online]. Available:
https://www.caafi.org/focus_areas/fuel_qualification.html#prequalification

[205] EC, Ed. Sustainable Aviation Fuels - ReFuelEU Aviation. European Com-
mision, 2021. Accessed: Nov. 2, 2024. [Online]. Available: https://ec.eu-
ropa.eu/info/law/better-regulation/have-your-say/initiatives/12303-Na-
chhaltige-Flugzeugtreibstoffe-ReFuelEU-Aviation_de

[206] SkyNRG, "SAF Market Outlook: SkyNRG's Perspective on the ReFuelEU Avia-
tion initiative Proposal,” SkyNRG, Amsterdam, 2021.

[207] S. Timmerberg, P. Anstett, U. Neuling, and M. Kaltschmitt, "Wasserstof-
ferzeugung in Deutschland bis 2030:: Verfiigbarkeiten, Kosten und THG-
Emissionen," Technische Universitdit Hamburg (TUHH), 2021.

[208] ]. Pechstein, N. Bullerdiek, and M. Kaltschmitt, "A “book and Claim”-Ap-
proach to account for sustainable aviation fuels in the EU-ETS - Development
of a basic concept,” Energy Policy, vol. 136, p. 111014, 2020, doi:
10.1016/j.enpol.2019.111014.

[209] N. Gray, S. McDonagh, R. O'Shea, B. Smyth, and ]. D. Murphy, "Decarbonising
ships, planes and trucks: An analysis of suitable low-carbon fuels for the mar-
itime, aviation and haulage sectors," Advances in Applied Energy, vol. 1, p.
100008, 2021, doi: 10.1016/j.adapen.2021.100008.

340



[210] ]. Adolf, C. H. Balzer, M. Kofod, B. Lenz, A. Lischke, G. Knitschky, F. Wirz, and
M.-L. Wendland, "Shell-LNG Studie: Verfliissigtes Erdgas - Neue Energie fiir
Schiff und LKW? Fakten Trends und Perpektiven.," Hamburg, 2019.

[211] IEA, "World Energy Outlook 2017," International Energy Agency, 2017. Ac-
cessed: Apr. 11, 2022. [Online]. Available: https://www.iea.org/reports/
world-energy-outlook-2017

[212] IRENA, Innovation outlook: Renewable methanol. Abu Dhabi: International
Renewable Energy Agency, 2021. [Online]. Available: https://www.irena.org
/-/media/Files/IRENA/Agency/Publication/2021/Jan/IRENA_Innovation_
Renewable_Methanol_2021.pdf

[213] OECD, OECD-FAO Agricultural Outlook 2021-2030. OECD, 2021. Accessed:
Dec. 6, 2021. [Online]. Available: https://www.fao.org/3/cb5332en/
cb5332en.pdf

[214] S. Giddey, S. P. S. Badwal, C. Munnings, and M. Dolan, "Ammonia as a Renew-
able Energy Transportation Media," ACS Sustainable Chem. Eng., vol. 5, no. 11,
pp.- 10231-10239, 2017, doi: 10.1021/acssuschemeng.7b02219.

[215] ]. Adolf, C. Balzer, and J. Louis, "Shell Wasserstoff-Studie: Energie der Zu-
kunft?," 2017.

[216] U. Neuling and M. Kaltschmitt, "Conversion Routes from Biomass to Bioker-
osene," in Biokerosene: Status and prospects, M. Kaltschmitt and U. Neuling,
Eds., Berlin: Springer, 2018, pp. 435-474.

[217] N. Bullerdiek, U. Neuling, and M. Kaltschmitt, "Nachhaltige Flugkraftstoffe.
Status, Optionen, Handlungsnotwendigkeiten: aireg Roadmap zur
Markteinfithrung von Sustainable Aviation Fuels," aireg e.V., Berlin, Dec. 2020.

[218] businesswire. "ExxonMobil Methanol to Jet Technology to Provide New
Route for Sustainable Aviation Fuel Production." Accessed: Nov. 2, 2024.
[Online]. Available: https://www.businesswire.com/news/home/
20220620005021/en/ExxonMobil-Methanol-to-Jet-Technology-to-Provide-
New-Route-for-Sustainable-Aviation-Fuel-Production

[219] A. Liebich, T. Frohlich, D. Miinter, H. Fehrenbach, ]. Giegrich, S. Képpen, F.
Diinnebeil, W. Knérr, K. Biemann, S. Simon, S. Maier, F. Albrecht, T. Pregger, C.
Schillings, M. Moser, R. Reifdner, S. Hosseiny, G. Jungmeier, M. Beermann, D.
Frieden, and N. Bird, "Detailanalysen zum Systemvergleich speicherbarer En-
ergeitriger aus erneuerbaren Energien: Anhang zum Abschlussbericht," Des-
sau-Rofilau, Nov. 2019.

[220] M. Kaltschmitt, H. Hartmann, and H. Hofbauer, Eds. Energie aus Biomasse:
Grundlagen, Techniken und Verfahren, 3rd ed. Berlin, Heidelberg: Springer
Vieweg, 2016. [Online]. Available:  http://gbv.eblib.com/patron/
FullRecord.aspx?p=4443334

341



[221] B. Buchspies, M. Kaltschmitt, and M. Junginger, "Straw utilization for biofuel
production: A consequential assessment of greenhouse gas emissions from
bioethanol and biomethane provision with a focus on the time dependency of
emissions,” GCB Bioenergy, vol. 12, no. 10, pp. 789-805, 2020, doi:
10.1111/gcbb.12734.

[222] H. Kuhz, Konversion von Ethanol zu Butanol an heterogenen Katalysatoren:
Dissertation (Technische Universitit Carolo-Wilhelmina Braunschweig),
2016. Accessed: Nov. 18, 2021.

[223] ]. Pechstein, U. Neuling, ]. Gebauer, and M. Kaltschmitt, "Alcohol-to-Jet," in
Biokerosene: Status and prospects, M. Kaltschmitt and U. Neuling, Eds., Berlin:
Springer, 2018, pp. 543-574.

[224] K. F. Haigh, A. M. Petersen, L. Gottumukkala, M. Mandegari, K. Naleli, and . F.
Gorgens, "Simulation and comparison of processes for biobutanol production
from lignocellulose via ABE fermentation," Biofuels, Bioprod. Bioref.,, vol. 12,
no. 6, pp. 1023-1036, 2018, doi: 10.1002/bbb.1917.

[225] Gevo, Inc., "FORM 10-K—ANNUAL REPORT," Washington, DC, 2022. Ac-
cessed: Sep. 24, 2022. [Online]. Available: https://investors.gevo.com/static-
files/9796dale-bb0d-4a4c-89b4-eddef0538eal#page55

[226] S. Timmerberg, T. Zitscher, A. Kirsten, U. Neuling, and M. Kaltschmitt, "Sub-
stitionspotzenziale fiir erneuerbares Methan bei schweren LKW und
Schiffen," Technische Universitdt Hamburg (TUHH) and Nationale Organisa-
tion Wasserstoff- und Brennstoff-zellentechnologie (NOW), Berlin, 2021.

[227] IEA, "Global hydrogen Review," IEA, Paris, 2021.

[228] Horizon Europe, "Horizon Europe Glossary:: a simple guidance through HEU
terminology,” 2021. Accessed: Dec. 7, 2021. [Online]. Available: https://
www.horizoneuropencpportal.eu/sites/default/files/2021-05/glossa-
rio%20bridgeHE_0.pdf

[229] D. Schmitt, Air Transport System. Vienna: Springer Wien, 2016. [Online].
Available: https://ebookcentral.proquest.com/lib/kxp/detail.action?docID=
4178964

[230] ICAO, "CORSIA Default Life Cycle Emissions Values For CORSIA Eligible
Fuels," International Civil Aviation Organisation, 2021.

[231] L. Strom, "First simulations of cryoplane contrails," ]. Geophys. Res., vol. 107,
D18, 2002, doi: 10.1029/2001JD000838.

[232] P. Belobaba, Ed. The global airline industry. Chichester: Wiley, 2009.

[233] M. Fasihi, O. Efimova, and C. Breyer, "Techno-economic assessment of CO2
direct air capture plants,” Journal of Cleaner Production, vol. 224, pp. 957-
980, 2019, doi: 10.1016/j.jclepro.2019.03.086.

342



[234] U. Caldera, D. Bogdanov, and C. Breyer, "Local cost of seawater RO desalina-
tion based on solar PV and wind energy: A global estimate," Desalination, vol.
385, pp. 207-216, 2016, doi: 10.1016/j.desal.2016.02.004.

[235] "Directive (EU) 2018/2001 of the European Parliament and of the Council of
11 December 2018 on the promotion of the use of energy from renewable
sources: RED I1," in Official Journal of the European Union, 2018.

[236] US EPA. "Overview for Renewable Fuel Standard." Accessed: Mar. 3, 2022.
[Online]. Available: https://www.epa.gov/renewable-fuel-standard-pro-
gram/overview-renewable-fuel-standard

[237] A. Roth, F. Riegel, and V. Batteiger, "Potentials of Biomass and Renewable
Energy: The Question of Sustainable Availability," in Biokerosene: Status and
prospects, M. Kaltschmitt and U. Neuling, Eds., Berlin: Springer, 2018, pp. 95-
122.

[238] IATA. "Industry Statistics 10/2021: Fact Sheet." Accessed: 04.03.22.
[Online].  Available: https://www.iata.org/en/publications/economics?
menu=0utlook&cat=Industry%20Economic%20Performance

[239] bp, "Statistical Review of World Energy: 2021 | 70th Edition," bp, 2021. Ac-
cessed: Nov. 2, 2024. [Online]. Available: https://www.bp.com/content/
dam/bp/business-sites/en/global/corporate/pdfs/energy-economics/sta-
tistical-review/bp-stats-review-2021-full-report.pdf

[240] WEF and CST, "Deploying Sustainable Aviation Fuels at Scale in India: A
Clean Skies for Tomorrow Publication," World Economic Forum, 2021.

[241] R. A. Dagle, A. D. Winkelman, K. K. Ramasamy, V. Lebarbier Dagle, and R. S.
Weber, "Ethanol as a Renewable Building Block for Fuels and Chemicals," Ind.
Eng. Chem. Res, vol. 59, no. 11, pp. 4843-4853, 2020, doi:
10.1021/acs.iecr.9b05729.

[242] ]. Pechstein and ]. Gebauer, "Biokerosin aus Alkoholen: Substrate, Konzepte
und Verfahren, Bewertung: Abschlussbericht,”" Hamburg, 2015.

[243] P. N. Ashani, M. Shafiei, and K. Karimi, "Biobutanol production from munici-
pal solid waste: Technical and economic analysis," Bioresource technology,
early access. doi: 10.1016/j.biortech.2020.123267.

[244]]. Topler and ]. Lehmann, Eds. Wasserstoff und Brennstoffzelle: Technolo-
gien und Marktperspektiven, 2nd ed. Berlin, Heidelberg: Springer Vieweg,
2017. [Online]. Available: http://www.springer.com/

[245] ]. Perner, M. Unteutsch, and A. Lovenich, "Die zukiinftigen Kosten stromba-
sierter synthetischer Brennstoffe,” Agora Verkehrswende, Agora Ener-
giewende, and Frontier Economics, 2018.

[246] R. Swanson, ]. Satiro, R. Brown, A. Platon, and D. Hsu, "Techno-Economic
Analysis of Biofuels Production Based on Gasification,” National Renewable
Energy Laboratory, 2010.

343



[247] ]. Han, A. Elgowainy, H. Cai, and M. Q. Wang, "Life-cycle analysis of bio-based
aviation  fuels,” Bioresource technology, early access. doi:
10.1016/j.biortech.2013.07.153.

[248] E. Gnansounou and A. Dauriat, "Techno-economic analysis of lignocellulosic
ethanol: A review," Bioresource technology, early access. doi:
10.1016/j.biortech.2010.02.009.

[249] E.]Joelsson, B. Erdei, M. Galbe, and O. Wallberg, "Techno-economic evaluation
of integrated first- and second-generation ethanol production from grain and
straw," Biotechnology for biofuels, early access. doi: 10.1186/s13068-015-
0423-8.

[250] S. Timmerberg, N. Bullerdiek, M. Kaltschmitt, T. Gnann, F. Neumann, and M.
Wietschel, "Teilstudie "Import von Stromkraftstoffen fiir den Verkehr - Lkw,
Binnen-/Seeschiffe, Flugzeuge: Wissenschaftliche Beratung des BMVI zur Mo-
bilitats und Kraftstoffstrategie," Hamburg, 2019.

[251] EI/JIG Standard 1530, "Quality assurance requirements for the manufacture,
storage and distribution of aviation fuel to airports,” Energy Institute (EI) and
Joint Inspection Group (JIG), London, 2013.

[252] IATA, "IATA Guidance Material for Sustainable Aviation Fuel Management:
2nd Edition," International Air Transport Association (IATA), 2015.

[253] M. Rahimour, S. Keshtkari, and E. Aryafard, "Ethanol for Air Transportation:
Science and Engineering," in Ethanol. Science and Engineering, pp. 426-445.

[254] ]. Heyne, B. Rauch, P. Le Clercq, and M. Colket, "Sustainable aviation fuel pre-
screening tools and procedures,” Fuel, vol. 290, p. 120004, 2021, doi:
10.1016/j.fuel.2020.120004.

[255] C. Winnefeld, T. Kadyk, B. Bensmann, U. Krewer, and R. Hanke-Rauschen-
bach, "Modelling and Designing Cryogenic Hydrogen Tanks for Future Air-
craft Applications,” Energies, vol. 11, no. 1, p. 105, 2018, doi:

10.3390/en11010105.

[256] E. Rivard, M. Trudeau, and K. Zaghib, "Hydrogen Storage for Mobility: A Re-
view," Materials (Basel, Switzerland), early  access. doi:
10.3390/mal12121973.

[257] D. Cecere, E. Giacomazzi, and A. Ingenito, "A review on hydrogen industrial
aerospace applications," International Journal of Hydrogen Energy, vol. 39,
no. 20, pp. 10731-10747, 2014, doi: 10.1016/j.ijhydene.2014.04.126.

[258] ICAO, "CORSIA Eligible Fuels - Life Cycle Assessment Methodology," Inter-
national Civil Aviation Organisation, Montreal, 2022.

[259] EASA, "Sustainable Aviation Fuel ‘Monitoring System’: Velarde, Cesar; En-
visa," Nov. 2019. Accessed: Feb. 22, 2022. [Online]. Available: https://
www.easa.europa.eu/downloads/115346/en

344



[260] EASA, European aviation environmental report 2019. [Luxembourg]: [Pub-
lications Office of the European Union], 2019.

[261] R.-U. Dietrich, F. Albrecht, and S. Estelmann, Eds., Synthetic jet fuel from re-
newable energy sources for sustainable aviation.

[262] N. Bullerdiek, J. Buse, N. Dognitz, A. Feige, A.-M. Hallen, S. Hauschild, P.
Hawighorst, and M. Kaltschmitt, "Einsatz von Multiblend JET A-1 in der
Praxis: Zusammenfassung der Ergebnisse aus dem Modellvorhaben der Mo-
bilitdts- und Kraftstoffstrategie," 2019.

[263] L. G. Pereira, O. Cavalett, A. Bonomi, Y. Zhang, E. Warner, and H. L. Chum,
"Comparison of biofuel life-cycle GHG emissions assessment tools: The case
studies of ethanol produced from sugarcane, corn, and wheat," Renewable
and Sustainable Energy Reviews, vol. 110, pp. 1-12, 2019, doi:
10.1016/j.rser.2019.04.043.

[264] M. Wu, M. Wang, ]. Liu, and H. Huo, "Assessment of potential life-cycle energy
and greenhouse gas emission effects from using corn-based butanol as a
transportation fuel," Biotechnology progress, vol. 24, no. 6, pp. 1204-1214,
2008, doi: 10.1002 /btpr.71.

[265] X. Liu, A. Elgowainy, and M. Wang, "Life cycle energy use and greenhouse gas
emissions of ammonia production from renewable resources and industrial
by-products,” Green Chem., vol. 22, no. 17, pp. 5751-5761, 2020, doi:
10.1039/D0GC02301A.

[266] R. Bhandari, C. A. Trudewind, and P. Zapp, "Life cycle assessment of hydro-
gen production via electrolysis - a review," Journal of Cleaner Production, vol.
85, pp. 151-163, 2014, doi: 10.1016/j.jclepro.2013.07.048.

[267] L. Tao, ]. N. Markham, Z. Haq, and M. J. Biddy, "Techno-economic analysis for
upgrading the biomass-derived ethanol-to-jet blendstocks," Green Chem., vol.
19, no. 4, pp. 1082-1101, 2017, doi: 10.1039/C6GC02800D.

[268] EIA. "U.S. Gulf Coast Kerosene-Type Jet Fuel Spot Price FOB." Accessed: Jul.
10, 2022. [Online]. Available: https://www.eia.gov/dnav/pet/hist/eer_epjk_
pf4_rgc_dpgD.htm

[269] F. Miiller-Langer, Analyse und Bewertung ausgewahlter zukiinftiger Bio-
kraftstoffoptionen auf der Basis fester Biomasse: Dissertation. Hamburg,
2011.

[270] C. Hank, A. Sternberg, N. Képpel, M. Holst, T. Smolinka, A. Schaadyt, C. Hebling,
and H.-M. Henning, "Energy efficiency and economic assessment of imported
energy carriers based on renewable electricity," Sustainable Energy Fuels,
vol. 4, no. 5, pp. 2256-2273, 2020, doi: 10.1039/D0OSE00067A.

[271] A. Sanchez and M. Martin, "Optimal renewable production of ammonia from
water and air," Journal of Cleaner Production, vol. 178, pp. 325-342, 2018,
doi: 10.1016/j.jclepro.2017.12.279.

345



[272] UNFCCC. "Paris Agreement - Status of Ratification." Accessed: Jun. 5, 2024.
[Online]. Available: https://unfccc.int/process/the-paris-agreement/status-
of-ratification

[273] Bioenergy Technologies Office. "Sustainable Aviation Fuel Grand Challenge."
Accessed: Jun. 5, 2024. [Online]. Available: https://www.energy.gov/eere/bi-
oenergy/sustainable-aviation-fuel-grand-challenge

[274] Hydrocarbon Processing. "Asia's SAF projects and agreements." Accessed:
Jun. 5, 2024. [Online]. Available: https://www.hydrocarbonprocessing.com/
news/2024 /02 /asias-saf-projects-and-agreements/

[275] A. Esqué, F. Franz, G. Mulder, R. Riedel, and D. Riefer, "Decarbonizing avia-
tion: Executing on net-zero goals," 2023. Accessed: Jun. 7, 2024. [Online].
Available: https://www.mckinsey.com/industries/aerospace-and-defense/
our-insights/decarbonizing-aviation-executing-on-net-zero-goals#/

[276] Science Based Targets Initiative. "Target Dashboard." Accessed: Nov. 1,
2024. [Online]. Available: https://sciencebasedtargets.org/companies-tak-
ing-action

[277] Argus Media. "Viewpoint: Jet demand will surpass 2019 levels in 2024." Ac-
cessed: Jun. 5, 2024. [Online]. Available: https://www.argusmedia.com/en/
news-and-insights/latest-market-news/2520549-viewpoint-jet-demand-
will-surpass-2019-levels-in-2024

[278] M. Hromadka and A. Ciger, "Hydrant refueling system as an optimisation of
aircraft refuelling," Transport Problems, vol. 10, no. 3, pp. 61-71, 2017, doi:
10.21307 /tp-2015-035.

[279] ]. Buse, Sustainable aviation fuels: Transitioning towards green aviation.
Boca Raton, London, New York: CRC Press, 2024.

[280] ASTM, "ASTM Standard Specification for Aviation Turbine Fuel Containing
Synthesized Hydrocarbons: D7566," ASTM, 2024. Accessed: Jul. 31, 2024.
[Online]. Available: https://www.astm.org/d7566-24a.html

[281] G. Quante, S. Vof3, N. Bullerdiek, C. Voigt, and M. Kaltschmitt, "Hydropro-
cessing of fossil fuel-based aviation kerosene - Technology options and cli-
mate impact mitigation potentials,” Atmospheric Environment: X, vol. 22, p.
100259, 2024, doi: 10.1016/j.aea0a.2024.100259.

[282] S. Bube, L. Sens, C. Drawer, and M. Kaltschmitt, "Power and biogas to metha-
nol - A techno-economic analysis of carbon-maximized green methanol pro-
duction via two reforming approaches,” Energy Conversion and Management,
vol. 304, p. 118220, 2024, doi: 10.1016/j.enconman.2024.118220.

[283] A. Roth, F. Riegel, and V. Batteiger, "Potentials of Biomas and Renewable En-
ergy: The Question of Sustainable Availability," in Energie aus Biomasse:
Grundlagen, Techniken und Verfahren, M. Kaltschmitt, H. Hartmann, and H.
Hofbauer, Eds., 3rd ed. Berlin, Heidelberg: Springer Vieweg, 2016, pp. 95-122.

346



[284] A. Muscat, E. M. de Olde, 1. de Boer, and R. Ripoll-Bosch, "The battle for bio-
mass: A systematic review of food-feed-fuel competition,” Global Food Secu-
rity, vol. 25, p. 100330, 2020, doi: 10.1016/j.gfs.2019.100330.

[285] S. Vof3, S. Bube, and M. Kaltschmitt, "Aviation fuel production pathways from
lignocellulosic biomass via alcohol intermediates - A technical analysis," Fuel
Communications, vol. 17, p. 100093, 2023, doi:
10.1016/j.jfueco.2023.100093.

[286] B. Buchspies and M. Kaltschmitt, "Sustainability Aspects of Biokerosene," in
Biokerosene: Status and prospects, M. Kaltschmitt and U. Neuling, Eds., Berlin:
Springer, 2018, pp. 325-374.

[287] S. Nanda, R. Azargohar, A. K. Dalai, and J. A. Kozinski, "An assessment on the
sustainability of lignocellulosic biomass for biorefining," Renewable and Sus-
tainable Energy Reviews, vol. 50, pp. 925-941, 2015, doi:
10.1016/j.rser.2015.05.058.

[288] K. Sievert, T. S. Schmidt, and B. Steffen, "Considering technology characteris-
tics to project future costs of direct air capture,” Joule, vol. 8, no. 4, pp. 979-
999, 2024, doi: 10.1016/j.joule.2024.02.005.

[289] T. Zitscher, U. Neuling, A. Habersetzer, and M. Kaltschmitt, "Analysis of the
German Industry to Determine the Resource Potential of CO2 Emissions for
PtX Applications in 2017 and 2050," Resources, vol. 9, no. 12, p. 149, 2020,
doi: 10.3390/resources9120149.

[290] M. Kaltschmitt, W. Streicher, and A. Wiese, Erneuerbare Energien. Berlin,
Heidelberg: Springer Berlin Heidelberg, 2020.

[291] S. Bube, N. Bullerdiek, S. Vof3, and M. Kaltschmitt, "Kerosene production from
power-based syngas - A technical comparison of the Fischer-Tropsch and
methanol pathway,” Fuel, vol. 366, p. 131269, 2024, doi:
10.1016/j.fuel.2024.131269.

[292] V. Dieterich, A. Buttler, A. Hanel, H. Spliethoff, and S. Fendt, "Power-to-liquid
via synthesis of methanol, DME or Fischer-Tropsch-fuels: a review," Energy
Environ. Sci, vol. 13, no. 10, pp. 3207-3252, 2020, doi:
10.1039/DOEE01187H.

[293] A. Fried], A. Miltner, U. Neuling, and M. Kaltschmitt, "Fermentative Alkohol-
erzeugung und -nutzung," in Energie aus Biomasse: Grundlagen, Techniken
und Verfahren, M. Kaltschmitt, H. Hartmann, and H. Hofbauer, Eds., 3rd ed.
Berlin, Heidelberg: Springer Vieweg, 2016, 1501-1607. [Online]. Available:
DOI: 10.1007/978-3-662-47438-9_18

[294] LanzaTech. "Homepage." Accessed: Jun. 6, 2024. [Online]. Available: https://
lanzatech.com/about/

347



[295] R. Rauch, H. Hofbauer, U. Neuling, and M. Kaltschmitt, "Biokerosene Produc-
tion from Bio-Chemical and Thermo-Chemical Biomass Conversion and Sub-
sequent Fischer-Tropsch Synthesis," in Biokerosene: Status and prospects, M.
Kaltschmitt and U. Neuling, Eds., Berlin: Springer, 2018, pp. 497-518.

[296] A. Meurer and ]. Kern, "Fischer-Tropsch Synthesis as the Key for Decentral-
ized Sustainable Kerosene Production," Energies, vol. 14, no. 7, p. 1836, 2021,
doi: 10.3390/en14071836.

[297] M. Gonzalez-Castafio, B. Dorneanu, and H. Arellano-Garcia, "The reverse wa-
ter gas shift reaction: a process systems engineering perspective,” React.
Chem. Eng., vol. 6, no. 6, pp. 954-976, 2021, doi: 10.1039/d0re00478b.

[298] S. Adelung and R.-U. Dietrich, "Impact of the reverse water-gas shift operat-
ing conditions on the Power-to-Liquid fuel production cost,” Fuel, vol. 317, p.
123440, 2022, doi: 10.1016/j.fuel.2022.123440.

[299] U. Neuling, M. Kaltschmitt, and F. Miiller-Langer, "Weiterverarbeitung von
Pflanzenolen," in Energie aus Biomasse: Grundlagen, Techniken und Verfah-
ren, M. Kaltschmitt, H. Hartmann, and H. Hofbauer, Eds., 3rd ed. Berlin, Hei-
delberg: Springer Vieweg, 2016, pp. 1379-1414.

[300] U. Neuling, "Biokerosinherstellung: Verfahrenskonzepte, Identifikation,
Bewertung," Dissertation, Technische Universitit Hamburg and Verlag Dr.
Kovac¢, Hamburg, 2018.

[301] S. Arrowsmith, D. S. Lee, B. Owen, ]. Faber, L. van Wijngaarden, O. Boucher,
A. Celikel, R. Deransy, ]. Fuglestvedyt, ]J. Laukia, M. Tronstadt Lund, R. Sausen,
M. Schaefer, A. Skowron, S. Stromatas, and A. Watt, "Updated analysis of the
non-CO2 climate impacts of aviation and potential policy measures pursuant
to the EU Emissions Trading System: Final Report," EASA, 2019.

[302] ExxonMobil. "ExxonMobil methanol to jet technology to provide new route
for sustainable aviation fuel production." Accessed: Nov. 4, 2024. [Online].
Available: https://www.exxonmobilchemical.com/en/resources/library/li-
brary-detail/101116/exxonmobil_sustainable_aviation_fuel_production_en

[303] A. Hull and A. Zschocke, "Evaluation of Alcohol-To-]Jet Synthetic Kerosene
with Aromatics (AT]-SKA) Fuels and Blends: Research Report," 2023.

[304] ATAG, "Waypoint 2050: Balancing growth in connectivity with a comprehen-
sive global air transport response to the climate emergency: a vision of net-
zero aviation by mid-century," Air Transport Action Group, Geneva, Sep. 2021.
Accessed: Oct. 28, 2021. [Online]. Available: https://aviationbenefits.org/me-
dia/167417/w2050_v2021_27sept_full.pdf

[305] D. A. Smith, A. Filippone, and N. Bojdo, "Noise reduction of a Counter Rotating
Open Rotor through a locked blade row," Aerospace Science and Technology,
vol. 98, p. 105637, 2020, doi: 10.1016/j.ast.2019.105637.

348



[306] A. W. Schéfer, A. D. Evans, T. G. Reynolds, and L. Dray, "Costs of mitigating
CO2 emissions from passenger aircraft,” Nat. Clim. Chang., vol. 6, no. 4, pp.
412-417, 2016, doi: 10.1038/NCLIMATE2865.

[307] A. Abbas, ]. de Vicente, and E. Valero, "Aerodynamic technologies to improve
aircraft performance,” Aerospace Science and Technology, vol. 28, no. 1, pp.
100-132, 2013, doi: 10.1016/j.ast.2012.10.008.

[308] E. Schmidt, "Die Entstehung von Eisnebel aus den Auspuffgasen von Flugmo-
toren," vol. 44, pp. 1-15, 1941.

[309] T. Harlass, R. Dischl], S. Kaufmann, R. Mark], D. Sauer, M. Scheibe, P. Stock, T.
Brauer, A. Dornbrack, A. Roiger, H. Schlager, U. Schumann, M. Piihl, T. Schripp,
T. Grein, L. Bondorf, C. Renard, M. Gauthier, M. Johnson, D. Luff, P. Madden, P.
Swann, D. Ahrens, R. Sallinen, and C. Voigt, "Measurement report: In-flight and
ground-based measurements of nitrogen oxide emissions from latest-gener-
ation jet engines and 100 % sustainable aviation fuel,” Atmos. Chem. Phys,,
vol. 24, no. 20, pp. 11807-11822, 2024, doi: 10.5194 /acp-24-11807-2024.

[310] C. Voigt, ]. Lelieveld, H. Schlager, J. Schneider, ]. Curtius, R. Meerkétter, D.
Sauer, L. Bugliaro, B. Bohn, ]J. N. Crowley, T. Erbertseder, S. Grof3, V. Hahn, Q.
Li, M. Mertens, M. L. Pohlker, A. Pozzer, U. Schumann, L. Tomsche, ]. Williams,
A. Zahn, M. Andreae, S. Borrmann, T. Briauer, R. Dorich, A. Dornbrack, A.
Edtbauer, L. Ernle, H. Fischer, A. Giez, M. Granzin, V. Grewe, H. Harder, M. Hein-
ritzi, B. A. Holanda, P. Jockel, K. Kaiser, O. O. Kriiger, J. Lucke, A. Marsing, A.
Martin, S. Matthes, C. Pohlker, U. Poschl, S. Reifenberg, A. Ringsdorf, M.
Scheibe, I. Tadic, M. Zauner-Wieczorek, R. Henke, and M. Rapp, "Cleaner Skies
during the COVID-19 Lockdown," Bulletin of the American Meteorological So-
ciety, vol. 103, no. 8, E1796-E1827, 2022, doi: 10.1175/BAMS-D-21-0012.1.

[311] IATA. "Global Air Travel Demand Continued Its Bounce Back in 2023." Ac-
cessed: Jul. 1, 2024. [Online]. Available: https://www.iata.org/en/press-
room/2024-releases/2024-01-31-02/

[312] ICAO. "Passenger air traffic surpasses pre-pandemic levels." Accessed: Jul. 1,
2024. [Online]. Available: https://www.icao.int/Newsroom/Pages/Passen-
ger-air-traffic-surpasses-pre-pandemic-levels.aspx

[313]]. Y.-H. Ng, K. McCloskey, ]. Cui, V. R. Meijer, E. Brand, A. Sarna, N. Goyal, C.
van Arsdale, and S. Geraedts, "OpenContrails: Benchmarking Contrail Detec-
tion on GOES-16 ABI," 2023, doi: 10.48550/arXiv.2304.02122.

[314] S. Geraedts, E. Brand, T. R. Dean, S. Eastham, C. Elkin, Z. Engberg, U. Hager, I.
Langmore, K. McCloskey, ]. Y.-H. Ng, |. C. Platt, T. Sankar, A. Sarna, M. Shapiro,
and N. Goyal, "A scalable system to measure contrail formation on a per-flight
basis," 2023, doi: 10.48550/arXiv.2308.02707.

[315] H. P. Latscha, Organische Chemie: Chemie-Basiswissen II, 7th ed. (Spring-
erLink Biicher). Berlin, Heidelberg: Springer Spektrum, 2016.

349



[316] ]. Ponsonby, L. King, B. ]. Murray, and M. E. ]. Stettler, "Jet aircraft lubrication
oil droplets as contrail ice-forming particles,” Atmos. Chem. Phys., vol. 24, no.
3, pp.- 2045-2058, 2024, doi: 10.5194 /acp-24-2045-2024.

[317] R. Teoh, Z. Engberg, M. Shapiro, L. Dray, and M. E. ]. Stettler, "The high-reso-
lution Global Aviation emissions Inventory based on ADS-B (GAIA) for 2019-
2021," Atmos. Chem. Phys., vol. 24, no. 1, pp. 725-744, 2024, doi:
10.5194 /acp-24-725-2024.

[318] U. Schumann, B. Mayer, K. Graf, and H. Mannstein, "A Parametric Radiative
Forcing Model for Contrail Cirrus," Journal of Applied Meteorology and Clima-
tology, vol. 51, no. 7, pp. 1391-1406, 2012, doi: 10.1175/JAMC-D-11-0242.1.

[319] European Council. "Infographic - Fit for 55: Increasing the uptake of greener
fuels in the aviation and maritime sectors." Accessed: Feb. 20, 2024. [Online].
Available: https://www.consilium.europa.eu/en/infographics/fit-for-55-re-
fueleu-and-fueleu/

[320] T. Lee. "National Alternative Jet Fuels Test Database." Accessed: Feb. 20,
2024. [Online]. Available: https://altjetfuels.illinois.edu/

[321] A. Gettelman, C.-C. Chen, and C. G. Bardeen, "The climate impact of COVID-
19-induced contrail changes," Atmos. Chem. Phys., vol. 21, no. 12, pp. 9405-
9416, 2021, doi: 10.5194 /acp-21-9405-2021.

[322] S. Grof3, T. Jurkat-Witschas, Q. Li, M. Wirth, B. Urbanek, M. Kramer, R. Weigel,
and C. Voigt, "Investigating an indirect aviation effect on mid-latitude cirrus
clouds - linking lidar-derived optical properties to in situ measurements," At-
mos. Chem. Phys., vol. 23, no. 14, pp. 8369-8381, 2023, doi: 10.5194 /acp-23-
8369-2023.

[323] S. Wandelt, C. Antoniou, S. Birolini, D. Delahaye, M. Dresner, X. Fu, S. Gossling,
S.-]. Hong, A. R. Odoni, M. Zanin, A. Zhang, H. Zhang, Y. Zhang, and X. Sun, "Sta-
tus quo and challenges in air transport management research,” Journal of the
Air Transport Research Society, vol. 2, p. 100014, 2024, doi:
10.1016/j.jatrs.2024.100014.

[324] R.Raman, S. Gunasekar, L. D. David, A. F. Rahmat, and P. Nedungadi, "Aligning
sustainable aviation fuel research with sustainable development goals:
Trends and thematic analysis," Energy Reports, vol. 12, pp. 2642-2652, 2024,
doi: 10.1016/j.egyr.2024.08.076.

[325] G. Quante, C. Voigt, and M. Kaltschmitt, "Targeted use of paraffinic kerosene:
Potentials and implications,"” Atmospheric Environment: X, vol. 23, p. 100279,
2024, doi: 10.1016/j.aea0a.2024.100279.

[326] R. Dischl, D. Sauer, C. Voigt, T. Harlaf3, F. Sakellariou, R. Markl, U. Schumann,
M. Scheibe, S. Kaufmann, A. Roiger, A. Dérnbrack, C. Renard, M. Gauthier, P.
Swann, P. Madden, D. Luff, M. Johnson, D. Ahrens, R. Sallinen, T. Schripp, G.
Eckel, U. Bauder, and P. Le Clercq, "Measurements of particle emissions of an

350



A350-941 burning 100 % sustainable aviation fuels in cruise," Atmos. Chem.
Phys., vol. 24, no. 19, pp. 11255-11273, 2024, doi: 10.5194 /acp-24-11255-
2024.

[327] S. Wandelt, H. Blom, M. M. Krémer, D. Li, M. Mitici, T. Ryley, E. Stumpf, K.
Wang, B. Yang, M. Zanin, and X. Sun, "DESIGN and be SMART: Eleven engineer-
ing challenges to achieve sustainable air transportation under safety assur-
ance in the year 2050," Journal of the Air Transport Research Society, p.
100045, 2024, doi: 10.1016/j.jatrs.2024.100045.

[328] M. J. Watson, P. G. Machado, A. V. Da Silva, Y. Saltar, C. O. Ribeiro, C. Nasci-
mento, and A. W. Dowling, "Sustainable aviation fuel technologies, costs, emis-
sions, policies, and markets: A critical review," Journal of Cleaner Production,
vol. 449, p. 141472, 2024, doi: 10.1016/j.jclepro.2024.141472.

[329] P. Minnis, D. F. Young, D. P. Garber, L. Nguyen, W. L. Smith, and R. Palikonda,
"Transformation of contrails into cirrus during SUCCESS," Geophys. Res. Lett.,
vol. 25, no. 8, pp. 1157-1160, 1998, doi: 10.1029/97GL03314.

[330] K. Gierens and M. Vazquez-Navarro, "Statistical analysis of contrail lifetimes
from a satellite perspective,” metz, 2017, doi: 10.1127 /metz/2018/0888.
[331] U. Schumann, P. Jefdberger, and C. Voigt, "Contrail ice particles in aircraft
wakes and their climatic importance,” Geophys. Res. Lett., vol. 40, no. 11, pp.

2867-2872,2013, doi: 10.1002/grl.50539.

[332] U. Neuling and M. Kaltschmitt, "Biokerosene from Vegetable Oils - Technol-
ogies and Processes," in Biokerosene: Status and prospects, M. Kaltschmitt
and U. Neuling, Eds., Berlin: Springer, 2018, pp. 475-496.

[333] ALIGHT Aviation. "ALIGHT project website." Accessed: Jul. 31, 2024.
[Online]. Available: https://alight-aviation.eu/

[334] UK Ministry of Defence, "Defence Standard 91-091: Issue 16," U.S. Energy
Information Administration, 2023.

[335] Energy Institute (EI), "EI 1533 - Quality Assurance Requirements for semi-
synthetic jet fuel and synthetic blending components (SBC)," Energy Institute
(EI), 2024. Accessed: Jun. 18, 2024. [Online]. Available: https://publishing.en-
ergyinst.org/topics/aviation/aviation-fuel-handling/ei-1533-quality-assur-
ance-requirements-for-semi-synthetic-jet-fuel-and-synthetic-blending-com-
ponents-sbc

[336] Flightradar24 AB. "flightradar24 database." [Online]. Available: https://
www.flightradar24.com/

[337] A. Manneville, "non-CO, emissions characterisation: ECLIF3 and VOLCAN in-
flight measurement campaigns overview," [Online]. Available: https://
www.eurocontrol.int/event/sustainable-skies-conference-contrails-focus

[338] Z. Wang, L. Bugliaro, K. Gierens, M. 1. Hegglin, S. Rohs, A. Petzold, S. Kauf-
mann, and C. Voigt, "Machine learning for improvement of upper tropospheric

351



relative humidity in ERA5 weather model data," 2024. doi:
10.5194 /egusphere-2024-2012. [Online]. Available: Preprint

[339] K. Wolf, N. Bellouin, and O. Boucher, "Distribution and morphology of non-
persistent contrail and persistent contrail formation areas in ERA5," Atmos.
Chem. Phys., vol. 24, no. 8, pp. 5009-5024, 2024, doi: 10.5194 /acp-24-5009-
2024.

[340] R. G. Knollenberg, "Measurements of the Growth of the Ice Budget in a Per-
sisting Contrail," J. Atmos. Sci,, vol. 29, no. 7, pp. 1367-1374, 1972, doi:
10.1175/1520-0469(1972)029%3C1367:MOTGOT%3E2.0.CO;2.

[341] A. Heymsfield, "Cirrus Uncinus Generating Cells and the Evolution of Cirri-
form Clouds. Part I: Aircraft Observations of the Growth of the Ice Phase," ].
Atmos. Sci, vol. 32, no. 4, pp. 799-808, 1975, doi: 10.1175/1520-
0469(1975)032%3C0799:CUGCAT%3E2.0.CO;2.

[342] U. Schumann and K. Graf, "Aviation-induced cirrus and radiation changes at
diurnal timescales," ]. Geophys. Res. Atmos., vol. 118, no. 5, pp. 2404-2421,
2013, doi: 10.1002/jgrd.50184.

[343] K. Gierens, S. Matthes, and S. Rohs, "How Well Can Persistent Contrails Be
Predicted?," Aerospace, vol. 7, no. 12, p. 169, 2020, doi: 10.3390/aero-
space7120169.

[344] A. ]. Heymsfield, R. P. Lawson, and G. W. Sachse, "Growth of ice crystals in a
precipitating contrail,” Geophys. Res. Lett., vol. 25, no. 9, pp. 1335-1338, 1998,
doi: 10.1029/98GL00189.

[345] S. Kaufmann, C. Voigt, R. Heller, T. Jurkat-Witschas, M. Kramer, C. Rolf, M.
Zoger, A. Giez, B. Buchholz, V. Ebert, T. Thornberry, and U. Schumann, "Inter-
comparison of midlatitude tropospheric and lower-stratospheric water vapor
measurements and comparison to ECMWF humidity data,” Atmos. Chem.
Phys., vol. 18, no. 22, pp. 16729-16745, 2018, doi: 10.5194 /acp-18-16729-
2018.

[346] Y. Li, C. Mahnke, S. Rohs, U. Bundke, N. Spelten, G. Dekoutsidis, S. Grof3, C.
Voigt, U. Schumann, A. Petzold, and M. Kramer, "Upper-tropospheric slightly
ice-subsaturated regions: frequency of occurrence and statistical evidence for
the appearance of contrail cirrus,” Atmos. Chem. Phys., vol. 23, no. 3, pp.
2251-2271, 2023, doi: 10.5194 /acp-23-2251-2023.

[347] C. Voigt, U. Schumann, A. Minikin, A. Abdelmonem, A. Afchine, S. Borrmann,
M. Boettcher, B. Buchholz, L. Bugliaro, A. Costa, ]. Curtius, M. Dollner, A. Dérn-
brack, V. Dreiling, V. Ebert, A. Ehrlich, A. Fix, L. Forster, F. Frank, D. Fiitterer,
A. Giez, K. Graf, ].-U. Groof3, S. Grof3, K. Heimerl, B. Heinold, T. Hiineke, E. Ja-
rvinen, T. Jurkat, S. Kaufmann, M. Kenntner, M. Klingebiel, T. Klimach, R. Kohl,
M. Kramer, T. C. Krisna, A. Luebke, B. Mayer, S. Mertes, S. Molleker, A. Petzold,
K. Pfeilsticker, M. Port, M. Rapp, P. Reutter, C. Rolf, D. Rose, D. Sauer, A.

352



Schifler, R. Schlage, M. Schnaiter, J. Schneider, N. Spelten, P. Spichtinger, P.
Stock, A. Walser, R. Weigel, B. Weinzierl, M. Wendisch, F. Werner, H. Wernlj,
M. Wirth, A. Zahn, H. Ziereis, and M. Zéger, "ML-CIRRUS: The Airborne Exper-
iment on Natural Cirrus and Contrail Cirrus with the High-Altitude Long-
Range Research Aircraft HALO," Bulletin of the American Meteorological So-
ciety, vol. 98, no. 2, pp. 271-288, 2017, doi: 10.1175/BAMS-D-15-00213.1.

[348] Airbus. "A320ceo: Setting single-aisle standards." Accessed: 20.06.20204.
[Online]. Available: https://aircraft.airbus.com/en/aircraft/a320-the-most-
successful-aircraft-family-ever/a320ceo

[349] Airbus. "A380: Facts and figures." Accessed: Jun. 20, 2024. [Online]. Availa-
ble:  https://www.airbus.com/sites/g/files/jlcbtal36/files/2021-12/EN-
Airbus-A380-Facts-and-Figures-December-2021_0.pdf

[350] ]J. Hoelzen, M. Flohr, D. Silberhorn, J. Mangold, A. Bensmann, and R. Hanke-
Rauschenbach, "H2-powered aviation at airports — Design and economics of
LH2 refueling systems," Energy Conversion and Management: X, vol. 14, p.
100206, 2022, doi: 10.1016/j.ecmx.2022.100206.

[351] ]. Hoelzen, D. Silberhorn, T. Zill, B. Bensmann, and R. Hanke-Rauschenbach,
"Hydrogen-powered aviation and its reliance on green hydrogen infrastruc-
ture - Review and research gaps," International Journal of Hydrogen Energy,
vol. 47, no. 5, pp. 3108-3130, 2022, doi: 10.1016/j.ijhydene.2021.10.239.

[352] EUMETSAT. "EUMETSAT User Portal." Accessed: Jul. 6, 2024. [Online]. Avail-
able: https://user.eumetsat.int/dashboard

[353] D. Piontek, A. ]. Hornby, C. Voigt, L. Bugliaro, and ]. Gasteiger, "Determination
of complex refractive indices and optical properties of volcanic ashes in the
thermal infrared based on generic petrological compositions," Journal of Vol-
canology and Geothermal Research, vol. 411, p. 107174, 2021, doi:
10.1016/j.jvolgeores.2021.107174.

[354] D. Piontek, L. Bugliaro, ]. Kar, U. Schumann, F. Marenco, M. Ply, and C. Voigt,
"The New Volcanic Ash Satellite Retrieval VACOS Using MSG/SEVIRI and Ar-
tificial Neural Networks: 2. Validation," Remote Sensing, vol. 13, no. 16, p.
3128, 2021, doi: 10.3390/rs13163128.

[355] Deutscher Wetterdienst. "D-KULT-Info." Accessed: Jul. 26, 2024. [Online].
Available: https://www.dwd.de/DE /fachnutzer/luftfahrt/download/
produkte/luftfahrt_und_klima/d_kult_info.pdf?__blob=publicationFile&v=1

[356] B. Rauch, "Systematic Accuracy Assessment for Alternative Aviation Fuel
Evaporation models," Dissertation, Institute of Combustion Technology for
Aerospace Engineering, Universitit Stuttgart, Stuttgart, 2017.

[357] T. Edwards, "Reference Jet Fuels for Combustion Testing," American Insti-
tute of Aeronautics and Astronautics, 2013.

353



[358] Chevron Coorperation, "Aviation Fuels: Technical Review," Chevron
Coorperation, 2006.

[359] M. Rachner, "Die Stoffeigenschaften von Kerosin Jet A-1: DLR-Mitteilungen
98-01," 1998.

[360] Petroleum HPV Testing Group, "Kerosene/Jet fuel Category Assessment Doc-
ument: Submitted to the US EPA," 2010.

[361] Graham ], T. Rahmes, M. Kay, ].-P. Beliéeres, ]. Kinder, S. Millet, ]. Ray, W. Van-
nice, and J. Trela, "Impact of SPK Fuels and Fuel Blends on Non-Metallic Mate-
rials Used in Commercial Aircraft Fuel Systems: Submitted by The Boeing
Company to FAA," Dec. 2013.

[362] D. Rickard, "Quality of Aviation Fuel Available in the United Kingdom: Annual
Survey 2014," 2018. Accessed: Nov. 25, 2022. [Online]. Available: https://
ntrl.ntis.gov/NTRL/dashboard/searchResults/titleDetail /
PB2018100990.xhtml

[363] K. Gotz. "Zukunftstraum: ,Mit griinem Treibstoff fliegen“." Accessed: Nov. 4,
2024. [Online]. Available: https://www.uni-bremen.de/zukunftstraum-mit-
gruenem-treibstoff-fliegen

[364] L. Harmon, R. Hallen, M. Lilga, B. Heijstra, I. Palou-Rivera, and R. Handler, "A
Hybrid Catalytic Route to Fuels from Biomass Syngas,” Orochem Technolo-
gies, InEnTec, 2017, doi: 10.2172/1423741.

[365] ASTM, "ASTM ] Meeting," Denver, 2023.

[366] ATAG. "Facts & Figures." Accessed: Mar. 16, 2017. [Online]. Available: http://
www.atag.org/facts-and-figures.html

[367] Airbus. "Global Market Forecast—Growing Horizons 2017/2035." [Online].
Available: http://www.airbus.com/content/dam/corporate-topics/publica-
tions/backgrounders/Airbus_Global_Market_Forecast_2017-2036_Growing_
Horizons_full_book.pdf

[368] L. Meleo, C. R. Nava, and C. Pozzi, "Aviation and the costs of the European
Emission Trading Scheme: The case of Italy," Energy Policy, vol. 88, pp. 138-
147,2016, doi: 10.1016/j.enpol.2015.10.008.

[369] A. Kharina, D. Rutherford, and M. Zeinali, "Cost assessment of near- and mid-
term technologies to improve new aircraft fuel efficiency,” International
Council on Clean Transportation, 2017. Accessed: Nov. 8, 2017. [Online].
Available: http://theicct.org/publication/cost-assessment-of-near-and-mid-
term-technologies-to-improve-new-aircraft-fuel-efficiency/

[370] ]. M. Cansino and R. Roman, "Energy efficiency improvements in air traffic:
The case of Airbus A320 in Spain," Energy Policy, vol. 101, pp. 109-122, 2017,
doi: 10.1016/j.enpol.2016.11.027.

[371] Umweltbundesamt, "Power-to-Liquids: Potentials and Perspectives for the
Future Supply of Renewable Aviation Fuel," 2017. Accessed: Nov. 14, 2017.

354



[Online]. Available: https://Ibst.de/news/2016_docs/161005_uba_hinter-
grund_ptl_barrierrefrei.pdf

[372] S. ]. Bann, R. Malina, M. D. Staples, P. Suresh, M. Pearlson, W. E. Tyner, J. L
Hileman, and S. Barrett, "The costs of production of alternative jet fuel: A har-
monized stochastic assessment," Bioresource technology, early access. doi:
10.1016/j.biortech.2016.12.032.

[373] ICAOQ, "Global Emissions: Sustainable Alternative Fuels: ICAO Environmental
Report, Chapter 4," Montreal.

[374] R. W. Stratton, H. M. Wong, and ]. I. Hileman, "Life Cycle Greenhouse Gas
Emissions from Alternative Jet Fuels: PARTNER Project 28 report,” 2010.
[375] D. H. Konig, N. Baucks, R.-U. Dietrich, and A. Worner, "Simulation and evalu-
ation of a process concept for the generation of synthetic fuel from CO2 and
H2," Energy, vol. 91, pp. 833-841, 2015, doi: 10.1016/j.energy.2015.08.099.

[376] D. H. Konig, M. Freiberg, R.-U. Dietrich, and A. Worner, "Techno-economic
study of the storage of fluctuating renewable energy in liquid hydrocarbons,"
Fuel, vol. 159, pp. 289-297, 2015, doi: 10.1016/j.fuel.2015.06.085.

[377] A. Tremel, P. Wasserscheid, M. Baldauf, and T. Hammer, "Techno-economic
analysis for the synthesis of liquid and gaseous fuels based on hydrogen pro-
duction via electrolysis," International Journal of Hydrogen Energy, vol. 40,
no. 35, pp. 11457-11464, 2015, doi: 10.1016/j.ijhydene.2015.01.097.

[378] M. Liehr, A. Grofiler, M. Klein, and P. M. Milling, "Cycles in the sky: under-
standing and managing business cycles in the airline market," System Dynam-
ics Review, vol. 17, no. 4, pp. 311-332, 2001, doi: 10.1002 /sdr.226.

[379] H. B. Weil, "Commodization of Technology-Based Products and Services: A
Generic Model of Market Dynamics," 1996.

[380] ]J. M. Lyneis and M. Glucksman, "Market Analysis and Forecasting as a Strate-
gic Business Tool," Computer-Based Management of Complex Systems, vol.
Proceedings of the 1989 International Conference of the, pp. 136-143, 1989.

[381] B. Kleer, E.-M. Cronrath, and A. Zock, Eds., Market development of airline
companies: A system dynamics view on strategic movements. Athens, Greece,
2008.

[382] H. Jimenez, H. Pfaender, and D. Mavris, "Environmental Impact Analysis of
Fleet and Policy Options of Aircraft Operators using System Dynamics,” in
10th AIAA Aviation Technology, Integration, and Operations (ATIO) Confer-
ence, Fort Worth, Texas, 2010, doi: 10.2514/6.2010-9251.

[383] M. Urban, U. Kluge, K. O. Plotner, G. Barbeito, S. Pickl, and M. Hornung, Eds.,
Modelling the European air transport system: A System Dynamics approach.
Munich, 2017.

355



[384] ]. D. Sterman, R. Henderson, E. D. Beinhocker, and L. I. Newman, "Getting Big
Too Fast: Strategic Dynamics with Increasing Returns and Bounded Rational-
ity," Management Science, vol. 53, no. 4, pp. 683-696, 2007, doi:
10.1287 /mnsc.1060.0673.

[385] R. H. Liebeck, D. A. Andrastek, J. Chau, R. Girvin, R. Lyon, B. K. Rawdon, P. W.
Scott, and R. A. Wright, "Advanced Subsonic Airplane Design and Economic
Studies,”" Lewis Research Center National Technical Information Service, vol.
CR-195443, 1995.

[386] World Bank, "GDP Per Capita (Constant 2010 US$)," Accessed: Dec. 19,2017.
[Online]. Available: https://data.worldbank.org/indicator/NY.GDP.PCAP.KD?
end=2015&start=1990

[387] World Bank, "Consumer Prices for the World," Accessed: Dec. 19, 2017.
[Online]. Available: https://fred.stlouisfed.org/series/FPCPITOTLZGWLD

[388] Boeing, "Current Market Outlook,"” Boeing, Seattle, WA, USA, 2005. Accessed:
Dec. 19, 2017. [Online]. Available: http://libraryonline.erau.edu/online-full-
text/books-online/RAC109206.pdf

[389] Boeing, "Current Market Outlook: 2009-2028," Seattle, WA, USA, 2009. Ac-
cessed: Dec. 19, 2017. [Online]. Available: https://libraryonline.erau.edu/
online-full-text/books-online/BoeingCurrentMarketOutlook2009t02028.pdf

[390] Boeing, "Current Market Outlook: 2016-2035," Boeing, Seattle, WA, USA,
2016. Accessed: Dec. 19, 2017. [Online]. Available: https://www.boeing.com
/content/dam/boeing/boeingdotcom/commercial/about-our-market/as-
sets/downloads/cmo_print_2016_final_updated.pdf

[391] ICAO, "ICAO Data+ Demo: Passenger Load Factor,” Montreal. Accessed: Dec.
19, 2017. [Online]. Available: https://stats.icao.int/#pricing-anchor

[392] S. Sgouridis, "Symbiotic Strategies in Enterprise Ecology: Modeling Commer-
cial Aviation as an Enterprise of Enterprises," PhD Thesis, Massachussetts In-
stitute of Technology, Cambridge, MA, USA, 2007.

[393] IATA, "Technology Roadmap,” 2013. Accessed: Mar. 20, 2017. [Online].
Available: https://www.iata.org/programs/environment/Documents/tech-
nology-roadmap-2013.pdf

[394] M. Moser, T. Pregger, S. Simon, D. H. Koénig, A. Worner, R.-U. Dietrich, M. Koh-
ler, P. OBwald, J. Grohmann, T. Kathrotia, G. Eckel, D. Schweitzer, N. Armbrust,
H. Dieter, G. Scheffknecht, C. Kern, ]. Thiessen, A. Jess, and M. Aigner, "Synthe-
tische fliissige Kohlenwasserstoffe aus erneuerbaren Energien - Ergebnisse
der Helmholtz Energieallianz," Chemie Ingenieur Technik, vol. 89, no. 3, pp.
274-288,2017,doi: 10.1002/cite.201500154.

[395] ]. W. Forrester and P. Senge, "Tests for building confidence in system dynam-
ics models," in System Dynamics, pp. 209-228. Accessed: 1980.

356



[396] M. Hekimoglu and Y. Barlas, "Sensitivity analysis for models with multiple
behavior modes: a method based on behavior pattern measures," System Dy-
namics Review, vol. 32, 3-4, pp. 332-362, 2016, doi: 10.1002/sdr.1568.

[397] R. Berghof, A. Schmitt, J. Middel, C. Eyers, R. Hancox, A. Gruebler, and M.
Hepting, "CONSAVE 2050: Final Technical Report," 2005. Accessed: Dec. 19,
2017. [Online]. Available: https://core.ac.uk/download/pdf/30945495.pdf

[398] European Council. "Single sky reform: Council and Parliament strike a deal
to improve efficiency of air space management in the EU." Accessed: Nov. 24,
2024. [Online]. Available: https://www.consilium.europa.eu/en/press/
press-releases/2024/03/06/single-sky-reform-council-and-parliament-
strike-a-deal-to-improve-efficiency-of-air-space-management-in-the-eu/

[399] C. Elkin and D. Sanekommu. "How Al is helping airlines mitigate the climate
impact of contrails." [Online]. Available: https://blog.google /technology/ai/
ai-airlines-contrails-climate-change/

[400] European Parliament, Amendments adopted by the European Parliament on
8 June 2022 on the proposal for a directive of the European Parliament and of
the Council amending Directive 2003/87/EC as regards aviation’s contribu-
tion to the Union’s economy-wide emission reduction target and appropri-
ately implementing a global market-based measure, 2022. Accessed: Aug. 20,
2024. [Online]. Available: https://www.europarl.europa.eu/doceo/docu-
ment/TA-9-2022-0230_EN.pdf

[401] European Parliament, Directive 2009/30/EC of the European Parliament
and of the Council: Directive 2009/30/EC, 2009. Accessed: Nov. 26, 2022.
[Online]. Available: https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?
uri=CELEX:32009L0030&from=EN

[402] bp. "Crude assays: A full list of all our crude assays." Accessed: Nov. 29, 2022.
[Online]. Available: https://www.bp.com/en/global/bp-trading-and-ship-
ping/documents-and-downloads/technical-downloads/crudes-assays.html

[403] U. Burkhardt and B. Karcher, "Global radiative forcing from contrail cirrus,"
Nat. Clim. Chang., vol. 1, no. 1, pp. 54-58, 2011, doi: 10.1038/nclimate1068.

[404] Airbus. "First in-flight 100% sustainable fuels emissions study of passenger
jet shows early promise." Accessed: Feb. 23, 2022. [Online]. Available:
https://www.airbus.com/en/newsroom/press-releases/2021-11-first-in-
flight-100-sustainable-fuels-emissions-study-of-passenger

[405] Embraer. "100% SAF E2 Demo Flight Planned." Accessed: Feb. 23, 2022.
[Online]. Available: https://www.embraercommercialaviation.com/news/
100-saf-e2-demo-flight-planned/

[406] W. Palmer. "United Flies World's First Passenger Flight On 100% Sustainable
Aviation Fuel Supplying One Of Its Engines." Accessed: Feb. 23, 2022. [Online].

357



Available: https://www.ge.com/news/reports/united-flies-worlds-first-pas-
senger-flight-on-100-sustainable-aviation-fuel-supplying-one

[407] Rolls-Royce. "Rolls-Royce conducts first tests of 100% sustainable aviation
fuel for use in business jets." Accessed: Feb. 23, 2022.

[408] Alfa Laval, Hafnia, Haldor Topsge, Vestas, and Siemens Gamesa., "Am-
monfuel. An industrial view of ammonia as a marine fuel," Alfa Laval, Hafnia,
Haldor Topsge, Vestas, and Siemens Gamesa., 2020.

[409] M. Cames, N. Wissner, and ]. Sutter, "Ammonia as a marine Fuel," Oko-Insti-
tut e.V,, Berlin, 2021.

[410] ]J. Hansson, S. Brynolf, E. Fridell, and M. Lehtveer, "The Potential Role of Am-
monia as Marine Fuel —Based on Energy Systems Modeling and Multi-Criteria
Decision Analysis,” Sustainability, vol. 12, no. 8, p. 3265, 2020, doi:
10.3390/su12083265.

[411] A. Agarwal, V. R. Meijer, S. D. Eastham, R. L. Speth, and S. R. H. Barrett, "Rea-
nalysis-driven simulations may overestimate persistent contrail formation by
100%-250%," Environ. Res. Lett, vol. 17, no. 1, p. 14045, 2022, doi:
10.1088/1748-9326/AC38D9.

[412] P. Reutter, P. Neis, S. Rohs, and B. Sauvage, "Ice supersaturated regions:
properties and validation of ERA-Interim reanalysis with IAGOS in situ water
vapour measurements," Atmos. Chem. Phys., vol. 20, no. 2, pp. 787-804, 2020,
doi: 10.5194/ACP-20-787-2020.

358









	Acronyms
	Symbols
	Background
	Research Gaps, Objectives & Approach
	Fuel Provision
	System Integration
	Summary and Outlook
	Appendices
	References



