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Abstract

Aviation activity results in around 5% of global climate impact, for which both the sources and the manner
to improve through technology, operations, and policy need to be better understood. Therefore, a Scenario-
based assessment through AirClim is done, assessing future efforts and their support for the Paris Agreement
goals. The baseline showed 39% of climate impact resulting from CO, emissions, with 61% from NOy-related
effects and contrail-cirrus, resulting in 212.8 millikelvins of induced temperature change. Reduction of 75%
climate impact in the year 2100 was possible but only through highly optimistic assumptions. Removing opti-
mistic assumptions climate impact of 104.9 millikelvins is achievable. Comparison to relevant studies shows
results to be comparatively high, besides uncertainty in component radiative forcing. More top-down and
bottom-up studies must map clear boundaries to be imposed on e.g. airliners, manufacturers, and politi-
cal bodies, to allow for structural climate impact reduction. Future developments are unlikely to meet Paris
Agreement demands if not accompanied by a broader scope than CO; emissions.
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Introduction on Aviation & The Global
Climate Crisis

1.1. Aviation Emissions and Climate Change

Climate change is a sociopolitical issue that is making its way to the forefront of day to day activities of
countries, industries, and companies even forcing itself down onto the individual level through behavioral
changes. The high uncertainty ranges regarding this infinitely complex problem have allowed the continued
avoidance of taking adequate action. In some spheres, the existence of a human share in climate change is
rejected. To understand the problem at hand and congruently the goal of this study, this introduction has
been broken down into initially outlining the relationship between climate change and aviation activity. Af-
ter which it is essential to understand the actions that exist to tackle to problem of aviation-induced climate
change and finally this will lead up to the research purpose and thus the question of this thesis.

Climate Change and Aviation Activity; A Difficult Conundrum

In the year 2019 around 4.4 Billion passengers were carried globally !, which is expected to triple between
2020 and 2050 [Gossling and Humpe, 2020]. When adding the CO, and non-CO; effects, this makes the avia-
tion sector responsible for around 5% of the anthropogenic warming. Findings from the IPCC show that the
change in global surface temperature as an annual average was simulated and observed to have increased to
1.2-1.25°C, displaying an uncertainty of around half a degree [IPCC, 2021]. The temperature change is thus
already very close to the international goal of the Paris Agreement aimed at keeping global average tempera-
ture increase well below 2.0°C compared to pre-industrial levels, with a striving for 1.5°C. It is uncertain what
exactly will occur if the global temperature rises too high, given uncertainty regarding the response caused by
feedback loops. The integrity of the Paris Agreement is at risk, not only in terms of the goal but also regarding
the context of the agreement; To achieve the goal based on equity, via the use of sustainable development
and expansive efforts to eradicate poverty United Nations [2015]. Gossling and Humpe estimated that about
the top 10% of emitters account for around 45% of the global CO,-equivalent emissions, which comprises
of both CO; as well as other greenhouse gas (GHG) emissions. Contrarily, the bottom 50% of the population
only accounts for 13% [Chancel et al., 2015]. Assuming the mentioned 4.4 Billion passengers carried globally,
this would represent around 55%? of the current population partaking in air traffic. Results from Gossling
and Humpe suggest that only 11% of the world population in 2018 traveled by air, with only 4% participating
in international air travel. It is important to understand the details of the consumption side of air traffic, or
legislation might prove ineffective and polarizing as was seen in the yellow vest protest in 2018.

The sector as whole is estimated to account for 2% of the global CO,-emissions, constituting around 12%
of the total transport sector CO, emissions. However, the extreme conditions at which air traffic operates
require extra attention due to the emissions occurring at high altitudes (10-12 kilometers). Multiple studies
have outlined that besides CO; emissions, there are a host of non-CO; emissions causing contributing to the

1URL: https://data.worldbank.org/indicator/IS.AIR.PSGR
2World Population; URL: https: //www.worldometers . info/world-population/
3ATAG, URL:https: //www.atag.org/
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aviation climate impact. Potentially significant climate impact comes from net-NO,-effects such as ozone
production, as well as water vapor forming contrails and subsequently contrail-cirrus under the right condi-
tions [Sausen and Schumann, 2000, Sausen et al., 2005, Lee et al., 2009, 2010, 2021]. For example, Dahlmann
et al. [2011] found that NOy-emissions emitted through air traffic caused twice as much ozone production
as ground NOy-emissions. Lack of scientific consensus and provided evidence causes there to yet remain
a deficit in climate response confidence [IPCC, 2013]. Contrail-cirrus in high-humidity regions is an exam-
ple where the confidence is lacking due to insufficient understanding of key processes leading to contrail
formation and the interaction between these processes [Lee et al., 2021]. In addition, the complex dynamic
pertaining NO,-emissions and the reactions taking place being dependent on the local concentrations and
availability of key species creates a high degree of modeling uncertainty. Therefore the effects of emissions
such as NO; are harder to quantify, causing aspects such as long-lived ozone to have a low confidence level
[Dahlmann et al., 2016b]. These uncertainties have to be studied for better or worse to avoid catastrophic
and unwanted consequences. The problem of aviation and climate impact meets at a multi-dimensional
crossroad, one where economy, psychology, and politics meet one another.

When assessing a broad scope it is easy to forget the individual experience, which is often left outside of scien-
tific assessment but remains relevant. Stoll-Kleemann [2020] outlines that the coping mechanism generally
implored is the denial of personal responsibility generally rooted in the maintenance of comfort and learned
habits. Especially the psychological and cultural beliefs labeling transport as a norm has provided passengers
with a strong tendency to use forms of transportation such as air traffic. These norms are opposed through
tools such as shaming, which might serve as a tool to change behavior. There is international support to re-
duce climate impact as a whole, as seen by agreements such as the Kyoto Protocol and the Paris Agreement
and through United Nations outlined Sustainable Development Goals (SDGs) such as goal 13 of 'Climate Ac-
tion’*. Politics, global and local, offer a host of opportunities to change the emission burden of aviation and
other industry. Continuous uncertainty causes countries to be at odds with reducing climate impact and
maintaining their local, short-term political interests, making large-scale climate action difficult. The general
scientific uncertainty of climate change does not reflect positively, causing debate and polarization between
different economical and ethical ideologies.

Aviation Emissions and Climate Impact; What can be Controlled?

The interaction between sociopolitical and economic interests is infinitely complex to model. A more sim-
plistic model allows the subdivision under three specific umbrellas. These are the technological sphere, the
operational sphere, and the political sphere. The most understandable aspect is that aircraft need fuel to
perform flight movements, and this fuel can account for around 17-25% of the overall operational cost [Eu-
rocontrol, 2019]. Not to forget that fuel cost will fluctuate, which might cause a cost increase or reduction for
the airliners. Post-COVID-19 the compounded annual rate of fuel efficiency improvement was 1.5%, where
the growth in demand was around 4-5% [Melo et al., 2020, Airbus, 2019, Boeing, 2019]. COVID-19 has caused
areduced global passenger flux of 64% [Air Transport Bureau, 2020]. It is uncertain how this recovery will oc-
cur, but it might yield some benefits in terms of emission reduction and early retirement® of less fuel-efficient
aircraft such as the A380s, Boeing 747s & 757s. The Air Transport Bureau also reports a reduction in revenue
of around 65% and the International Monetary Fund (IMF) a drop in Gross Domestic Product of 3.5-4.3%.
This precarious situation has caused many consumer-dependent businesses to seek state support.

The total outlined anthropogenic warming caused by aviation of around 5% is to be reduced through tech-
nology, but more strategies exist. For example the swapping of conventional Jet-A fuel by Sustainable Avia-
tion Fuels (SAFs), optimization of air-traffic management, or simply by reducing air traffic through providing
of alternative modes of transport and human psychology [Larsson et al., 2019]. Strategies such as formation
flight or climate-optimal routing exist, which could reduce both fuel consumption and effects from non-CO;-
emissions. All options should receive due diligence, such as SAFs for which still uncertainty exists about the
availability, competitiveness, performance, and impact. Strategies such as SAFs are current primarily used
for small-scale public relations tests [Pechstein et al., 2020]. The 2019 usage was only 0.05% which was short
of the 2 million tons 2020 goal [O’Connell et al., 2019]. A multitude of small changes exists such as the up-
grading of data structure allowing for more dynamic adjustments within air-traffic management, which is all
outlined in the ICAO Global Air Navigation Plan (GANP) [ICAO, 2016b].

4SDG Climate Action, URL:https: //sdgs.un.org/goals/goall3
SURL: https://samchui.com/2020/05/10/covid-19-a-1ist-of-retired-aircraft/
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Current inconsistent global policy, incomplete understanding of emission impact has allowed the aviation
industry to continue to grow unsustainably [Becken and Mackey, 2017]. An attempt at global policy to mea-
sure and mitigate aviation emissions is the Carbon Offsetting and Reduction Scheme for International Avi-
ation (CORSIA), which provides a temporal framework for making emissions measurable and generating a
market surrounding the buying and trading of emissions certificates. Other European policies such as the
EU-Emission Trading Scheme (EU-ETS) exist, which enforces the surrender of allowances following emis-
sions and handing out fines when not all emissions are accounted for. These policies can help breach the
gap by imposing economic incentives or limiting the freedom of industry. Becken and Mackey [2017], warns
that all sectors will eventually have to work towards reducing their GHG emissions, given only then the act of
carbon offsetting will be possible. However, carbon offsetting does not remove the emission of CO,, but only
causes the annual rate to remain constant. Through assuming changes in technology, operations, and policy,
scenarios have been assembled to assess the impact of these changes.

1.2. Motivation and Filling in the Knowledge Gap

There is a need for models that make aviation-induced climate impact more comprehensible to scientists
and politicians alike. Climate change is non-linear and displays inertia to change due to the long lifetime of
species, creating a problem that is inherently different from most more linear life processes. Critical climate
evaluation tools such as AirClim exist, through the use of which one can shed light on the future through
the act of building scenarios [Grewe and Stenke, 2008, Dahlmann et al., 2016a]. The AirClim is used to look
at climate performance through near-surface temperature change, providing insight into climate impact for
a specific scenario. Through scenario building in AirClim, the effect of emissions such as CO,, NOy, H,O &
subsequent contrail-cirrus formation can be visualized. The NO, climate impact is contracted into net-NO,-
effects caused by short-term ozone increase, long-term ozone decrease, and temperature change induced by
CH, reduction. This thesis aims to generate scenarios in the time-frame 1940-2100, looking into the potential
impact of technology, operations, and politics. Which is achieved through both qualitative and quantitive as-
sessment. Furthermore, it serves as a critical assessment of aspects such as the implication of SAFs. Transport
& Environment [2020] suggests that mandating biofuels could have adverse consequences related to under-
estimate impacts such as land use change (LUC). LUC is the act of changing the land use purpose, which
could have adverse results for local or global carbon stock. The act of changing land can be accompanied
by deforestation, biodiversity loss, reduced carbon-sequencing potential, and food competition [Wicke et al.,
2012].

Besides studying potential SAF uncertainty, the potential downsides of passivity are part of this analysis. Fur-
thermore, the attainability of goals is questioned, besides simply understanding what actions could yield
results if they were to be implemented. The COVID-19 pandemic has provided a non-regular scenario from
which the impact can be studied in some more detail. The aim is to forgo an exploratory attempt to visualize
the potential future scenarios and how to get there. Questioning how necessity lines up with the ambitions
from industry experts and shareholders (IATA, ICAO, EU). Furthermore, the building of scenarios allows for
better identification of uncertainties, and understanding of all needed components. The gap to be filled is a
more general one, of how to make sense of something of such complexity and also convey this complexity in
a manner that allows for understanding. Statistics based on historical trends dictate the decision space, and
for a good reason. This is similarly a large limitation, especially in this field where statistics and certainty is
lacking or do not exist. This is an attempt to combine and compile a more global analysis of aviation and air
traffic induced climate impact.

1.3. Research Problem and Questions

Models exist which represent the contribution of aviation in the current day and what the effect is of both
CO, and non-CO-, emissions [Sausen and Schumann, 2000, Sausen et al., 2005, Lee et al., 2021, 2010, Inter-
governmental Panel on Climate Change, 2014]. Many of these models focus more on one aspect such as im-
plementing intermediate stop operations, formation flight or eco-friendly flying such as flying lower and/or
slower [Linke et al., 2017, Linke, 2018, Dahlmann et al., 2020, Nikla@ et al., 2018]. Politically and psychologi-
cally oriented studies are done on the psychological fallacies and miss-information, implementation of ticket
taxes shifting demand, assigning of personal carbon allowances and general consensus and support or cli-
mate policy in aviation [Larsson et al., 2019, Scheelhaase et al., 2018, Peeters et al., 2016, Mayor and Tol, 2007,
European Federation for Transport and Environment, 2019]. These are too numerous to include all-together
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and assess at large, yet prominent strategies and/or concepts are identified and translated into usable anal-
ysis tools. This thesis aims to provide a scenario-based assessment of the most prominent ideas and their
effect, each represented in their respective scenario or a combination of concepts. Outputs from AirClim are
used with the option of applying potential post-processing to the results when required. A large portion and
important part will be to establish sensitivities of the primary input data as well as for the external modules
which will manipulate data either in a qualitative or quantitative fashion.

Through the studying of road maps that are indicative of a supposed future, a framework was generated to
understand future developmental options. The literature review, modeling methodology, and model verifi-
cation will be an integral part of the prior steps to answer the primary research question:

Are the anticipated developments in the aviation sector in support of the goals agreed upon in the Paris
Agreement, assessing performance through a scenario-based approach and the climate evaluation tool
AirClim?

This abstract aims to return to the real world and combine the hypothetical to the actual goals set by in-

ternational agreements. Initially, a baseline scenario was formulated to which other scenarios can be inter-
compared and then be related to the goals set in the Paris Agreement. The questions posed below should
assist in answering the primary question.

e What is the current consensus of the near-surface temperature change induced by aviation activity?

e What are the direct and indirect strategies through which aviation can reduce its temperature change
impact?

e What parameters need to be modeled to arrive at a holistic definition of primary modeling inputs for
AirClim?

* What are the sensitivities of respectively modeled parameters and their output through the use of the
climate evaluation tool AirClim?



Understanding Aviation Climate Impact
and Potential Mitigation Strategies

The literature study serves as a knowledge base of this thesis. It is important to understand concepts and
the general picture which lead to the modeling and reasoning. The review will be broken down into several
sections, covering the current state of aviation emissions and knowledge, followed by the discussion of the
three spheres discussed with a special short dedication to the complex topic of sustainable aviation fuels.

2.1. The Climate Impact of Aviation; Relevant Emissions & Consumers

Aviation has a disproportional impact on the warming climate, with it being a transportation service for the
wealthier part of the population and the conditions of flight being very different from other modes of trans-
port. The discussion and policies often discuss emissions too simplistically, primarily focusing on the CO5-
emissions. This does not cover the full climate impact, given that non-CO, emissions also contribute signifi-
cantly. Non-CO; climate comprises of NOy, Soot, and H, O vapor, which through concentration-dependent
microphysics evolve into their climate impact. Adding the aviation CO, and non-CO, effects together adds
up to about 5% of the overall global anthropogenic warming [Lee et al., 2021]. Only 2.4% of this warming
is estimated to be caused by CO, emissions, underlining that non-CO, emissions still play a large role. The
radiative forcing (RF) caused by non-CO, emissions is still subject to a high degree of uncertainty. Figure 2.1
shows that contrails in high-humidity regions, NO,-induced ozone, and methane display a large 9-95% con-
fidence interval. Implying that the RF can be over or under-estimated, which then subsequently changes the
induced temperature response as one can integrate the radiative forcing to arrive at the temperature change.

The impact of CO, emissions and the manner in which these express a climate impact do not require added
explanation. However, contrail formation and the impact of NO, emissions is less trivial and require further
elaboration. Contrail formation is a process that depends on several parameters such as the humidity and
temperature of the engine exhaust air, and the ambient air (at flight altitude). In the case of aviation, the
exhaust plume is humid and hot and the ambient air is dry and cold. The mixing of warm exhaust gases
and cold surrounding ambient air reduces the temperature and humidity of the volume of mixed air, causing
the air to get saturated. Saturation occurs when there is an equilibrium between water vapor and liquid
water (at a specific temperature). Contrails only form under these conditions, which is also referred to as the
Schmidt-Appleman criterion [Appleman, 1953]. The number of crystals formed has been shown to be highly
dependent on the concentration and size of particles. This influences the manner in which the contrail ice
particles evolve into contrail-cirrus [Wong and Miake-Lye, 2010].

NO, in and ofitself has a negligible impact since it is only a small concentration but N Oy is very significant for
ozone production and methane depletion. These are both greenhouse gases that are much more potent than
the often discussed CO;. The reaction in which the availability of NO, set into motion is complex, occurs on
different time scales, and is highly dependent upon local concentrations of reactive other species. In short,
the depletion and production rates of methane and ozone respectively are dependent on the background
concentration of NO, (NO and NO,), and HO, (OH and HO,). This is graphically represented in Figure 2.2
indicating the required and produced species within this cycle. The climate impact of the NO, induced
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Global Aviation Effective Radiative Forcing (ERF) Terms
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Figure 2.1: Global aviation induced Effective Radiative Forcing in units of mW/m? between the year 1940 up to 2018. Representing
a variety of species that contributing to the net aviation radiative forcing along with the 5-95% confidence interval, confidence level,
effective radiative forcing versus radiativ forcing ratio, and the confidence level of the studied mechanism Lee et al. [2021]

ozone production is then primarily dependent on the ozone lifetime, which can differ but is generally in the
order of weeks. Furthermore, the figure also allows us to understand that as methane is a prerequisite for the
production of ozone, depletion of methane shifts the cycle balance. This reduction of ozone production due
to the linkage with methane has a long lifetime and is called the primary mode ozone (PMO) [Koch, 2015].
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Figure 2.2: The methane (CHy) depletion and ozone (O3) production cycle, where throughout the cycle molecular species are indicated
to be produced, depleted or to be in a form of equilibrium within the cycle. Displaying the importance of available concentrations of
NOy emissions in the form of NOy and NO as well as HOy species for the production of ozone (right-bottom), which subsequently
reduces the methane (left-top) which is an input to the cycle. NMHC’s are non-methane hydrocarbons and PAN refers to peroxyactyl
nitrate, which do not require further reference for this work [Betz et al., 2009]
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Growth in demand is currently much higher than the compounded improvement rate of fuel consumption
of 1.5%, this due to long aircraft lifetimes of 20-30 years [Jiang, 2013]. This will cause the fuel consumption
to keep on increasing at a rapid rate [Melo et al., 2020]. Growth trends remain uncertain as COVID-19 has
shown, besides the fact that human psychology might also play also shift attitude to flight in the light of the
impact through emotions such as shaming [Stoll-Kleemann, 2020]. Finally, from a study by Gdéssling and
Humpe [2020] some general statistics were outlined with respect to air travel, outlining the contribution of
specific passengers and potentially justifying political measures in the future. It was estimated that in 2018
only 11% of the population had flown, out of which only 4% traveled internationally. Also, the top 10% of the
world’s most wealthy accounted for around 45% of the total CO,-equivalent emissions. The bottom 50% of
the population is a mere 13%. The top 10% of the frequent flyers account for 40% of all flights, causing around
55% of the estimated energy use and emissions for the commercial air transport category. This translates to
the fact that the top 1% of the world population causes half the emissions from global air travel. These figures
are relevant to underline potential strategies when imposing taxation schemes, that the dominant share of
emissions comes from consumers repeatedly using the service.

2.1.1. Fuel Efficiency of Current Airlines; Understanding Fuel Consumption

The act of consuming fuel and the manner of emission are essential components to understand. Therefore,
this section looks into several studies regarding fuel consumption. The fuel burn is a function of the flight
movements and the efficiency in which these are performed. The efficiency is a result of the technology, the
aircraft operation, and policies dictating flight movements. The International Council on Clean Transporta-
tion (ITCC) has performed fuel efficiency assessments for the U.S. airlines for domestic transport, as well as
transatlantic operations. These studies contain and provide insight into the whole efficiency of the combined
system, outlining the amount of fuel needed for the generation of an RPK [Irene Kwan and Rutherford, 2014,
Kwan and Rutherford, 2015, Graver et al., 2018].

Airlines operating towards, from, or within the U.S. have to report operational data to the Bureau of Trans-
portation Statistics (BTS). This operational data is stored and made available with the T-100 database, which
was the source of the ITCC studies. The database contains information on the origin, destination, freight,
distance, aircraft type, available seats, and passenger load factor. For both the domestic and transatlantic
analysis 20 high capacity airlines were used to represent a large market share. Primary assumptions were that
the payload includes the belly freight, which does increase the fuel burn but enhances the fuel efficiency of
the aircraft due to it being closer to maximum payload capabilities. Thus the RPK is not defined within the
strict sense it generally is since cargo weight is treated as a paying customer. Figure 2.3 represents a differ-
ence in fuel efficiency metric of 63% between Norwegian and British Airways for which the leading causes
were both the fuel burn and seating density. British Airways uses the A380-800 and Boeing 747-400, both be-
ing quad engine heavy aircraft with a fuel efficiency of about 27-30 RPK/L. Norwegian on the other hand uses
the Boeing 787-8 with a fuel efficiency of around 40 RPK/L. Airliners often have a diverse aircraft portfolio
such as Turkish Airlines, KLM, and Air France. Resulting in higher performance than the industry average
fuel economy of 34 RPK per liter of fuel used utilizing 2017 data. Individual performance of aircraft was un-
derlined in the ITCC study, shown in Figure A.1 for further reference. It is shown that the Boeing 747-400
performs well below industry average and the A350-900 well above it.

Results from the transatlantic nonstop operations resulted in a fuel economy of 34 RPK/L (43 RPK/kg assum-
ing Jet Al conversion through the density that 1 liter represents 0.79 kilograms of fuel). The conversion to
RPK/kg is relevant for later purposes, as this metric will be used. Furthermore, results for domestic flights
within the U.S. show growth of fuel economy to around 57 RPMs per gallon (30.6 RPK/kg), which is signif-
icantly lower than the transatlantic fuel economy already indicating a difference between domestic and in-
ternational flight routes Zheng et al. [2019]. Also, a study on airliners operating between the U.S. and Latin
America found results similar to the transatlantic performance, with an industry average of 37 RPK/L (47
RPK/kg) Xinyi Sola Zheng and and Rutherford [2019]. Finally, transpacific routes had an average fuel effi-
ciency of 31 RPK/L (39.2 RPK/kg) [Graver and Rutherford, 2016]. Cultural and geographical differences are at
the root of these differences through aspects such as premium seat density, transported cargo volume, and
fleet age to only name a few. The concept of fuel economy is one which shall be returned to later during the
modeling setup and has therefore been shortly summarized in this section. It is also important that the reader
understands the differentiation which can already exist between airliners and what lies at the locus of such
differences. The total performance then becomes a function of aspects such as seating density, load factor,
on-board freight, and the fuel needed, which is a better measure than solely the fuel consumption.
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Figure 2.3: Average Fuel Economy in RPK/L generated from studying 20 airliners for transatlantic operations for the year 2017, represent-
ing an industry average of 34 RPK/L and inter comparison between the top performer Norwegian and other airliners. Division is shown
between airliner performing above industry average (blue), at industry average (orange), and below industry average (brown) Graver
et al. [2018]

2.2, The Operational Sphere and Climate Impact

Fuel consumption is besides being a function of the technology, dependent on the interaction between the
technology and the world in terms of legislation and how airliners use their vehicles. For the studies of aircraft
operations and developments, the ICAO Global Air Navigator Plan (GANP) was used as a framework [ICAO,
2016a]. Conceptualization of improving aircraft operations is available, but the question remains as to what
these will amount to in terms of fuel consumption. The GANP generates an industry-oriented summary and
guideline for improvements but does not mention novel strategies, which will also be part of the discussion.
Brain and Bastin [2019] estimated that several options from the GANP would amount to around 60% of to be
achieved savings, under which: Continuous Descent and Climb Operations (CCO & CDO), Space-based ADS-
B surveillance, and Trajectory-Based Operations. Other things like Air Traffic Flow Management, Performance
Based Navigation, and Runway Sequencing are assumed to have less impact. For aspects such as CCO & CDO,
a tangible fuel saving can be estimated, but for ADS-B, Trajectory-Based Operations, and Performance-Based
Navigation this is not easily done. Being aware of the implications of these technologies is still essential as
they could justify qualitative assumptions and allow for the implementation of operational practices such as
formation flight, climate-optimal routing, and intermediate stop operations (ISO).

2.2.1. Current Knowledge on Wake Energy Retrieval; Formation Flight

Wake energy retrieval (formation flight), is a concept where the wake from a leading object can be retrieved by
a trailing object. Formation flight is often seen in birds when traveling over long distances, where they group
themselves in a V-shape of varying sizes. In an aircraft context, the vortices leaving the wing can be used and
with the correct position, the up-wash can lower energy requirements for the trailing object. The concept was
already tested in 1984 on the Do 228 aircraft using the Prandtl lifting line theory [Hummel and Beukenberg,
1990]. Figure 2.4 provides a graphical representation of formation flight, in which also the two important
aspects can already be seen regarding the formation efficiency: trailing distance and lateral distance of the
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formation.

Downwind Area Upwind Area

Figure 2.4: Schematic of the underlying concepts of formation flight, indicating an upwind and downwind region with their respective
force-fields, as well as a horizontal spacing between the leading and trailing aircraft. Displaying the importance of a longitudinal and
lateral position of the participating aircraft [Koloschin and Fezans, 2020].

The efficiency of formation flight is also dependent on aircraft size, which was apparent from studies where
the formation existed out of a F/A-18 jet and a DC-8 miilitary transport. Around 29% fuel burn reduction was
measured, where commercial savings are estimated to be more in the order of 5-10% fuel savings [Nangia
et al., 2020]. Appendix A Table A.1 contains relevant data on formation flight tests. It was found that fighter
jets or combined formations with fighter jets allow for much higher fuel savings. This could be related to less
stringent rules regarding object proximity. Besides the question of the amount of fuel savings, the question
of passenger comfort being affected by noise and vibrations remains. Simulations of fuel savings of forma-
tion flight were done by Unterstrasser and Stephan [2020], which found estimates of 10% fuel saving for all
participating aircraft. Several studies are in agreement on the large induced drag reductions ranging from
25-39%, causing a reduced fuel flow ranging from 8-18% Kent and Richards [2020]. If formation flights will
be performed is still questionable though Airbus UpNext’s Chief Executive Officer Sandra Bour Schaeffer an-
ticipates formation flights could be used routinely from 2025 for commercial oceanic flights [Aviation Week
Intelligence Network, 2019]. Unterstrasser [2020] states that despite obvious challenges, formation flight still
yields positive output and would require less technological complexities to be realized as compared to hard-
ware or aircraft concept changes. Likewise, it is stressed that there are serious re-routing penalties which will
have to be out-weighted by formation flight fuel savings. Problems may present themselves if the network of
participatory parties is not large enough, making it hard to form optimal formations with minimal rerouting
cost.

The Impact of Formation Flight Induced Contrail-Mixing

Formation flight does not only yield a potential positive outlook regarding the fuel consumption but also re-
garding other atmospheric processes as a result of wake-mixing [Unterstrasser and Stephan, 2020, Dahlmann
etal., 2020, Unterstrasser, 2020]. Unterstrasser [2020] found through performing high-resolution simulations
with the LES model EULAG-LCM, that both the time-integrated ice mass and the total extinction are reduced
in formation flight. The total extinction is a function of the optical thickness across the formed contrail.
Through formation flight, the time-integrated total extinction and ice mass were reduced by 20-50% and 30-
60% respectively. This implies that when contrails form they have less of an impact, which is thus caused by
the mixing of contrails during formation flight. The baseline was the total ice mass and total extinction of
two aircraft generating two separate contrails forming at different times. This reduction can be explained by
the fact that emissions are mixed, which leads to saturation effects. These saturation effects impact both the
formation of contrails and the impact of NO, emissions. It was already mentioned in section 2.1 that NO,
emissions participate in the cycle for ozone production and subsequent methane depletion. It was found that
a doubling of local NO, emissions as done with formation flight, leads to a net-ozone production which is
relatively lower compared to regular operations [Dahlmann et al., 2020]. Thus, N O, saturation effects caused
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by contrail mixing reduced the ozone production compared to observing two separate flights. Overall on av-
erage 5% fuel could be saved, and the NO,-emissions induced impact could be reduced by 11%. The average
near-surface temperature change could be reduced by 24% for the total formation. In later work, Dahlmann
et al. [2020] prescribed a reduction of 48% of the RF of contrail-cirrus resulting from contrail-mixing. Forma-
tion flight could thus besides generally reducing the fuel consumption, also have relevant other impacts.

2.2.2. Climate Impact Reduction Potential Following Altitude Changes

Currently, aviation is optimized for time and fuel consumption, with aircraft operation at higher altitudes
resulting in lower fuel consumption and lower flight times. Grewe et al. [2017] states that only optimizing
for fuel consumption might yield a higher climate impact given the non-CO;-effects out-weight the CO;
savings. Avoiding climate-sensitive regions could be achieved through flying climate-optimal routes. The cli-
mate impact of NO, is not uniform and non-singular, many aspects such as the altitude, geospatial location,
background concentration of relevant species, and time of the day play a role in the total climate impact.
Contrail-induced cloudiness may cause warming and cooling depending on location and time of day. Imple-
menting climate-optimal routing through AirClim is beyond the scope of this thesis, therefore values from
literature are presented, which can be used later on. It is expected that climate-optimal routing could re-
duce the climate impact by 10% and up to around 15%. This would be at a 1% cost increase and a little more
when reducing the climate impact by 15%. A market-based mechanism (MBM) should be established in-
cluding relevant emissions, changing the sole optimization of fuel consumption. Generating incentives for
airliners and manufacturers to re-design aircraft to accommodate climate-optimal flights, comes primarily
down to the penalties and rewards awarded for behavior. If policy focus remains primarily on CO,, adverse
design choices might cause a reduction in fuel consumption but an increase NO, emissions. For example,
increasing the overall pressure ratio and allowing for an increasing high-pressure turbine entry temperature
[Kyprianidis and Dahlquist, 2017].

Dahlmann et al. [2016b] studied how climate impact could be reduced with keeping both the price of sustain-
ability and the environment in mind. Changes in cruise altitude and cruise velocity were of primary interest.
This assessment focussed on the A330-200 fleet in 2006 and a hypothetical redesigned fleet that could op-
erate better within the new altitude and velocity regime. A reduction of the temperature response by 42%
could be accomplished, which would increase the cost by 10%. A redesigned fleet could reduce the fuel burn
by 11%, the temperature response by 32%, with a cost increase of 4-5%. The redesigned fleet could have an
11% reduced fuel burn and a 32% reduced temperature response at a 4-5% increase in the operating cost.
Matthes et al. [2021] also studied flying both lower and higher by 2000 feet ( 600 meters) from standard flight
level. They found that for flying lower, the CO, emissions increased due to increased drag. However, the
overall RF reduces due to changes in the RF of the non-CO, emissions and indirect net- NOy-effects. The
aviation-induced temperature change could be reduced by 20% through lower flight. Flying higher results
in an increased total temperature change by around 10%, regardless of the fuel consumption reduction. The
results are outlined in Table 2.1, which are to be used later on. Flying lower will be a component of climate-
optimal routing but is only to be considered an integral part of it.

NOy NOy NOy Direct Contrail  Aerosol Indirect
Ozone PMO Methane H>0 Cirrus Warm Cloud
ARF [W/m?]
LOW -6.7% -3.6% -1.4% -26.7% -11.1% -47.9%

HIGH 8.2% 0.0% 14.3% 33.3% 6.7% 2.7%

Table 2.1: Percentage difference caused by cruise altitude changes of the radiative forcing in units W/ rnz, caused by NOy, H> O, contrail
cirrus and aerosol indirect warm cloud compared to the baseline cruise altitude. Simulation results show a reduced radiative forcing for
the 600 meters lower flight (LOW) and an increased radiative forcing for the 600 meters higher flight (HIGH) [Matthes et al., 2021]

2.2.3. Fueling Strategy: Intermediate Stop Operations & Fuel Tankering

Fuel is a large part of airline operations and can run up 17-25% of operating expenses. Therefore, fuel con-
sumption is an important parameter to optimize both in terms of technology and but also the economy.
Sometimes the economy of chosen climate impact, in cases where the action of fuel tankering is performed
by airliners. Where airliners take more than required fuel along, since tanking on the destination airport
would be more expensive, thus decreasing the flight fuel efficiency due to heavier flight. In the ECAC area,
16.5% of flights perform full fuel tankering and 4.5% perform partial tankering. This results in an estimated



2.3. The Technological Sphere and Climate Impact 13

286,000 tonnes of extra fuel burnt per year, which amounts to 0.54% of the total ECAC jet fuel used and 901,000
tonnes CO, [Tabernier et al., 2021, Eurocontrol, 2019]. Proper political measures have to be implemented to
reduce the likeliness of such behavior.

A more positive manner that involves tanking strategy would be intermediate stop operations (ISO), which
is a strategy that would reduce the amount of needed fuel since the aircraft will stop more often. Imple-
menting ISO generates questions such as the number of overlays possible, static or dynamic determination
of overlay airports, suitable aircraft types, and passenger comfort due to time loss. The general concept is
that ISO allows the aircraft to fly lighter, thus lowering the required thrust [Swaid et al., 2018]. Performing
ISO would increase the amount of take-off and landings, causing more near-surface emissions in the form
of Hydrocarbons (HC) and Carbon-monoxide (CO). Estimated from Linke et al. [2017] point to the fact that
doubling the landings and take-offs could increase the CO and HC emissions by 33-34%. Fuel consumption
could be up to 15% lower depending on the mission but due to relocation of non-CO, emissions an increase
in average temperature response (ATR) over 100 years of 2.3% was found. Resulting primarily from increased
radiative forcing through ozone production and contrail-formation. This increase was caused by the opti-
mization method, which optimized flight altitude for aircraft weight, ultimately causing a higher flight level.
Other studies such asGreen [2005] estimate up to 10% system-wide fuel savings for optimized short-range
aircraft, whereas Langhans et al. [2013] estimated up to 9% fuel savings with a focus on real locations ser-
viced by the Boeing 777 and the A330. Poll [2011] estimates a lower range from 1% up to 7% fuel savings,
based on a simplified model which does not assume route optimizations. ISO will require proper assessment
of the retrofitting and/or redesign of aircraft and their possibility to allow for optimal fuel savings and poten-
tially utilizing lower flight as outlined in the previous section. Further in-depth assessment of this strategy
is outside the scope of this work, thus primary implementation will be through assuming general reductions
caused by the strategy.

2.3. The Technological Sphere and Climate Impact

Improvement in technology is the primary manner to reduce fuel consumption, furthermore, technological
decisions could e.g. focus on lowering the NO,-emissions to change the proportionality of the emission spec-
trum. Technology could be subdivided into two categories: revolutionary and evolutionary improvements as
they are called in the IATA road-map to 2050 document [International Air Transport Association (IATA), 2019].
The roadmap provides a summary of all prominent and known technologies and also provides future scenar-
ios which could occur. AerSale [2019] expects that from 2019 onwards around 45% of in-service aircraft will
be replaced, which might be increased now with the additional early retirement of older or fuel in-efficient
aircraft. New aircraft models such as the Boeing 787 and the A350 can yield fuel savings in the range of 20-
25% compared to their predecessors [Kaltschmitt, 2018], so possibly there will be a higher annual increase
soon resulting from these developments. Instead of completely new aircraft one can also apply retrofits, al-
lowing for improvements during the aircraft’s lifetime. Retrofits can differ from minor savings such as electric
taxiing causing around 3% fuel savings, or a new engine which can go up to 25% savings relative to predeces-
sors. Although individual percentages are too precise for the later models, it is important to understand what
categories yield what savings. Different retrofits and their Technology Readiness Level (TLR), along with the
expected fuel savings, can be found in Appendix A Table A.2.

Besides retrofitting and sticking with known aircraft concepts, more novel concepts exist. Such as the Blended-
Wing-Body (BWB) and the Strut-Braced-Wing (SBW). The SBW concept is essentially a high wing configura-
tion with a strut supporting the high wing, something often seen on single-piston recreational aircraft such
as the Cessna models. These struts provide load alleviation, therefore reducing the required material for the
wing. This then allows for a reduced wing circumference which reduces the parasitic drag, allowing for lower
speed angles and thus more natural flow even allowing potentially natural laminar flow. Due to reduced
weight, the engine can be lighter beside the high wing configuration allowing for ultra-high-bypass engines.
Combining the reduced drag, weight, better aerodynamics, and potential for a high-bypass engine, can re-
sult in substantial fuel savings [Gundlach IV et al., 2000]. Bradley and Droney [2012], Bradley et al. [2015],
Bradley [2017] have identified several promising concepts under the Boeing and NASA partnership project
called SUGAR, of which some could enter into service around 2030-2040. A breakdown of these concepts is
shown in Appendix A Table A.3. A host of SUGAR configurations exist, ranging from using next-generation
gas turbine engines to concepts including electric and hybrid-electric propulsion. Estimates range from 40-
90% of fuel savings, with the latter being for hybrid electric configurations. The SBW might allow for smooth
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implementation into the current infrastructure compared to BWB, the infrastructural difficulty of the imple-
mentation is not something at the forefront of the studies but should be in the awareness of the reader.

The BWB utilizes the fact that the current tube-and-wing design does not utilize the whole body efficiently
to generate lift. Using a more integrated architecture of body and wings the aerodynamics could be signifi-
cantly improved. It is estimated that over 2015 aircraft models a 27% fuel burn reduction could be possible
[Road, 2015]. Other simulations by NASA estimate a range of 45-50% compared to the Boeing 777-200 with
GE90 engines [Nickol and Haller, 2016]. A breakdown of the currently more known studies/projects is given in
Appendix A Table A.4. Both the SBW and BWB which are currently only assessed for their benefits and the po-
tential of their existence, besides technology many other dimensions such as maintenance, crew, passenger
comfort, and flight speed will be part of the feasibility discussion of these concepts.

2.3.1. The IATA Road-Map to 2050 Scenarios

In the previous section, a general overview was provided of the technologies and/or concepts that could
improve upon the current increase in fuel consumption. Since these were specific measures and the approach
of this thesis is more global and top-down, the primary interest in the IATA report lies in the synthesized
scenarios displayed in it. The IATA presents on the basis of their analysis 5 scenarios including a baseline,
minor technological changes, major changes through new concepts, and a scenario including electrification.
These will be summarized below for later use.

Technology Scenario 1 (T1): Fixed Aircraft Programs

This scenario is taken as a baseline or reference scenario, where only imminent aircraft are taken into account.
For example introduction of the Boeing 777X-8/9 wide-body aircraft, which is supposed to yield around 20%
improved fuel usage compared to the 777-200LR/777-200ER. With an EIS of 2023 and 2020 respectively, how-
ever the EIS of 2020 has already been pushed to 2023! which can already put some of these assumptions for
the reference into question. So T1 will only allow N+1 (2020-2025) imminent aircraft EIS for analysis and is a
hypothetical reference.

Technology Scenario 2 (T2): Conservative Assessment

The T2 scenario does not assume only N+1 roll-out of aircraft projects, yet it assumes limited developments
as it only allows for the tube and wing design with e.g. turbofan engines. Therefore no radically new con-
cepts or new forms of propulsion are assumed for this assessment, nevertheless, continuous fuel efficiency
improvements will still be achieved at a similar pace as current improvements.

Technology Scenario 3 (T3): Introduction of New Configurations

T3 will allow the introduction of new configurations, such as the BWB and SBW. The newer configurations are
expected to arrive during the N+2 and N+3 period (2025-2035 & 2035+). During the N+2 period smaller BWB
are assumed and/or SBW aircraft for the smaller seat capacity around 101-150 and 151-210. Seat capacity of
500+ will be taken up by a large BWB introduction into the fleet.

Technology Scenario 4 (T4): Electrification of Aircraft

T4 is similar to T3, however more substantial savings are obtained in T4 due to the assumption of introducing
hybrid-electric and fully-electric propulsion. Refer to Table A.4 and Table A.3 for some of these concepts.
Electric options are only considered for the seat ranges up to 150 passengers, above which similar savings as
T2 and T3 are assumed. The T4 scenario is described to be in analogy with the current state of the automotive
industry. This scenario has a sub-division into T4a and T4b:

¢ T4a: is a medium optimistic description inspired by the Zunum Aero forecast, which allows the as-
sumption that hybrid-electric propulsion is available for the N+2 generation in the 51-100 seat range.

¢ T4b: is a very optimistic pathway, where the Wright Electric’s forecast is followed of 100% C O, reduction
for the 51-100 and 101-150 seat range. This is achieved through fully electric propulsion from renewable
sources.

2.4. The Political Sphere and Climate Impact

This section aims to summarize both imminent, already implemented as well as novel ideas of political inter-
ference which have been considered or could potentially be considered for application in the aviation sector.
First, a summary will be presented providing a revision of the relevant policies. Then a general discussion is
provided concerning novel policy concepts.

1Fourth-Quarter Results; URL:https://boeing.mediaroom.com/news-releases-statements?item=130819
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2.4.1. The Current Political Landscape Regarding Aviation

Global policies which are followed by everyone and cover every required basis are impossible. Within this
thesis and thus the building of scenarios, it is important to understand the current goals and aims are from
political debate. Within the scope of climate change two directives, the Kyoto Protocol [United Nations, 1998]
and the more recent Paris Agreement were essential milestones United Nations [2015]. It was pledged to
keep the global average temperature increase compared to pre-industrial levels well below 2.0°C, striving for
1.5°C with the recognition that this would reduce the risk of climate change impact to a significant degree.
This framework allows for only 200-350 GtCO- to be emitted by all of the activity measured from 2016 CAN &
ICSA [2018].

In the light of the Paris Agreement, the ICAO was tasked with devising methodologies to measure and control
the emissions from aviation. This resulted in the Carbon Offsetting Scheme for International Aviation (COR-
SIA), which will cover international flight movements and include a Market Based Measure (MBM). The MBM
will allow the continued growth of the sector in the spirit of carbon neutrality. CORSIA started in 2020-2021
and consists of three respective phases: the pilot phase (2021-2023), Phase 1 (2024-2026), and phase 2 (2027-
2035). As the phases progress voluntary participation will turn into mandatory participation, excluding small
emitters, new airliners, and humanitarian aid. As the scheme progresses, the required offsetting will be com-
puted on the basis of airliner size and aviation sector growth, where the individual contribution will become
a more prominent component over time.

In the European Union (EU), a scheme already exists which is called the EU-Emission Trading Scheme (EU-
ETS) [European Parliament, 2008, European Parliament and the Council of the European Union, 2009], which
was meant to cover intra- and extra-EU flights, but was limited to intra-EU under international pressure.
Where CORSIA is an MBM and can accommodate a growing sector, the EU-ETS is a cap-and-trade mecha-
nism. This implies that certificates for emissions are limited, have to be traded, and are handed out under
conditions by the respective organizations. The inclusion of non-CO;-impacts from aviation have not yet
been included [Scheelhaase, 2019]. Both the EU-ETS and CORSIA have as a primary focus the CO, emis-
sions, with CORSIA not applying to domestic flights and only covering so-called CORSIA routes of interna-
tional participatory countries. Fahey and Lee [2016] approximate that the impact resulting from non-CO;
emissions of the 2005 global fleet was 3.2% and only 1.7% was derived from CO, emissions. It is important to
note that offsetting schemes are not a final solution, notes Becken and Mackey [2017]. It does not stop CO;
and other emissions from entering the atmosphere but reduces the annual increase of the emission through
the purchase of certificates which then redirect funding to net-negative producers of CO,. Offsetting is not
sustainable, as the CO, in the atmosphere still grows. Besides the risk existing that not enough industries will
be incentives to move to net-negative CO, emissions themselves.

2.4.2. Novel and Mainstream Ideas on Aviation Taxation

Ticket prices can increase through several pathways, such as more expensive fuel due to economic fluctua-
tions, but also due to the attempt to tax products/services to account for the externalities. In a general sense,
a tax is lifted on a product to re-circulate capital to upkeep the infrastructure which allowed the production,
transport, and delivery of a product or service. Of course, the tax is lifted on the use of infrastructure which
is not owned or built by the company in question. The primary component for aviation here is aviation fuel,
which has remained exempt under Article 24 of the Chicago Convention and has been left in place because
fuel costs are a large part of the cost.

All sorts of strategies have been studied either academically or in practice. Faber and Huigen [2018] studied
the exemptions from Value-Added-Tax for aviation, which was found to be varying in manner and success.
Ticket taxes could also yield adverse results if implemented in a way where far destinations might become
more appealing since the price is already high, causing the undertaking of highly polluting travels [Mayor
and Tol, 2007]. A study commissioned by the European Commission (EC) performed on 24 Member States
estimated that an increase in ticket price by 10%, could yield a demand reduction of around 9-11% in most
countries [European Federation for Transport and Environment, 2019]. Falk and Hagsten [2019] found that
introduction of flight tax in Austria and Germany, which are wealthy countries with dense road and highway
infrastructure, the initial reduction of demand is high which quickly reduces the next year from 9% reduced
flights to 5% reduced flights. Hubs that did not serve predominantly low-cost airliners did not see any change,
supporting that a small tax only hits the low-earners and not the group constituting the majority of flights.
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Furthermore, more radical measures exist which might not have the preference when observing the aviation
sector as a growing body. In a report for the Committee on Climate Change by Carmichael [2019], examples
such as frequent flyer- and air miles levies are named. Highlighting that 15% of the UK population is respon-
sible for 70% of the flights. One could signal the undesired behavior of frequent flights without taking away
the option of an annual holiday. Also, Carmichael states that there should be a ban on frequent flyer reward
schemes which stimulate demand. Another measure could be the implementation of the personal carbon
allowance, or the right to fly. This is likely to be seen as a highly undesirable scheme, which is predominantly
discussed in academic circles and was assessed in 2006-2008 UK government studies. The personal carbon
allowance is an egalitarian concept, where people would obtain tradable CO,-permits, much like the EU-ETS
concept of cap and trade. Allowing the less wealthy people who do not fly, to gain a surplus by selling permits
[Paterson and Stripple, 2010]. Personal carbon allowances are hypothesized to be an encapsulating approach
as it combines economic, psychological, and social aspects. Combining these could allow for behavioral
changes more easily than taxation. [Parag and Fawcett, 2014]. Interactive studies have shown that work-
ing with allowances prompts another manner of decision-making, causing carbon budgeting [Capstick and
Lewis, 2010]. Jagers et al. [2010] found that the Swedish public responded favorably when observing personal
attitudes to personal carbon allowances and carbon taxes, looking at the attitude, trust in politicians, fairness,
and ideology. Carbon taxation was found to be more favored, as the personal carbon allowance would require
habit changes. Of course, questionnaires and interactive programs can only lead to implications and human
behavior is different in those tests than in reality. There are still many concerns regarding exemptions, the
number of certificates, thus making it not a concept that can be implemented in a short time-span [Bertoldi,
2019]. Knowledge of some more novel concepts allows for a compilation of several options besides the more
general schemes of CORSIA and the EU-ETS. Qualitative testing can be done on the demand-cost relation
through some more general assumptions.

2.5. Sustainable Aviation Fuels & Their Potential Impact

The question of Sustainable Aviation Fuel (SAF) has two very prominent dimensions. The need for obtain-
ing a new source of fuel given the pollution and depletion of conventional fuel, and the SAF performance in
terms of emission compared to conventional fuels. However, incentivizing the usage of SAFs will increase
demand, when not done properly this could lead to undesirable market effects. For example, the EU New
Green Deal will likely aim for 2% SAF in 2025, 5% in 2030, and 63% in 2050%; Up-scaling of land use for dif-
ferent biomass production, might cause displacement and cause deforestation of lands rich in carbon stock.
Furthermore, the feedstock growth and supply might shift to non-signatory countries, causing carbon leak-
age [Lambin and Meyfroidt, 2011]. Assume a farmer changing grown crop due to higher pay-out, a shift from
feedstock 'A’ to feedstock 'B’. This does not imply that the demand for feedstock 'A’ has suddenly reduced,
although due to lower availability the price may increase and this may indirectly reduce the demand for a
product. This implies that generally, the consequence would be that feedstock 'A’ will be grown elsewhere
and import/export balances change. Thus displacing feedstock cultivation and thereby causing indirect land
use change (LUC). Carbon leakage can be minimized through directives such as the RED II, which disallows
SAFs to count if obtained from primary lands such as tropical forests. Regardless, obtaining an exact quantifi-
cation of the footprint of specific fuels is complex. Subsequently making it harder for politicians, countries,
and international bodies to fully legally shield the process. De Jong et al. [2017], states that previous studies
display a large variety in results, which is primarily due to methodological choices, such as accounting of co-
products. Also, more elementary unknown factors such as total yield, yield improvement, world population,
and consumption are similarly uncertain.

Conventional and renewable fuel pathways differ slightly as indicated by Figure 2.5. Besides the similarities,
renewable fuels require the cultivation of feedstock, and this feedstock has to be converted into RJE which
stands for rocket jet fuel. There are various processing methods and since the requirements for aviation fuels
are high, as they have to deal with large temperature variations and with extreme height, there are several
approved SAF processing technologies by the American Society for Testing and Materials (ASTM). The ASTM
is the authority in this field and has as of now approved five different pathways: Hydroprocessed Esters and
Fatty Acids (HEFA) , Fischer-Tropsch (FT) , Hydrothermal Liquefaction (HTL) , Alcohol-to-Jet (AT]) and Direct
Sugars to Hydrocarbons or Synthetic Iso-paraffinic fuel (DSHC & SIP) .

These are the pathways that are also assumed to be viable for consideration in the supplementary CORSIA

2Reuters, URL: https://www.reuters.com/business/aerospace-defense/eu-climate-blueprint-pressures-airlines-cut-emissions-20C
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Figure 2.5: Life cycle analysis from a well to wake perspective for both conventional (bottom) and any type of sustainable feedstock (top),
showing the inputs flowing into each processes, and the products flowing out of each process from acquiring the resource to final usage

[De Jong et al., 2017]

document, which will be treated shortly [United Nations, 2021]. Lange [2011], makes an attempt at quanti-
fying the LUC induced on specific types of land through inventories of carbon stock and finds working the
majority of land would be counterproductive. Assuming a fossil fuel baseline of 83.8 gCO,./M]J, only several
combinations of land, feedstock, and spatial location would yield a low enough LUC to make SAF production
sustainable. The option of feedstock on degraded land seems desirable and positive, however, degraded land
will likely present lower yields and the investment for making the land productive might be more substan-
tial. This outlines both the production volume and accounting problem of SAFs evidently, which will require

further investigations in the future.

2.5.1. CORSIA Supporting Document LUC LCA Methodology

The CORSIA supplementary document describes the eligible fuels and the life cycle assessment (LCA) method-
ology [United Nations, 2021]. Part I of this document provides a methodology for the computation of core life
cycle GHG emissions for several established SAFs. Where part III looks a the ILUC which has been included
following the obligation to understand the extent to which SAFs can reduce the GHG emissions under the
proposed MBM. The Committee of Aviation Environmental Protection (CEAP) agreed to include ILUC as an
addition to the core-LUC, which can then be compared to the baselines of 89 gCO,e/M] for conventional jet
fuel. As the CEAP acknowledges large uncertainty, two established models were used in parallel: GTAP-BIO

and GLOBIOM.

The study covers 17 pathways for land-based feedstock over specific regions such as the USA, Brazil, the EU,
and Malaysia & Indonesia, which are primary production points for SAF feedstock. Only pathways which
would yield iLUC were included in this analysis, excluding pathways such as forestry residues, used cooking
oil, etc. The LUC spans the cultivation, production region, conversion technology, and SAF production re-
gion. The findings from this study are summarized in Table ?2, which is the forecasted figures for the year

2035.

As can be seen, the 'other SAF’ and "other region’ contributions amount to two-thirds of the total projected
market share in 2035. Here for the 'other SAF’ segment WtW value, the average of the other 16 pathways
was used. The document states that the other SAF should consist of low iLUC risk pathways which were not
included in the analysis. There could be a future scenario where the fuel required can not be provided or is
provided from pathways that are not sustainable. The GTAP-BIO and GLOBIOM models are not perfect and
can have under or overestimated LUC impacts. The last two columns are included for comparison, including
results from De Jong et al. [2017] of some similar feedstock pathways assuming two manners of co-product
accounting. They are included to show that the accounting method of co-products can yield substantial
differences and that the LUC estimations for specific feedstock and pathways vary widely. Outlining the im-
portance of global studies on the topic regarding the 'what if” either SAF performs well, or poorly compared

to the estimations.
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Feedstock and Core Estimated | Well to g{la:liet ::)tea]l?ng Etealll.)ng
Processing Method | LCA iLUC Wake 2035 Energy Displ.
gC02e/MJ | gC0O2e/MJ | gC0O2e/M] | % gC02e/MJ | gC0O2e/MJ
Corn (AT]) 55.8 23.60 79.40 4.00% 54 71
SugarCane (AT]) 24 8.00 32.00 4.00% 31 31
Sugarcane (SIP) 32.8 11.30 44.10 4.00% 76 79
Sugar Beet (SIP) 20.2 32.40 52.60 3.00% - -
Soy Oil (HEFA) 404 25.59 65.99 3.90% - -
Rapeseed (HEFA) 47.4 24.10 71.50 2.50% - -
Palm Oil
Closed pond (HEFA) 374 39.10 76.500 1.00% - -
Palm Oil
Open pond (HEFA) 60 39.10 99.100 1.00% - -
Miscanthus (FT) 9.35 -28.26 -18.91 2.35% - -
Miscanthus (AT]) 9.35 -44.27 -34.92 2.35% - -
Switchgrass (FT) 10.4 -3.80 6.60 1.35% - -
Switchgrass (AT]) 10.4 -14.50 -4.10 1.35% - -
Poplar (FT) 8.3 -5.20 3.10 2.70% 10 -6
Other SAF - - 38.11 33.20% | - -
Other Regions - - - 33.30% | - -
Total 100%

Table 2.2: CORSIA supporting document averaged GTAP-BIO and GLOBIUM values for core life cycle analysis, indirect land use change
estimations and total land use change estimations; Where applicable results from full LCAs from De Jong et al. [2017] are presented to
outline the agreement or large variation observed in results.



AirClim: An Efficiency Tool for Climate
Evaluation

AirClim is an efficiency tool for climate evaluation, which allows the testing of scenarios by assessing the near-
surface temperature change [Grewe and Stenke, 2008, Dahlmann et al., 2016b]. It is an extension to the earlier
linear response model by Sausen and Schumann [2000]. This extension includes the linearization of the
relation between emissions of CO,, NO, and H,O. Furthermore, the impact of atmospheric composition for
CO,, O3, CHy, water vapor, and contrails is included. AirClim accounts for spatial emissions by using three-
dimensional emission data, allowing assessment of the temporal evolution of air traffic and the conversion
of temporal data into near-surface temperature change. More detail on AirClim is provided in section 3.1 and
further discussion on the three-dimensional emission inventory in section 3.2.

3.1. The General Outline of AirClim; Inputs and Outputs

The general outline of the climate evaluation tool AirClim will be discussed, for further reference on the
model Grewe and Stenke [2008], Dahlmann et al. [2016b] can be consulted. It is essential to understand
the boundary conditions for modeling a scenario in AirClim, besides the underlying scientific background
and the model verification done in the past.

Figure 3.1 shows the general overview of the modeled approach implemented. The modeling approach can
thus be divided into three segments: pre-calculated processes, emission data, and the model AirClim which
to get the mean near-surface temperature change. The pre-calculated processes are the rose-colored boxes,
which deal with the idealized assumptions regarding emission regions based on aircraft activity and respec-
tive emissions strength. Here the strength signifies the mixing ratio per unit of time, which influences the
potency of atmospheric chemistry. These boundary conditions are inputs for the climate chemistry model
E39/C and E39 respectively, to compute the stratospheric adjusted radiative forcing for ozone and water va-
por changes. Climate sensitivities are taken into account for CO,, CHy, Os, contrails, and H,O through the
application of an uncertainty range. Then the yellow boxes outline the purpose of the eventual use of AirClim;
The application of perturbations to input data, and the assessment of the climate impact of these perturba-
tions on the defined baseline case. The emission perturbation data consists of the spatial emissions in terms
of a 3-D emission distribution, besides a definition of the temporal emissions for an amount of 'N’ differing
scenarios. Further aspects of the temporal evolution can be defined, such as the normalization year of the 3-D
emission inventory and characteristics of the NO emissions. Then, the blue processes indicate calculations
performed while running AirClim with respective inputs, using both the input data and the pre-calculated
idealizations regarding emissions regimes, strength, and radiative forcing. Then the change in emissions and
the change in atmospheric composition are combined to evaluate the temporal evolution of the composition
perturbation. Combining this with radiative forcing idealization for the assessed species to find an evolution
of the overall radiative forcing, which can then be integrated to arrive at a near-surface temperature change.

AirClim has been compared to other climate models and shows a good agreement, e.g. with the results from
the complex model E39/CA for the TRADEOFF scenarios. In these scenarios, flight altitudes were shifted
up and down with the global mean RF difference compared to AirClim being less than 3%. Compared to
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Figure 3.1: General overview of the multi-step approach towards the computation of near-surface temperature change and ozone deple-
tion caused by the emissions from input scenarios. Yellow processes represent the functional chain, rose the pre-calculated atmospheric
data and blue processes indicate the stepts towards mean near-surface temperature change Grewe and Stenke [2008]

the E39/CA model, the RF of both ozone and methane were 33% and 31% higher, which could be caused by
lower spatial resolution or non-linearities. Also, dissimilarities existed between contrail-cirrus RF compared
to studies by Burkhardt and Kéarcher [2011], where the coverage was similar though the RF was 9% lower.
AirClim accounts for latitude dependencies related to contrail coverage, but not for the latitude dependencies
related to the RF of contrail coverage. The model thus does not show a departure from other available models
but is still subject to earlier uncertainties regarding the complexity of atmospheric chemistry, the lack of
knowledge, and the lack of adequate data to describe the exact atmospheric concentration distribution at a
high resolution. The uncertainty is also a function of the used three-dimensional emission inventories, which
is turned to next.

3.2. Thee Dimensional Emission Inventories

There are several projects/studies which have synthesized three-dimensional emission inventories. Some
are based upon somewhat older studies and thus data, such as the TRADEOFF/QUANITFY (2000) and the
NASA (1992) data-set. More recent emission data sets are the AERO2K with data from 2002 and REACT4C.
REACT4C! is based on the CAEP/8 data for the base year of 2006. These two inventories are of explicit inter-
est given they will be used and compared as inputs for running AirClim. The AERO2K data were collected over
six weeks, measured in sets of a single week each to account better for daily, weekly and seasonal differences
in North America and Europe. Data for the rest of the world was extracted from another database (Back Avi-
ation) and might therefore not have the same accuracy and averaging of different effects [Michot et al.]. The
Back Aviation did not include trajectory data, whereas the REACT4C inventory was focused specifically on
route changes and has a higher resolution in this respect. Likewise, the REACT4C approach is not based on
only data from a specific year and uses data from five winters and three summers between 1989 and 2010 to
assess the long term. Thus, where AERO2K has analyzed six different weeks, the data is still limited to the mea-
surement year. The REACT4C inventory attempts to pattern long periods and uses this on the 2006 CAEP/8
data. Therefore, the AERO2K inventory might be highly sensitive to the year of data collection and thus yield
more year-biased results compared to REACT4C. Besides this, the CAEP movement data likely spans multiple
continents given it is a subsidiary of the ICAO, which covers all international flight movements of signatory

1REACTAC, URL: https://cordis.europa. eu/project/id/233772/reporting
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Figure 3.2: The fraction of total fuel consumption in %/kft versus the altitude/pressure in hPa per defined 3-D emissions inventory (left)
and the AT Ry frequency density function in mK versus the frequency of the AT Rjg9 per mK vertically (right). Showing the AERO2K,
TRADEOFE QUANTIFY and NASA three-dimensional emission inventories and differences induced due to differences in emission in-
ventory structure when modeling the same scenario [Dahlmann et al., 2016b]

The REACTA4C inventory is like the Quantify & TRADEOFF inventories in comparing fuel consumption frac-
tion per altitude. The AERO2K, TRADEOFE QUANTIFY and NASA emissions inventories are plotted in Fig-
ure 3.2 displaying the fuel consumption fractions versus altitude, and the AT R;oo frequency density function
calculated in Dahlmann et al. [2016b]. The AERO2K inventory has an overall larger proportion of fuel con-
sumption in the lower segment of the atmosphere below the 300 hPa. Above the 300 hPa, the AERO2K inven-
tory fuel consumption concentration behaves in a zig-zag manner, similar to the QUANTIFY and TRADEOFF
inventories. Both display a sharp spike in fuel consumption around the pressure of 240 hPa (35 kft). It can also
be observed that the integrated quantity of fuel consumption at higher altitudes is higher for the TRADEOFF
and QUANTIFY inventories, between the 300-200 hPa. When running a specific scenario using the different
inventories, the frequency density function of that AT R;oo shows a significantly higher ATR for the NASA in-
ventory, and a mean difference of around 10-20 mK between the TRADEOFF/QUANTIFY compared to the
AERO2K. The observed difference can be used to perform a consistency check when comparing the AERO2K
to the REACT4C inventory. There must be efforts to generate higher resolution emission inventories, which
allow comparison to the performance of lower resolution inventories to observe the potential differences.
Also, the emission data should become of a higher resolution as the measurement equipment continuously
improves with improvements such as space-based ADS-B.
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Aviation Climate Impact Modeling
Methodology & Baseline Establishment

This chapter covers the methodology for building the baseline scenario for the scenario-based assessment,
which is done through initially understanding the scientific consensus is surrounding scenario building.
Then this chapter aims to outline the modules used to manipulate the baseline scenario with the respec-
tive synthesis method and implications. chapter 5 will cover a numeric assessment through the application
of AirClim using the methodology outlined below.

4.1. The Scenario Based Assessment Concept

It is essential to understand the meaning of a scenario, and how it helps answer the questions at hand. A
scenario-based assessment is a tool to understand the future through what is known, used to prove a point or
to change general thinking. Wright et al. [2013] breaks these three primary objectives down into enhancing
understanding, challenging conventional thinking, and improving decision making.

Scenarios combined or derived with adequate mathematical tools allow a researcher to search for casual re-
lations. Depending on the subject matter and the framework, there could always be a distinction between
what is likely and what is unlikely, but one should always consider the relation to the current reality. An es-
pecially relevant theme for climate science-related studies is to explain the hypothetical future in the short-
and long-term. Scenario assessments allow for a re-framing and can shift perspective by asking the 'what
if’ questions. There can be several manners in which to perform a scenario-based assessment, under which
exploratory versus normative, and quantitative versus qualitative. Exploratory scenarios are scenarios that
allow adventurous forecasting, which might be based on ambitious goals or qualitatively assesses a concept.
Normative scenarios are inverted, where parameters are determined to fit the desired scenario outcome. An-
other important distinction is the model being derived from trends, a model derived from computational
data or based upon a narrative that does not have sufficient or any measurable content. This is quantitative
versus a qualitative scenario respectively [Peeters, 2017].

This thesis and the scenarios presented serve a multitude of purposes. Through the help of AirClim and the
concept of scenario building, the climate impact of aviation activity can be better understood. Synthesized
scenarios will relate to existing literature and political pledges, and where possible results can be related to
previously done studies. The choice has been made to create a data tool that can accommodate a wide range
of scenarios, both qualitative and quantitative options. The variety of assessed scenarios could allow more
insight into seldom studied ideas or highlight specific topics for further research.

Through the generation of several scenarios with each distinctive focus, patterns can be identified to re-
duce the climate impact most effectively. Based on that which was previously outlined in chapter 2, a non-
exhaustive list of to-be-tested scenarios can be found in Figure 4.1, where all the yellow-colored scenarios are
aspects that are covered, to what extent will be outlined later. The grey boxes indicate specific topics which
are known topics but will not be subject to further studies.
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Figure 4.1: Breakdown representing a breakdown of relevant concepts to look at for later scenario based assessment, not representing an
exhaustive list of the theme. The breakdown is subdivided in several categories (white), which are subsequently subdivided in deemed
relevant sub-categories (blue). Finally, these sub-categories contain concepts which will be studied through the scenario based assess-
ment (yellow) and those which are not treated further (grey)

4.1.1. A Top-Down Approach to Generating Input Data

The baseline scenario will be synthesized through a top-down approach, thus assuming that the evolution
of one variable is indicative and linked through assumptions to other variables. A general understanding
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of the aviation sector’s temporal evolution in terms of relevant parameters had to be generated. The best
available and indicative parameter is the revenue passenger kilometers (RPKs), which are recorded by both
the ICAO and IATA. Furthermore, RPK forecasts exist from relevant companies such as Boeing and Airbus on
the temporal evolution. The RPK indicates the number of revenue-paying passengers multiplied by the flown
distances, which can then be linked to efficiency parameters to calculate other relevant parameters. The
general top-down structure synthesized for this thesis is outlined in Figure 4.2. The process is broken down
into three groups, the primary input data, the pre-processing, and the post-processing steps. This chapter
will deal with all the required knowledge for the primary input data, where the 'Process’ boxes indicate the
data synthesize path, the model setup input is indicated on the left, and the model variables, which can be
user-selected, flow into the process from the right. The model variables which can be iterated to generate
scenarios and their impact will be assessed in chapter 5.
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Figure 4.2: The process flow overview of the complete procedure of the scenario based assessment including the four steps: primary
input data generation, pre-processing for use in AirClim, the running of AirClim and the final post-processing steps to allow for the final
output data. The data flow is indicated by the green process boxes with relevant parameters named along the flow. The primary input
data contains both description of parameters needed to build the model (model setup inputs) and parameters which could be changed
(model variables)

Lee. etal. 2021
Emissitvity Index Data

Initially, the RPK baseline is established through the ICAO data, adding data from additional sources where
needed. For modeling the RPK temporal growth, the UN population growth projections were the template.



28 4. Aviation Climate Impact Modeling Methodology & Baseline Establishment

The data set generations for the RPKs do not contain any special events besides the COVID-19 pandemic
and its recovery. Thus no political intervention, abrupt changes in technology, or anything deviating from
the current business as usual. The RPK trend is then used to find the total fuel consumption through using
the fuel economy parameter. The fuel consumption can be converted to flown kilometers through the fuel
efficiency and the nominal global emissions through the emissivity index of respective species from Lee et al.
[2021]. Eventually, the essential inputs for AirClim are the fuel consumption, the flown kilometers in the
normalization year, the NOy emissions in the normalization year, and variables such as carbon offsetting
and the Elno, trend. This process is then used to generate the baseline, which can be iterated upon to arrive
at different scenarios. All these variables named will be treated in chronological order below.

4.2. Primary Input Data & The Baseline Scenario

The baseline scenario is the reference point for the climate impact of aviation and model adjustment. Model
adjustment implies that whenever there is a change to represent an alternate scenario, a comparison can be
made to the baseline scenario. The baseline scenario can be seen as a business as usual scenario, meaning
a world with air traffic from available data until the end of the time frame at 2100, which will not be subject
to much change. Nonetheless, efficiency improvements through retrofitting and newer aircraft types do still
occur. The baseline represents a future where there is no extensive effort or failed effort to change the impact
of aviation on the climate. Given the increased strive for political climate action, this is unlikely, but it is
always good to keep in mind what the worse case could be. This method thus allows for the inter-comparison
between baseline and baseline iterations.

4.2.1. Story-Line for the Baseline Scenario Formation

For the baseline, it has been decided that even though global climate policy will be implemented to some
degree, the baseline will assume no policy measures driving down the demand or emissions being offset.
There is still improvement in the efficiency though this will stagnate over time. The COVID-19 recovery pat-
tern could have a significant influence on the future climate impact of aviation. Since the recovery was still
happening when this was written, an assumption had to fill in the recovery gap. The baseline takes a U-
shape/Nike-woosh recovery shape of around five years, and this will remain unchanged for all following
scenarios, only allowing change post-pandemic recovery. The baseline scenario is essentially assuming a
failure of policy and the creation of incentives to reduce aviation climate impact. Demand for aviation is also
continued to grow, either due to consumers participating in air traffic or individuals performing more flight
movements. A relation however is drawn between the reducing population growth and aviation demand,
this is done for the reason that there is no agreed method on this front. To interpret the baseline, findings
from Grewe and Stenke [2008] should be kept in mind, which shows that for a mixed subsonic fleet the dif-
ference between peak CO, emissions and the peak in temperature change deviate by some 30 years. There is
thus a delay of 30 years between emissions and expression in terms of temperature change, making changes
near the year 2100 less significant. With this general idea in mind, the standard data flow can be explained,
outlining the baseline conditions along the way.

4.2.2. Revenue Passenger Kilometer

The Revenue Passenger Kilometer (RPK) is a metric that outlines the demand for air transport by revenue-
paying passengers. The ICAO defines RPK as: 'one revenue passenger-kilometer means that one passenger is
carried on one kilometer’ !. The ICAO and IATA present monthly and annual updates on the RPK, which al-
lowed the generation of most of the historic RPK trends. For the time-frame 1971 to 2017, data from the ICAO
Data+2 project was used as shown in Figure 4.3. The gaps between 2017 and 2020 were filled up primarily with
IATA reports which are released monthly [IATA, 2020a, 2021b, 2020b, 2019a,b, 2021a]. Data before 1971 as es-
timated by assuming exponential growth, and using the average growth percentage for the 1971-2017 period
of 6%. Also, the CO, emissions in 1971 were over five times less than 2019 levels allowing for simplification,
as post-1971 fuel will not have a great impact.

The ICAO and IATA state differing growth rates for the year 2018 [ICAO, 2018a,b, IATA, 2019a]. However, this
only generates an uncertain range of around 46 billion, representing only 0.6% of the total RPKs. Data for the
onset of the pandemic in 2019 reported an Asia Pacific 2017 to 2018 year-on-year growth reduction of 8.5%

IRPK, URL:https://www.icao.int/MID/Documents/2017/AviationDataandAnalysisSeminar/PPT11-India- IntroductiontoAirTransportSs
pdf
2]CAO Data+, URL:https://data.icao.int/newdataplus/


https://www.icao.int/MID/Documents/2017/Aviation Data and Analysis Seminar/PPT11 - India - Introduction to Air Transport Statistics.pdf
https://www.icao.int/MID/Documents/2017/Aviation Data and Analysis Seminar/PPT11 - India - Introduction to Air Transport Statistics.pdf
https://data.icao.int/newdataplus/
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Figure 4.3: ICAO available data on the revenue passenger kilometers for the years 1971 to 2017 including information on relevant events

to 4.5% in 2019. The Asia Pacific area makes up close to half of the overall annual RPKs growth[IATA, 2019b].
The ICAO estimated a year-on-year increase of 4.9% of 8,686 billion RPKs [ICAO, 2019]. The 2019 RPK growth
rate was the first year since the Global Financial Crisis of 2008 that the demand growth was below about 5.5%.

For this study, it is important to have a basic understanding of the possibilities of recovery modes. When
generating the model the 2019 and 2020 was available [ICAO, 2020, IATA, 2020b,a, 2021b]. Some data was not
directly available, but through publishes images a data-set could be built as seen in Figure 4.4. To check the
consistency of the IATA and ICAO data, the IATA statement was checked which stated that from 2019 to 2020
the RPK dropped by 66%. The ICAO reported a 68% drop in RPK, showing that the data from both instances
show similarities. The used COVID-19 recovery model will be outlined next.

COVID-19 Recovery Data
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Figure 4.4: The Revenue Passenger Kilometer in passenger kilometer between the years 1971 and 2017 including events left to right: the
oil crisis, Iran-Iraq war, Gulf-crisis, Asian crisis, 9-11, SARS and the 2008 financial crisis. Source: ICAO, IATA, OAG
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COVID-19 RPK Recovery Model

To receive an estimate for the COVID-19 RPK recovery, industry and consultancy forecasts were used as guid-
ing input for the model. An understanding was obtained through comparison to previous viral or bacterial
outbreaks and other events which depressed the RPK baseline growth, shown in Figure 4.5. Both U-shaped
and V-shaped recoveries are seen for SARS outbreaks in the Asia Pacific and the China Domestic markets,
which are general recovery modes representing a linear or more gradually accelerating recovery. It remains
questionable how the COVID-19 pandemic will recover. Cultural behavior and international response are
dynamic resulting demand recovery from COVID to be non-homogenous globally. Studies and publications
from various instances are presented in Table 4.1.

Impact of past disease outbreaks on aviation
T I vt ! Avian Flu (2005)
110 - | S

100 ‘e e = ————e—
90 - |

o] ESARS!ZOOH

70 4 EA‘;MPL:L‘H‘L’

60 - ! Airlines

50 - | RPKs

40 A '

30 A

20 !

10 T T :I U T T T T T T T T T T 1
-3 -2 -1 0 1 2 3 - 5 6 & 8 9 10 1 12

Months before and after the start of the crisis

=100)

MERS Flu (2015)
RPKs to, from and within South
Korea

Index (crisis month

SARS (2003)

Figure 4.5: Representation of impact of outbreaks on the aviation sector demand where the vertical axis present an index with 100
representing the baseline scenario, and the horizontal axis representing the months before and after the crisis. The SARS outbreak and
recovery months are shown for North America, Asia Pacific, and China (pink, blue & red). Also the Avian Flu in South-East Asia and Asia
Pacific (green and yellow). Finally, the MERS Flu within South Korea is shown (black). Both U-shape and V-shaped recovery patterns can
be observed [International Air Transport Association (IATA), 2020].

Reasonable consensus exists where all recovery expectations are around 2023-2024 or later, depending on
near-future developments. There is a perceivable shift between estimates from Moody’s and the Inmarsat
polls, which were from the Spring/Summer of 2020. Bain & Company provided a more extensive long-term
analysis, providing different recovery patterns depending on specified parameters. The recovery for this anal-
ysis is estimated at around 2024-2025, to which the IATA recovery models agree.

The model used for this thesis starts in January 2021. The recovery is modeled using a growth function split
up into domains. Each domain is responsible for recovering a segment of ’'lost’ RPK, thus the three domains
add up to 100% 2019 post-pandemic RPK. Data for the year 2020 already exist and will be used for that part of
the recovery. The choice is made to recover to the 2019 RPKs, rather than the hypothetical RPKs if the sector
would have continued to grow normally. This implies that the sector is essentially not growing during the
recovery period compared to 2019. The ICAO underlined concerns about the oligopolistic nature of the avia-
tion sector, and the fact that overcapacity could cause serious economical effects 3. The IATA seems to display
similar modeling assumptions in the fact that the growth does not return to the pre-COVID-19 trends?, which
is shown in Figure 4.6. Here it can be noted that the Apri forecast already shifted down compared to the Jan-
uary forecast, and either trend does not return to the pre-COVID-forecast.

Each of the three assumed recovery domains has two parameters, which are the RPK it has to recover and the
recovery rate, this implies that one domain can allow recovery of some percentage of the total RPK loss at a
monthly recovery rate. Each domain is programmed with values and computes the time required to recover
in that setting. The recovery is modeled using a U-shaped/Nike-Woosh recovery shape. The model param-
eters were matched to a feasible recovery pattern regarding shape and estimates from Table 4.1, implying a

3ICAO, URL: https://www.icao.int/sustainability/Documents/Covid-19/ICAO_coronavirus_Econ_Impact.pdf
4]ATA, URL: https://www.iata. org/en/iata-repository/publications/economic-reports/an-almost-full-recovery-of-air-travel-i


https://www.icao.int/sustainability/Documents/Covid-19/ICAO_coronavirus_Econ_Impact.pdf
https://www.iata.org/en/iata-repository/publications/economic-reports/an-almost-full-recovery-of-air-travel-in-prospect/
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Organization/
Source

Company
Function

General Outline of Analysis

Moody’s Investors
Service

Investment/bond
credit rating
business

Estimation make in July 2020 that a rebounce of the aviation sector
would not occur any time before 2023. Expect a recovery of
passengers around the end of 2023, as health and safety concern
start to wind down. It is expected that further disruptions and legal
enforcing of social distancing (which did eventually happen), will
cause the recovery to be slower.

Bain & Company

Consultancy

Estimates from January and March 2021 including a host of recovery
scenarios: baseline, coordinated recovery, accelerated vaccines and
drifting. In case of good coordination and rapid vaccination of the
population a recovery may be achieved around the end of 2023 to
2024. The baseline and drifting, currently being the most likely to
occur, extend the recovery towards the end of 2024-2026 range.
Furthermore, in their modeling the recovery does not return to the
pre-crisis growth curve, but rather traces it in a parallel fashion.

ICAO

UN aviation
agency

The analysis looks at passenger revenue, passenger numbers and seat
capacity. No long term estimate is made, however the assumptions
are of primary interest. Several recovery options are assumed, such as
the nike-woosh, the U-,L- and W-shaped recovery. To support such
trends, arguments such as over-capacity and respite are used.

IATA

Trade
Association

50.4% improvement compared to 2020 demand, allowing 50.6% of
the 2019 demand levels to be met. If the positive scenario is not to be
met, only 13% could be recovered compared to 2018, totaling at 38%
of 2019 levels. Recovery is still expected around 2024 on the basis of
the assumptions that vaccines will be rapidly available at the end of
2021 and beginning 2022. If this were not to be the case, or the
vaccines prove to be ineffective, the recovery is likely to extend to a
later date.

Inmarsat
Aviation

Satellite
Telecommunications
Provider

Results from June 2020 of over 500 polls of profesionals within the
aviation sector, 60 % expects a recovery period ranging between 18
months to 3 years. Domestic travels is expected to recovery faster
than international travel due to non-streamlined COVID-19 response

S&P Global
Platts

Energy & Commodity
Information Supplier

Unlikely that recovery will happen until 3-5 years since the crisis

start end of 2019 and start of 2020. Supply side is being reduced by

the airliners, meaning they are not the same size as 2019. Retirement
have increased fleet efficiency. It is still expected that aviation demand
will continue to grow at around 3.5% up to 2040. The recovery is
expected to take up o 5 years to reach 2019 levels.

Table 4.1: Summary on the position of instances and consultancy firms about the COVID-19 recovery for the aviation sector

recovery of around four years in 2025. Initially, recovery starts slow, recovering 15% of the RPK at 14% a year
as taken from an IATA forecast. The rest is recovered at a pace of 60% per year. The recovery pattern can
be interpreted as countries vaccinating their populations, allowing more movement freedom. Mobility con-
straints will likely still exist within and between countries and continents, disallowing reaching equivalent
growth to the post-COVID scenario. Due to the harsh economic situation, airliners might also not be able to
cover market needs, due to the reduced available seats following aircraft retirement. The recovery pattern is
plotted in Figure 4.7, combining the entire time frame. The recovery takes up to the end of 2024 thus resulting
in regular continuation of growth from 2025 onwards.

Post-COVID RPK Modeling

The final segment of RPK is the time frame after the recovery up to 2100. For this segment, population growth
is used as a precursor. The United Nations (UN) presented a document in 2019 with forecasts up to 2100 for
the population growth United Nations [2019]. The population growth in 2020 was estimated to be slightly
higher than 1% and is estimated to move towards stagnation in 2100. The growth rate is estimated to reduce
in 2030 by 18%, in 2045 by 44%, in 2070 by 60%, and in 2095 the growth stagnates. The post-COVID RPK
growth can thus be selected for a specific case, after which it is reduced in line with the population growth
rate change.
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Figure 4.6: IATA Air Passenger recovery model as of May 2021, including estimates from January and pre-COVID RPK growth. Represent-
ing RPK in Billion(s) and annual timestamps on the horizontal axis. A slightly slower recovery pattern is observed for the April forecast,
compared to the January forecast, and represent a post-recovery growth of doubling of RPK in every 19 years

Full RPK Trend

Adding together the Pre-ICAO Data+ period with the average reduction rate of 6%, the 1971-2017 period,
the 2017-COVID-19 period, the recovery period, and the post-COVID period. Some global market forecasts
(GMFs) exist pre-dating the COVID-19 pandemic, where some include the potential influences of the pan-
demic. Such the Airbus 2019-2038 GMF®, the Boeing 2021-2040 GMFS, reportings from the Japan Aircraft De-
velopment Corporation 7 and an analysis by the Air Transport Action Group (ATAG) named Waypoint 2050%
(W2050) were included for comparison. Furthermore, modeling projections from Planes et al. [2021] and
Grewe et al. [2021] is added as a reference to the RPK baseline for this thesis. The forecasts are shown in
Figure 4.7 and the differences for specific years are further elaborated in Table 22.

Year Greweetal. | ATAG Waypoint | Planesetal. | Airbus2019 | Boeing2021 | JADC 2021
2021 2050 Central 2021 GMF GMF GMF
RPK Difference with Modeled Baseline
2038 12.29% -3.68% 5.60% 34.02% 31.05% 16.58%
2050 3.84% 7.53% 15.39% - - -
2100 16.13% - - - - -

Table 4.2: Inter-comparison of revenue passenger kilometers model estimations, where the percentage indicates the difference between
the baseline scenario and respectively named scenario in the table column.

It is found that estimates before COVID-19 or the ones not account much for it such as the Airbus and Boeing
GMF generate a large RPK difference, whereas other estimations lie near the 10% difference. Also, the GMFs
seem to still assume continued logarithmic growth, which the baseline model also does display within that
time frame. It would be interesting to see what GMFs will look like subject to upcoming changes such as
CORSIA, which will change the overall monetary picture for airliners and likely thus passengers.

4.2.3. Fuel Economy; The System Fuel Efficiency

The fuel economy is an umbrella term that describes all processes relating to efficient fuel use to generate
RPKSs. In this manner, the fuel economy describes the efficiency of the system as a whole, adding technology,
aircraft operations, and things such as the aircraft seat density or load factor. Figure 4.8 provides an elemen-
tary breakdown of what could be assumed as the fuel economy, including several aspects which ultimately

5Airbus GME URL: https: //www.airbus . com/aircraft/market/global-market-forecast.html

6Boeing GME URL: https://www.boeing. com/resources/boeingdotcom/market/assets/downloads/07.08.21_9_057_BMO_
2021_Commercial_HR_091521a.pdf

7JADC, URL: http: //www.jadc. jp/files/topics/169_ext_01_en_0.pdf

8W2050, URL: https://aviationbenefits. org/media/167187/w2050_full.pdf


https://www.airbus.com/aircraft/market/global-market-forecast.html
https://www.boeing.com/resources/boeingdotcom/market/assets/downloads/07.08.21_9_057_BMO_2021_Commercial_HR_091521a.pdf
https://www.boeing.com/resources/boeingdotcom/market/assets/downloads/07.08.21_9_057_BMO_2021_Commercial_HR_091521a.pdf
http://www.jadc.jp/files/topics/169_ext_01_en_0.pdf
https://aviationbenefits.org/media/167187/w2050_full.pdf
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Figure 4.7: Trends of future revenue passenger kilometers from both pre-COVID and post-COVID Global Market Forecasts and literature
based studied, including the baseline model in Billions of RPKs.

dictate the parameter. The fuel economy is a useful parameter, as it looks at a global description of the sys-
tem, however, it lacks the ability for integrating small efficiency changes done to aircraft. The fuel economy is
thus aratio describing the relation between annual RPKs and fuel consumption, where a higher fuel economy
indicates a better overall fuel performance. The fuel economy was mentioned in the ITCC studies referred to
in subsection 2.1.1. One should keep in mind that the definitions slightly differ, as the payload is not assumed
part of the RPKs. Comparatively, this will cause the fuel economies from the ITCC to be much higher than
what will be found in this study. When performing a direct comparison, this statement is supported; Where
the ITCC found a fuel economy of 47 RPK/kg in 2017, the thesis model shows a fuel economy of 20 RPK/kg.

For the computation of the fuel economy both the RPK and fuel consumption estimations are needed. The
fuel economy follows the RPK computation, but the fuel economy is required to find the fuel consumption.
Therefore, historical data from Sausen and Schumann [2000] could be used, which provides an accumulation
of other studies and respective estimations. This data was used to set up the trend for the fuel economy from
seven different input years, resulting in a tight linear fit with an R? value of 0.968, allowing for an accurate
description of the fuel consumption between 1976 and 2015. Since then there have not been revolutionary
developments in aircraft design, thus it is unlikely to have significantly shifted. However, the synthesis of the
fuel economy makes the methodology not flexible, which for this reason can be manually adjusted to include
decay.

During the COVID-19 recovery the passenger load factor reduced from 82.6% to 66.9% found IATA®. Given
that the passenger load factor impacts the fuel economy, it is assumed that the fuel economy dropped a sim-
ilarly to 81% of the 2019 value. Recovery occurs at the pace of the RPK after which the assumption is made
for the baseline scenario that the efficiency improvements to the fuel economy will saturate over time. To
accommodate flexibility in modeling the fuel economy, a decay factor () was introduced. The general impli-
cation of using a growth decay factors setting is found in Figure 4.9, where the temporal evolution of the fuel
economy is shown for a host of decay factors. The dampening of the decay factor is already observably severe
for n=0.98. There is a small bump in the year 1975, which is caused by the assumption that the fuel con-
sumption reduced by 5% annually between 1975 to 1940. The fuel economy is not relevant in this time frame
but is calculated for completeness The decay factor of 0.97 was used for the baseline, which displays signif-
icant decay but still retains a growth in fuel economy. This decay caused the fuel consumption to align with
the business as usual from Grewe et al. [2021], which then allows for an intercomparison. Figure 4.10 shows
the implications of the fuel economy upon the fuel consumption, which also included the fuel consumption

9]ATA, URL: https://www.iata. org/contentassets/c81222d96c9a4e0bb4ff6ced0126£0bb/iata-annual-review-2020.pdf


https://www.iata.org/contentassets/c81222d96c9a4e0bb4ff6ced0126f0bb/iata-annual-review-2020.pdf
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Figure 4.8: Breakdown of the general concept of the fuel economy efficiency outlining several sub-categories which could impact the
fuel economy. The breakdown is an indication of what are the parts of the fuel economy, but aspects exists which are not named here.

trend. Also, the fuel consumption trend for the business as a usual scenario from Grewe et al. [2021] is plotted,
which corresponds to the modeled baseline. Discrepancies exist around the 2020 to 2040 time period, caused

by the COVID-19 period, after which trends start to differ significantly.
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Figure 4.10: The effect of the choice of the decay factor on the fuel consumption, displaying a the high volatility of setting the boundary
conditions of the fuel economy and the post-pandemic time-frame fuel consumption evolution. Including results from the business as
usual case from Grewe et al. [2021] displaying large discrepancies around the COVID-19 period.

4.2.4. Final Downstream Parameters and Summary

The contrail coverage is calculated as a product of the 3-dimensional emission inventory and is scaled to-
wards the scenario flown distance. Emissions at specific spatial locations can cause the formation of con-
trails, dependent on the local requirements being satisfied for contrail formation. After computation of the
fuel consumption, the flown kilometers can be calculated using fuel efficiency. Since AirClim takes the fuel
consumption and the 3-dimensional emissions data as the primary model inputs, only the flown kilometer
for the inventory normalization year is relevant for the modeling setup. After the modeling setup, the flown
kilometers and relevant parameters are scaled according to the temporal fuel consumption trend.

For completeness, the complete flown kilometers trend is synthesized. The efficiency values from Grewe
et al. [2021] were used, which starts with fuel efficiency in 1940 of 8 kg/km and it improves to 4.61 kg/km in
2018. Between 2018 and post-COVID-19 there have been a lot of retirements of aircraft models which would
otherwise not be retired yet. Rutherford [2020] estimated a 1.1% fleet-wide saving which would of course
increase the fuel efficiency of the fleet. Since this is past the normalization year for flown kilometers, this
will have to be integrated into the fuel consumption trend. Then the Emissions are a product of the fuel
consumption with the respective emissivity index, wherein in this case the factors from Lee et al. [2021] were
used. This implies an emissions index for CO, of 3.16 kg per kg fuel and NO, the average of 14.63 g per kg
fuel. These are then computed according to Equation 4.1 and Equation 4.2. These steps were taken within
AirClim, but data was also generated in the datasheet to compare the consistency between AirClim and the
data tool.

COq(year) =Fuel(year) x Elco, (4.1)

NOy(year) =Fuel(year) x Elno, (4.2)

Through several steps, the data for the baseline has been generated. To review a clear overview of the model
and its assumptions, a summary is provided in Table 4.3. The data of the baseline can be adjusted through
pre-processing and post-processing to create scenarios and compared them respectively.

4.3. Baseline Scenario Manipulation Through External Modules

Now that the baseline has been established, there is a need to add external modules which can manipulate the
input and output data. This can be in the form of policy, operations, and technology as has been established.
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Table 4.3: Summary of the assumptions regarding the modeling of the primary data flow for subsequent scenario building

Parameter ‘ ‘ Definition ‘ ‘ Assumption(s)
- Historical ICAO 1971-2017 frrom Data+
The transportation of the number - Extrapolation to 1940 through use of
of paying passengers multiplied 1971-2017 year-on-year average
E(iel‘(l)ill:fel:assenger by the amount of flown total - COVID-19 according to own model
distance that was covered by - Post COVID-19 congruent to United
all partaking aircraft Nations year on year population growth
[United Nations, 2019]
- Pre-1971 estimates computed by assuming
an annual 5% increase of fuel, the quantities
from then are relatively insignificant in com-
parison to the current fuel usage
Umbrella term defining the overall - Fuel economy computed on basis of fuel
fleet fuel efficiency in signifying estimates through dat from
Fuel Economy the amount of RPKs generated per Sausen and Schumann [2000], resulting in a
liter or kilogram of fuel. Concept used linear increase and logarithmic decay
extensitively in ITCC Reports from of year-on-year growth
Zheng et al. [2019] - Logarithmic decay implemented to allow
technological growth iterations
- Fuel Economy reduction due to COVID-19
similar to load factor drop found by IATA
- Freight mass not included in RPK
Total Fuel g’lf;;:;i:g;i?;gg:g;l;;ﬁl( Fuel Economy = RPK;yrq1/ Fuel;oral
- Fuel efficiency used from Grewe et al. [2021]
The amount of kilometers flown - Full trend computed using linear change
Flow Kilometers in a specific year. Important for between 1940, 2020 and post-COVID.
the computation of contrail coverage. - Post-COVID YOY growth same as that
of the fuel economy
Emissions Aviation related emissions such as NO, || Emission indexes for CO, and
and CO, NO, from Lee et al. [2021]

The LUC mechanism is studied under policy measures since it is closely linked to schemes that advocate the
use of SAFs. Furthermore, a simplified market model was used to observe the climate impulse as taxation
iterates the demand. Most of the operational practices excluding CCO & CDO, and fuel tankering abolition,
will be modules that require post-processing of the data. Offsetting of emissions can be dealt with easily
through defining a temporal offsetting storyline in AirClim, which then performs CO;-accounting, leaving
all other non-CO;-emissions unchanged. Table 4.4 has been generated in which all external modules are
provided with the respective parameters they act upon.

Fuel Induced Temperature
Used Module RPK | o ° | Elno, | CO, Chon gI;
Carbon Offsetting X
Market Based Mechanism X
SAF & Land Use Change X X
Formation Flight X X X
ISO + Lower Flight X X
IATA Technology <
Scenarios

Table 4.4: Breakdown of the external modules used for data manipulation and the primary parameter on which they act

4.3.1. The Elementary Market Based Module

The elementary market model is essentially trying to link a rise in the ticket price to an alteration in demand
for aviation, impacting the RPKs. Changing the ticket price can be interpreted qualitatively, for example as a
rise in ticket price due to tax, or it can represent an abolition of tax exemption for aviation fuel. It could also
represent the implementation of a frequent flyer tax, distance-based taxation, the increase of cost through
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the inclusion of previous externalities. The mode in which the ticket taxation is modeled is primarily logical
in nature but has not been studied in an adequately detailed manner. More studies must be done regarding
the market response and taxation relation. The type of taxation might, for example, affect the less wealthy,
but not the top consumers, who hold the largest share of flight movements. Provided this method and later
the sensitivity of respective model parameters are well documented, such that it is avoided that inaccurate
implications will be made from the results.

As for this specific model, several aspects have been included such as the elasticity, the cost pass-through,
the duration for the measure to take full effect, and the duration of the RPK reduction. The pass-through
cost is essentially an absolute price increase resulting from a shift in pricing equilibrium. Costs such as take-
off taxation, increased fuel taxation, or anything alike can be seen as operator cost increases. Here a static
cost pass-through is assumed, which is an7 over-simplification not even including the dimension of having
globally different market dynamics [Wang et al., 2018]. For this model to be accurate, it would have to include
dependence on types of air transport (short-, medium- or long-haul), the economic areas, and even aspects
such as national-level policies impacting airliner costs.

Similar to the cost pass-through, the demand elasticity is something very dynamic and it depends on many
independent factors. The demand is inelastic if the price increases at a more rapid pace than the demand
decreases, elastic behavior is the opposite. Elasticity in any regard is dependent on the alternatives available
for the product demanded. The elasticity is thus bound to the personally perceived cost of the consumer,
which can be monetary or time constraints as a matter of example. Brons et al. [2001] found an average
elasticity from 204 observations obtained in different studies at -1.146 with a standard deviation 0of 0.619. Ina
study done by CE Delft [2019], values from an Intervistas (2007) studies showed elasticity of -1.23, -1.12, and
-0.8 for domestic flights, flights within Europe, and intercontinental flights. An important assumption made
in this report was the concept of a 0-net demand impulse. The 0-net demand impulse assumes that reduced
taxes or increased taxes can increase or decrease the revenues of a sector, though the gains or losses just shift
to another sector. Essentially this assumes that there is no loss in revenues, given the reduced air traffic is
captured by increased train transport for example.

The RPK impact is calculated using Equation 4.3 which computes the total RPK-impact as a result of elasticity
and cost pass-through rate. This RPK-impact is then linearly reduced over a 30-year time frame, which was
arrived at through running the model at different settings and observing inconsistencies otherwise. If the
RPK-impact were instantaneously implemented in the year of the taxation, this would result in an unrealistic
reduction of RPK and alteration of future growth.

RPKimpact = RPKpgse x Pass-Through Rate x Price Elasticity (4.3)

The MBM is thus a qualitative exploratory narrative module looking into the impact of an RPK reduction,
yielding a reduction in the temporal input of fuel consumption. Taxation causes a reduced revenue from the
sector and will also affect other sectors, which causes a new equilibrium and could yield changes to the GDP.
Changes in GDP might affect political decision-making, and this affects the spending capacity, tapping back
into behavior. Choices between different political entities can have large effects given everything is inter-
connected, thus to create a more accurate model the socio-economics should be accounted for. Regardless
of the exactness between market and taxation, the module still provides relevant insights as it represents a
depression or rise in RPK growth.

4.3.2. Land Use Change and Sustainable Aviation Fuels

The SAF module considers the fuels identical in the emissions characteristics with regards to conventional jet
fuel, however, with a slight alteration of the Elco, per findings from Blakey et al. [2011]. In the chapter 2 the
conclusions and research done for the LUC and iLUC computations, to be used under the CORSIA scheme,
were outlined. The large uncertainty regarding volume, externalities, and policy was outlined. For this mod-
ule an assessment method has been created, allowing the modeling of a SAF uncertainty band through well-
to-wake (WtW) estimates for different SAFs. This ratio between the baseline WtW of conventional jet fuel and
the SAF types can be calculated, which is used to estimate hypothetical additional/reduced CO-emissions.
The CO,-emissions of a specific scenario can then account for this deficit. The artificial CO, emissions are
computed by establishing a ratio called the SAF¢4¢rr, Which indicates the proportion of the jet fuel WtW
versus the SAF fuel WtW as indicated in Equation 4.4.
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COZLUC = COZno—LUC X SAFfactor (4.4)

In Table 2? the SAF LCA emission projections for the year 2035 are given, used to compute the SAFf 107
For this parameter, the market share and the gCO;-equivalent emissions per MJ of fuel, and SAF usage tar-
gets are taken from the European Green New Deal. This implies SAF update input points in 2025, 2035, 2050
where a specific percentage of SAF uptake is defined. Based on Table ?2 an average market share normalized
projection of 38.1 gCO,e/M]J fuel was computed, by combining market share and WtW values of the 17 ana-
lyzed pathways. Leaving the 'other SAF’ and 'other Regions’ as free variables. The model will assume 33% of
the SAF to be of the normalized average, and 66% percent will be filled in by e-fuels (as these are part of the
EU New Green Deal) and a free variable which can be used to model worst and best-case scenarios. For the
emission intensity for e-fuels estimates from Hombach et al. [2019] were used. Uncertainty exists for e-fuels,
i.e. using wind energy for production in 2015 and 2030, emission intensities of 64.07 and 6.63 gCO, e/M] were
found. A mixed grid emission intensity could go as high as 441.14 gCO,e/M]J in 2015, and 148.2 gCO,e/M]J
in 2030 following their estimation method for light-duty vehicles in Germany. Processing for SAFs might be
more intense as requirements are more stringent due to extreme operating conditions. To allow for model-
ing flexibility, the three above-described categories correspond to each other and can be changed within a
matrix. Therefore, it is possible to model worse case and best case projections. Table 4.5 represents the SAF
blend setup matrix, where the emission intensity and market share of each SAF can be selected. Changes in
this matrix for volume share or any of the emission intensity inputs will change the artificial CO, emissions,
accounting for LUC through the SAF¢4¢0r-

Emission 2025 2035 2050 2100
SAF Origin Intensity Volume | Volume | Volume | Volume
[gCO2e/M]J] Share Share Share Share
gg)ﬁilig‘;g;;’“s 38.10 5% 33% 33% 33%
Aviation E-Fuels Dynamic 0% 0.70% 28% 50%
’Other’ SAF X 95% 66.30% 39% 17%

Table 4.5: General representation of the SAF story-line matrix, allowing for the selection of different market shares per fuel type and
different emission intensity of the fuel(s)

4.3.3. Formation Flight

The formation flight module will be a combination of several parameters, under which the number of flights
performed in formation, the fuel savings, the year of implementation of formation flight, and finally the in-
clusion of NO; saturation effects mentioned by Dahlmann et al. [2016a]. This module can be compared to
Marks et al. [2021], which estimates an effective fuel saving of 5-6% and ATRs5( of 20-23%. The results of both
with and without contrail mixing should be assessed, and if they are consistent with previous studies before
they are implemented congruently with other modules. Where generally the fuel consumption is computed
through the RPK and fuel economy, the formation flight module applies a factor directly to the fuel consump-
tion taking into account not all flights will be performed in formation as in Equation 4.5. Here FORM is the
percentage of formation flights performed globally, and 7 7., indicates the fuel savings by the aircraft flying
in formation. This equation thus adds the flights not flown in formation with the ones that were, and their
respective savings. The assumption is made that formation flight can be implemented rapidly due to safety
being the largest concern rather than capability, and it is therefore treated as an instantaneous action. It was
found in the ecoDemonstrator project by Boeing, that minor adjustments to the collision avoidance system
(TCAS) were sufficient for performing formation flights. It should however be understood that this assumes
two simplifications congruently, which have to be outlined:

1. Itis likely that if the test flights are successful and the hardware/software adjustments are straight for-
ward, that formation flight can and will be implemented on a short-term basis. However, of course
there is the question of formation flight alliances between competitors and which flight have a viability
or mission profile to perform formation flight.

2. The current post-processing constitutes an instantaneous change to the contrail cirrus radiative forc-
ing, first of all this reduction percentage might be based upon initialization criteria of the atmospheric
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molecular concentrations, thus meaning that if the emission profile radically changes the contrail im-
pact has to be modeled accordingly differently. This will most certainly be the case when considering
the time-span as done in this studies, thus the modeling of formation flight lacks necessary resolution.

. RPK RPK
Fuel Consumption = (1 - FORM) x TE +FORM x (1 =0 fyep) % (4.5)

FE

The module will apply manipulations on the fuel consumption with the generation of the primary input data,
then during the pre-processing, there is the option to change the EIno, as a result of contrail mixing. Fur-
thermore, to account for the change in extinction time and ice mass a 48% contrail RF reduction as prescribed
in Dahlmann et al. [2020] which is applied in the post-processing. Thus both changes to the inputs are made,
taken into account during running AirClim, and some post-processing steps are performed on the contrail-
cirrus near-surface temperature change.

4.3.4. Climate Impact Reduction through Flight Altitude Changes

The goal was to assess climate optimal routing, but that is a topic requiring in-depth studies altogether. For
that reason, the strategy of changing cruise altitude was used as a lower limit of climate optimal routing sav-
ings. The altitude change and the impacts are reliant on the post-processing values provided in the literature
specified in Table 2.1. The module in and of itself is rather simplistic, with post-processing applied through
factorization, which can be changed based on the number of flights flying lower. Especially for the current
generation of aircraft, a higher flight is more efficient but possibly redesigns of aircraft can allow for better ac-
commodation of lower altitude cruise flight. Potential developments could permit aircraft to fly lower more
efficiently, potentially even reducing fuel consumption if these strategies are applied congruently with ISO
operations and aircraft redesign.

4.3.5. Intermediate Stop Operations

Performing flights through ISO is conceptually easy, but modeling it accurately is complex. As the perfor-
mance of ISO would change the concentrations of emissions, due to different flight patterns. Also, the savings
through ISO are dependent on aircraft types, stop options for ISO, wind conditions, the manner in deciding
where to stop, and for example, extra fuel cost provided potential inefficiencies in the finding and approach
of airports. It should already be clear from chapter 2 that ISO has a wide range of estimates on attainable
fuel savings, and e.g. Linke et al. [2017] assesses it as an optimization problem taking into account more
than just fuel savings, which finds that not just fuel consumption but the time and place of emissions are of
importance when assessing the climate impact. The used model will take the values from the literature for
fuel consumption reduction and use the findings from Matthes et al. [2021] on the impact of flying lower dis-
cussed previously. Opposed to the optimization from Linke et al. 2017, here it will be assumed that the light
aircraft fly lower and those fuel consumption reductions can be achieved, of course, the lower flight with a
lighter aircraft will be more sub-optimal than with a heavier aircraft. The redesign is required to make these
lower flight conditions less disadvantageous or to reduce fuel consumption. A range of fuel consumption
reductions will be implemented ranging from 0-10% to create a range of climate impact possibilities. Just as
for formation flight and flying lower, the post-processing savings will in reality change as a result of changing
operations altering the emission concentrations. For this global analysis, these post-processing values are
kept constant and are not subject to temporal evolution.

4.3.6. Continuous Climb/Descent Operations & Fuel Tankering

To model the to-be-achieved fuel savings for both CCO/CDO improvements and fuel tankering restrictions,
the data found and outlined in chapter 2 can be used to perform a calculation for the potential global fuel
savings. Both modules are treated as fuel consumption impulses savings. It was found that 0.54% of the ECAC
jetfuel burned in 2018 was caused by fuel tankering. The CCO/CDO studies done by EUROCONTROL and the
potential savings of 340,000 tonnes of fuel burn could be related to the percentage of fuel tankering, which
was 229,000 tonnes of extra fuel burn. These percentages are then assumed to be true for the whole world,
implying that 0.54% for fuel tankering and 0.64% for CCO/CDO are multiplied by the fuel consumption of
2018 to obtain the value of fuel burn caused globally. However, the EU is already more wealthy and advanced,
because of which CCO/CDO practices might already be more optimized, therefore a factorization of 1.3 is
applied to the fuel consumption computed. This resulted in global savings for fuel tankering and CCO/CDO
practices at 2.97 Billion and 3.52 Billion kilograms respectively. So, these modules only amount to slightly
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more than 1-1.5% of the 2018 fuel consumption budget. Likely, these small savings will not be of significant
impact on the climate impact, which might be an important finding in its own right.

4.3.7. IATA Technology Scenario through CO,-Intensity

The technology can be assessed in multiple ways, such as changing the EIno, to represent technological ad-
vancements. Or the decay factor making up the fuel economy allows iterations between linearly increasing
fuel economy and decaying fuel economy growth. These changes do not very clearly define the introduction
of a specific aircraft into the market, but these are more qualitative in nature. A model was represented in
the IATA roadmap to 2050, which was already mentioned in section 2.3. The IATA assembled four scenarios,
which represent their baseline (T1), a conservative developments scenario (T2), radical configurations with
turbofans and open rotors (T3), and an electrification scenario (T4a, T4b). The document converts fuel sav-
ings into a so-called CO;-intensity (ICO;), which is expressed in Equation 4.6 and is thus a ratio between
annual CO, and annual RPK. These synthesized scenarios are only up to 2050, and thus do not cover the time
frame up to 2100. Therefore, assumptions have to fill in the 2050-2100 period.

Fleet CO, Emissions
ICO, = RPK (4.6)

The first step was to convert the data between 2025-2050 to fuel consumption. Given the year-on-year improvement-
rate can be extracted from the IATA scenarios, Equation 4.7 can be combined with Equation 4.6 to find Equa-

tion 4.8. This set of equations allows the computation of the fuel consumption as a function of RPK, which is
known.

ICOy, —ICO,,

1C020y =—co—— 4.7)
(i-1)

(ICOZYOY +1) RPK; x COZ(H)
X

Fuel Consumption =
Elco, RPK(-1

(4.8)

The baseline derived from the top-down data architecture and the respective CO,-intensity was compared to
the baseline from the IATA document, given the underlying assumptions might differ. A similarity was found
between the IATA ICO; and thesis baseline, as can be seen in Figure 4.11. Due to model similarity, no fac-
torization of the CO-intensity was required. The respective scenarios were then computed and outputted
in Figure 4.12 for the 2025-2050 time frame. There is minimal difference between T2, T3, and the T4a sce-
narios, which is logical since electrification does not occur over a large portion of the market. T4b shows a
more differentiating reduction, even displaying a negative growth trend towards 2050 due to more optimistic
electrification forecasts. An observable difference exists between the baseline scenario of this thesis and the
IATA scenarios, following the more strivings technology and improvements expressed in CO--intensity.

For the latter part of the time-frame, spanning 2050-2100 the shape of the respective functions was extrap-
olated. The trend for T4b behaves relatively aggressive and it was decided that this trend would maintain a
constant fuel consumption value.
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Figure 4.11: Representation of the CO» intensity within the time-frame from 2025 to 2050 for the studies baseline versus the IATA baseline
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Figure 4.12: Representation of fuel consumption reduction for the specific IATA scenarios based on CO- Intensities






Verification & Plausibility Assessment of
Modeling Approach

The verification & plausibility studies are done through running AirClim subject input data changes and sub-
sequent inter-comparing between the results from baseline and non-baseline settings. Analyzing the sensi-
tivity of parameter changes and module iterations is essential, as it could point to the effectiveness of modules
or potential modeling deficiencies. Also, the model AirClim used for the simulation might display inherent
tendencies which have already been treated in chapter 3, which can be further elaborated upon through visu-
alization. Aspects such as the implications, uncertainty, and sensitivity inherent to input data changes should
become clear. In essence, the following questions should be answered before moving on to reach conclusions
about the research question.

1. How do individual model parameters change the temporal input data and what impact does this cause
in the output parameter of temperature change?

2. Which temperature change inducing pathways are guiding the change of the model output?

3. What is the sensitivity of each parameter and is this caused by the fact that the parameter is a strong in-
dicator to temperature change, or does it say something about the modeling approach being unstable?

For the visualization and answering of the questions posed above, several methods of outputting the data
have been applied. It is important to understand the impact of a change on the temporal data upon results of
near-surface temperature change obtained from AirClim. An inter-comparison is made at the end of the time
frame in the year 2100, where the total induced temperature change (ITC) comprises the combined impact of
CO,, H,O-vapour, Contrails (Cont), CHy, O3, PMO. The latter three are the net- NOy-effects as was outlined
in section 2.1. Furthermore, the sensitivity will be assessed where possible to understand the parameter and
its response better. This is especially important to identify parameters that might be highly sensitive, given
this could lead to either implication towards the reductive potential of a measure or parameter instability
caused by the modeling approach.

5.1. Parameter Based Verification & Climate Impact Sensitivity

The parameter sensitivity analysis and verification to check if the responses to inputs are logical are essential
for the later interpretation of the results. It allows the understanding of module applicability and where limits
of the model display non-linearity. Even with relatively simple parameter descriptions and model changes,
the output can allow the arriving at relevant implications with regards to climate impact and its drivers. Every
external module and key parameter regarding the synthesis of the later result shall be tested, including check-
ing the consequence of using a specific three-dimensional emissions inventory, RPK, fuel economy, external
modules, and the response of AirClim to extreme scenarios.

43
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5.1.1. The Importance of 3D-Emissions Inventories & Background Emissions
Three-dimensional emissions inventories were already touched upon in chapter 3, so it is important to un-
derstand how a different choice can affect the results. Therefore, the baseline was modeled with both the
AERO2K and REACTA4C inventory, which similarly served as a consistency check with previous studies. Fur-
thermore, the baseline was modeled using two background emission profiles; The IPCC A1B and A1T CO;
and C H, descriptions. The A1B background emissions are overall higher than the A1T background emissions,
which will change the relative impact of aviation-induced climate change. In a scenario where the world is
performing poorly on meeting climate ambitions, thus high background emissions, aviation emissions will
relatively have a lower impact when compared to when there would be low background emissions. In Ta-
ble 5.1 the relevant inventory specific data was summarized, showing the measurement year of the inventory
and the distance, fuel consumption, and NO, emissions. The baseline values used for this thesis are found
under the 'BASELINE’ column, and the REACT4C and AERO2K values are found the in adjacent box to the
right. Taking the ratio between the baseline values and the respective inventory values allows for adequate
scaling of the input data for computation with AirClim. There is a large discrepancy between the baseline in
the years 2002 and 2006, which can be attributed to explosive growth in RPK within that time frame after the
dip in 2001 due to 9/11. The year-on-year RPK growth between 2003 and 2004 was as high as 15.3%.

Distance Fuel Distance Fuel
Base Flown Consumption [Tg]x Flown Consumption [Tgic
[E9 km] [Tg] [E9 km] [Tg]
| | BASELINE | REACT4C/AERO2K
AERO2K 2002 40.1 198.1 2.90 32.82 173.47 2.21
REACT4C 2006 53.4 253.3 3.70 38.85 178.31 2.33

Table 5.1: Representation of the flown distance in billions of kilometers, fuel consumption, and NOy emissions both in Teragrams for the
AERO2K, REACT4C Inventories and Baseline. Representing the values of these parameters in the years of 2002 and 2006, which indicate
the measurement year of AERO2K and REACT4C respectively.

For the result synthesis, the AERO2K inventory was normalized to its base year of 2002 and the REACT4C to
the year 2006. A normalization to 2002 for the REACT4C inventory was also done to check the impact the
normalization year could have. Running AirClim with respective baseline inputs yielded Figure 5.1, where
it is visible that the REACT4C inventory induces a higher temperature change for normalization variants.
Table 5.2 shows that e.g. the CO, emissions are identical, but especially the contrail and NO, emissions
deviate from one another. Where the AERO2K calculated 47.51 mK and 56.65 mK, the REACT4C 2006 arrives
at higher values of 61.08 mK and 67.97 mK. The REACT4C 2002 yields an overall lower total ITC, which is
still significantly higher than the AERO2K case. Differences were outlined in Figure 3.2, where indeed a larger
concentration of emissions is present at higher altitudes in the REACT4C case. A study by Matthes et al. [2021]
supports this statement, which showed that flying higher might reduce fuel consumption, but increase ozone
and contrail radiative forcing.

Scenarios | ATiorq1 Difference | ATco, Difference | ATy, Difference | ATc,,, Difference | ATy, Difference
REACT4C 2006 207.13 - 71.56 - 67.96 - 61.08 - 6.53

REACT4C 2002 202.95 -2.02% 71.56 - 67.97 - 56.89 -3.58% 6.52 -
AERO2K 2002 182.55 -11.87% 71.56 - 56.65 -16.64% 47.51 -22.22% 6.84 4.75%

Table 5.2: Representation of the near-surface temperature (AT) change of respective species in milikelvins (mK), presented with the
respective percentage change when compared to the baseline value indicated as the 'Difference’. Near-surface temperature change
is presented for the total temperature change and all constituent components, for the scenarios assessing the impact of selecting the
REACT4C and AERO2K three-dimensional emission inventories.

There is an observed 25 mK near-surface temperature change difference between the two inventories when
normalizing to the inventory measurement year, and about 20 mK when normalizing both inventories to
2002. This difference is consistent with findings from Dahlmann et al. [2016a], which found that the peaks
from the AERO2K and the TRADEOFF/QUANTIFY differ anywhere from 10-20 mK in the frequency density
function of the AT R;g9. Furthermore, the baseline near-surface temperate change can be compared to Grewe
et al. [2021], which also used AirClim and a time frame up to 2100. Findings from that study are presented
in Figure 5.2, which show five different scenarios. The primary focus for this assessment is the BAU (dark
blue) case, which stands for Business As Usual and encapsulates a similar conceptualization of the baseline
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Figure 5.1: Visual representation of the near-surface temperature change with temporal change in years on the horizontal axis and tem-
perature change in milikelvin (mK) on the vertical axis. Respective lines represent the impact of three-dimensional emission inventory
selection over the time frame of the years 1940 to 2100 for the AERO2K and REACT4C inventories.

scenario. The figure shows a 50 mK lower ITC when comparing the BAU and the baseline scenario outputs
in 2100. Besides the absolute difference, there is also an optical difference regarding the slope, which for the
BAU scenario is much more flattened, thus indicating a slow or near-stagnated growth of aviation-induced
climate impact. It was furthermore mentioned in the studies that the contribution of CO,, contrail-cirrus,
NO, and H,O was 41%, 22%, 36% and 1% respectively. In the baseline scenario using the REACT4C inven-
tory, the NO, and contrail-cirrus contributions to the climate impact were 31% and 27% respectively. H,O
is around 3% of the contribution, and the remaining 39% is taken up by CO,. Thus the inventory used for
the BAU displays behavior similar to the AERO2K 2002 model. This difference could also be explained by po-
tentially differing computation methods for computing flown kilometers or assumptions regarding the NO,
emissions. In chapter 6 the Flight Path 2050 goals will be converted into data and plotted in a similar matter
to allow for further comparison and as a consistency check. But for now, the different modeling choices in
terms of input generation, emission inventory, and other relevant boundary conditions create an absolute
difference in the order of 50 mK, and the total ITC growth is reducing visually in the BAU case.

5.1.2. Revenue Passenger Kilometer; Demand and Fuel Consumption

This initial parameter analysis is more thorough, given findings from this parameter assessment might re-
peat, or additional context is required to explain the manner of interpretation. Later findings are distilled as
continuously repeating similar results is redundant. The foremost parameter assessed is the revenue pas-
senger kilometer, as it is the backbone of the data structure. Changes are made to the RPK by changing the
post-COVID-19 boundary parameter, which is 5% year-on-year growth for the baseline. Changes in fuel con-
sumption resulting from this parameter change will be provided since this is the primary input to modeling
the near-surface temperature change. The REACT4C and AERO2K inventories were used for modeling, to fur-
ther the results regarding the discussion in the last section. Also, the model of the last section was generated
using the IPCC A1B background. Here the IPCC A1T background is used, such that the baseline scenarios
can be inter-compared. In subsection 4.2.2 the baseline scenario and several RPK forecasts were shown,
which suggested that the RPK estimate was in line with other estimates, although other estimates generally
did not extrapolate until 2100. The guiding assumption post-COVID was the RPK growth being in line with
the UN population growth, and the setting of the year-on-year growth post-pandemic. The year-on-year
growth is a volatile parameter, varying from above 8% in 2015 down to 2% in 2008 due to the financial cri-
sis. Post-pandemic estimates are conservative, which thus resulted in setting a 5% growth rate, which will be
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Figure 5.2: Near-Surface temperature change representing temporal change in years on the horizontal axis and temperate change in
milikelvin (mK) on the vertical axis. Including representation of scenarios assuming future aviation uses current technology (CurTec;
red), improves at business as usual rates (BAU; blue), assuming the Carbon Offsetting and Reduction Scheme for International Avia-
tion (CORSIA; light-blue), and finally the Flight Path 2050 ambitions presenting a sudden (FP2050; brown) and constant improvement
(FP2050-const; orange) towards the goals set in the plan. All scenarios include both CO2 and non-CO;-effects, using the RCP2.6 back-
ground and an in-house synthesized 3D-emissions inventory synthesized using WeCare Grewe et al. [2021].

varied between 6% and 4%. The correlation between the year-on-year growth and the fuel consumption was
provided earlier in Figure 5.3. Substantial differences materialize due to the logarithmic nature of the RPK
growth. Considerable deviation in the order of 300 E9 kilograms of fuel is the result of minimal changes.

Visualization of Fuel Consumption per Assessed Scenario
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Figure 5.3: Temporal fuel consumption of the various revenue passenger kilometer scenarios showing the time frame on the horizontal
axis on an annual basis, and the fuel consumption in billions of kilogram on the vertical axis. Due to changing of the year-on-year RPK
growth parameter the fuel consumption of each case widely varies.

What this difference in fuel consumption means for the overall ITC is shown in Figure 5.4, showing that the
change from the YOY growth parameter from 5% to 6% can yield up to around a 40 mK temperature increase.
Table 5.3 provides a breakdown displaying the ITC per different emissions or emission-effect and the respec-
tive change to the baseline in the year 2100. The increase/decrease of the total ITC is an accumulation of all
the different species changing caused by the emission inventory scaling and fuel consumption change. It can
be seen that the net-NO,-effects and CO, emissions yield the largest overall ITC. The net-NOy-effects and
water vapor (H»O) induced climate impact, are fluctuating the most when considering a percentage-based
change compared to the baseline. The reduction of the YOY; o111, to 4% reduces the ITC less than an inverse
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increase does, which is because the RPK growth is a non-linear relation, causing the fuel consumption to
reduce less than it increases for both extremes. The fuel consumption grew by 305 megatonnes versus a 240
megatonnes decrease. The sensitivity of each specie compared to the baseline values is provided in Figure 5.5
where all values are shown as absolute values for legibility. E.g. the 4% YOYg 1, is @ reduction of 20% from
the baseline, which causes a reduction -0.75% of ITC per percent of parameter change. What this figure im-
plies is that the increase and reduction of the YOYg; 4, does not behave linearly, with an increasing cause a
higher per percentage parameter increase. However, it can be observed that the sensitivity does not change
dramatically indicating a stable model behavior.

Climate Impact using IPCC A1T Background Emissions and REACT4C 3D Inventory for Fuel Consumption Cut-Off in 2050 Sensitvity
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Figure 5.4: Temporal near-surface temperature change resulting from changing the revenue passenger kilometers year-on-year growth,
showing the temporal change in years on the horizontal axis and the temperature change in milikelvin (mK) on the vertical axis. The
climate impact is modeled through using the REACT4C emission inventory and the IPCC A1T background emissions, displaying similar
overall behavior but varying slopes for each different scenario.

Scenarios ‘ ‘ ATiotq1 Difference | ATco, Difference | ATgy,, Difference | ATy,o Difference | ATy, Difference
6% YOY g/ o1 ¢h 250.90 17.92% 94.93 15.65% 65.47 12.83% 8.10 24.05% 82.40 24.60%
5.5% YOYgrowih 230.98 8.56% 88.20 7.45% 61.68 6.29% 7.27 11.37% 73.84 11.64%
Baseline (5%) 212.77 - 82.08 - 58.02 - 6.53 - 66.14 -
4.5% YOYgrowth 196.13 -7.82% 76.52 -6.78% 54.52 -6.04% 5.86 -10.16% 59.22 -10.45%
4% YOYgrowin 180.93 -14.96% 71.46 -12.94% 51.17 -11.81% 5.27 -19.24% 53.02 -19.83%

Table 5.3: Near-surface temperature breakdown in milikelvin (mK) using the REACT4C and IPCC A1T emission inventory, for the year
2100. Including the contributions of all CO2 and non-CO- emissions, along with their percentage-based difference to the baseline value
for varying the RPK year-on-year growth between 4% and 6%.

As already mentioned earlier, the net-NOy-effects and H,O ITC change the most. However, it says nothing
of the contribution of the total ITC. It is important to identify the contribution of each species towards the
total temperature change, both for the sake of inter-comparison with other studies and understanding the
optimization problem. Le. if there is a 20 mK change, it would be useful to know how big the contributions
were per specie to that change. Table 5.4 provides this breakdown, where it is shown that for each of the
cases the ratios remain similar. The net- NOy-effects contribute most, followed by CO-, contrail-cirrus and
H, O respectively. As a result of fuel consumption change caused by the input changes, the ratios change only
minimally, with the contrail-cirrus and net- NOy-effects changing their ratio when we move the scenarios
with lower climate impact. Given the fuel consumption is reduced, the flown kilometers are scaled-down, and
thus there is less flown coverage and opportunity to generate contrail-cirrus. Also, the net- NO,-effects are
reduced as a result of lower fuel consumption. These fluctuations seen within net- N O, -effects and notin CO,
related ITC could be explained by a combination of the lifetime of particular molecules and the background
of the emissions building up.

Thus the RPK and changing the RPK with a focus on the RPK growth factor on a year-on-year basis causes a
near-surface temperature change according to a change in fuel consumption dictated by the change in RPK
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Sensitivity per Assessed Scenario and Species using IPCC A1T Background Emissions and REACT4C 3D Inventory
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Figure 5.5: Sensitivity of the respective revenue passenger kilometers year-on-year growth scenario showing the species along the hori-
zontal axis and the temperature change sensitivity on the vertical axis, indicating the relation between parameter change versus change
in total induced-temperature change.

Scenarios | ACO, ACont AH,O ANOy

33.70% 19.51% 4.12% 42.67%
33.61% 20.04% 4.06% 42.28%

6% YOYgrowth
5.5% YOYgrowth

33.41% 21.03% 3.97% 41.53%
33.35% 21.51% 3.96% 41.17%

4.5% YOYgrowth
4% YOYgrowth

Table 5.4: Indication of the contribution to the total induced temperature change of respective scenarios for the RPK parameter assess-
ment using the REACT4C inventory and the IPCC A1T background emissions, varying the year-on-year RPK growth post-COVID-19. The
percentage indicates proportion to which that specie was responsible the total change induced temperature change. E.g. when there is
a total increase of 20 mK and the ANO, column indicates 40%, this implies that net- NOx-effects have caused 8 mK of the total temper-
ature change in that specific scenario.

growth. Throughout historical records, the year-on-year growth has varied and the manner of growth will
be uncertain. The RPK parameter has been shown to behave stably, as seen in Figure 5.5 through the only
slight differences in the sensitivity. In case there would be an unstable sensitivity, this would be very apparent
in the sensitivity plot through widely varying bar lengths. Due to the potentially large parameter variation,
this can cause an output variation. The temporal evolution was found in Figure 5.4 and the 2100 snapshot in
Table 5.4. Furthermore, it was seen that fuel consumption changes cause changes to all species as could be
expected if the source of emissions is to be changed. In this setup, the change in net- NO,-effects and CO,
ITC dictate climate impact, with net- NO,-effects being smaller as an absolute contribution to the total ITC,
yet appears to dictate the change in total ITC as a result of fuel consumption changes.

Sensitivity AERO2K 3D Emissions Inventory for Identical Scenarios

The differences between the inventories were already discussed in section 3.2 and the sensitivity as well in
subsection 5.1.1. The conclusion was that the REACT4C yields a higher overall total ITC, primarily caused
by differences in net- NOy-effects and the contrail-cirrus ITC. This fact is supported by a comparison of Ta-
ble 5.5 and Table 5.3. Furthermore, it is expected that the contribution per specie towards the near-surface
temperature change would differ, as shown when comparing Table 5.4 and Table 5.6. It was indeed previously
established that the contrail-cirrus and net-NOy-effects were significantly lower, causing the overall better
climate impact performance for the AERO2K inventory. It is observed that the CO,-emissions are larger for
both the REACT4C and AERO2K models, which show identical results. This is the result of the use of the IPCC
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A1T background emissions, instead of the IPCC A1B description.

Scenarios H ATyorq1  Difference ‘ ATco, Difference ‘ ATcon: Difference ‘ ATp,o Difference ‘ ATno, Difference
6% YOngwth 222.71 17.82% 94.93 15.65% 51.14 12.71% 8.48 23.98% 68.17 24.52%
5.5%Y0Yg,0wth 205.11 8.50% 88.20 7.45% 48.20 6.22% 7.61 11.32% 61.10 11.62%
Baseline (5%) || 189.04 82.08 45.38 -] 684 54.74

4.5% YOYgrowth 174.36 -7.76% 76.52 -6.78% 42.68 -5.94% 6.14 -10.14% 49.02 -10.45%
4%Y0Ygruwzh 160.98 -14.84% 71.46 -12.94% 40.12 -11.60% 5.52 -19.21% 43.88 -19.84%

Table 5.5: Near-surface temperature breakdown in milikelvin (mK) using the AERO2K and IPCC A1T emission inventory, for the year
2100. Including the contributions of all CO2 and non-CO» emissions, along with their percentage-based difference to the baseline value
for varying the RPK year-on-year growth between 4% and 6%.

Scenarios | ACO; ACont AH,O ANOy

38.15% 17.13% 4.87% 39.85%
38.08% 17.55% 4.79% 39.58%

6% YOYgrowth
5.5% YOYgrowth

4.5% YOYgrowth
4% YOYgrowth

37.90% 18.40% 4.70% 38.99%
37.85% 18.75% 4.67% 38.70%

Table 5.6: Indication of the contribution to the total induced temperature change of respective scenarios for the RPK parameter assess-
ment using the AERO2K inventory and the IPCC A1T background, varying the year-on-year RPK growth post-COVID-19. The percentage
indicates proportion to which that specie was responsible the total change induced temperature change.

5.1.3. The Behavior of the Fuel Economy Parameter

The fuel economy can be altered through the decay factor, which essentially changes the description of the
correlation between the RPK and the fuel consumption. A comprehensive description of the fuel economy
parameter was already presented in subsection 4.2.3. Changing the decay factor artificially changes the tech-
nological advancement, and thus the fuel consumption is changed to stagnate (due to the efficient aviation
system) or to grow more significantly than the baseline. Also, the trend for the fuel economy is built on his-
torical data, thus shifts in the fuel economy trend are assessed.

Implications of Changing the Decay Factor

For the baseline, the ) was equal to 0.97. Values ranging from 0.8 (near-instant stagnation) up to 1.0 (contin-
uous linear growth) were analyzed for the sensitivity analysis. The change of the decay factor translates into
the following fuel consumption shown in Figure 5.6. To understand how the fuel economy changes as a result
of the change in the decay factor, reference back to Figure 4.9. The figure shows that the minor adjustments
to the decay, have significant implications on the fuel consumption. A difference of up to 300-350 billion kilo-
grams of fuel burn is the result, comparable to the fuel consumption difference seen in the RPK assessment.
For this assessment of the fuel economy, the range is not because the n-values are of particular interest, since
e.g. it is unlikely that the case of n=0.8 (near stopping of technological development) will occur in our reality.
It is more important to understand the behavior of this model regarding the change of model parameters and
at extreme values.

The different scenarios and their ITC are found in Table 5.7, which shows that a full stagnation of fuel econ-
omy growth yields around 37 mK (17.5%) of ITC. Inversely, a temperature change reduction of 35 mK (-16.4%)
was found compared to the baseline for the linear growth of the fuel economy scenario. It should also be
noted that the 4% YOY, .11, SCenario from the RPK analysis was added, which has been done given the close
resemblance to the n=1.0 scenario. The only difference between the two cases is the temporal evolution of
fuel consumption caused by the specific manipulation of data. Comparing the respective cases in Figure 5.3
and Figure 5.6 that there exists around a 100 E9 kilogram of fuel consumption difference at the end of the
time frame. The 7=1.0 fuel consumption line lies consistently higher until around 2070 when the line starts
to decrease due to continuously growing efficiency improvements and a slower rate of RPK increase as mod-
eled. The only slight difference of around 3 mK can be explained that the bulk reduction for the n=1.0 case
occurs at the end of the time frame, besides the fact that there is more atmospheric CO, accumulation due to
faster growth. The reduction in fuel consumption will only be expressed in full with a 30-year response delay.
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Visualization of Fuel Consumption per Assessed Scenario
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Figure 5.6: Temporal fuel consumption resulting from various decay factors selected for the fuel economy, showing the time frame on
the horizontal axis on an annual basis, and the fuel consumption in billions of kilogram on the vertical axis. Where 7= 0.8 represents
a stagnation of technological development, and 1= 1.0 represent a linear growth of improvement of fuel economy resulting in a low
decreasing fuel consumption.

Allowing to include Table 5.8, this fact is further outlined given for the case observed for the RPK parameter
the contribution of CO, and net- N O,-effects on the ITC were 33.35% and 41.17% respectively. For the n=1.0
case, this was 26.97% and 46.50% respectively. Thus indicating a similar reduction in the latter case is more
caused through net- NO,-effects, which take much shorter to express. Also, the contrail-cirrus has increased
in total ITC reduction as a result of lower fuel consumption and thus less flown distance.

Scenarios || ATyorq; Difference | ATco, Difference | ATc,,; Difference | ATy, Difference | ATyo, Difference
n=0.8 249.99 17.49% 94.43 15.04% 65.32 12.57% 8.07 23.59% 82.17 24.25%
n=0.94 229.20 7.72% 87.14 6.16% 61.37 5.77% 7.21 10.48% 73.48 11.10%
n=0.96 219.58 3.20% 84.11 2.48% 59.44 2.43% 6.81 4.35% 69.22 4.67%
= 0'.97 212.77 - 82.08 - 58.02 - 6.53 - 66.14 -
(Baseline)
n=0.98 203.99 -4.13% 79.58 -3.05% 56.15 -3.23% 6.16 -5.58% 62.10 -6.11%
4% YOYgrawth 180.93 -14.96% 71.46 -12.94% 51.17 -11.81% 5.27 -19.24% 53.02 -19.83%
n=1.0 177.91 -16.38% 72.68 -11.45% 50.20 -13.48% 5.10 -21.91% 49.93 -24.51%

Table 5.7: Near-surface temperature breakdown in milikelvin (mK) using the REACT4C and IPCC A1T emission inventory, for the year
2100. Including the contributions of all CO2 and non-CO» emissions, along with their percentage-based difference to the baseline value
for varying decay factor values ranging from 7= 0.8 to n= 1.0.

Scenarios ACO2 ACont AH»O ANOy

n=0.8 33.18% 19.59% 4.14% 43.10%
n=0.94 30.80% 20.39% 4.14% 44.67%
1n=0.96 29.81% 20.70% 4.11% 45.37%

n=0.98 28.47% 21.30% 4.10% 46.01%
n=10 26.97% 22.43% 4.10% 46.50%

Table 5.8: Indication of the contribution to the total induced temperature change of respective scenarios for the RPK parameter assess-
ment using the REACT4C inventory and the IPCC A1T background, varying the fuel economy decay factor changing the post-COVID-19
technological development. The percentage indicates proportion to which that specie was responsible the total change induced tem-
perature change.

The sensitivity of the fuel economy decay factor is high, which is indicated by Figure 5.7 where a large spread
is observed between the respective scenario bars. As opposed to the RPK scenario the bars reach a factor
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Sensitivity per Assessed Scenario and Species using IPCC A1T Background Emissions and REACT4C 3D Inventory
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Figure 5.7: Sensitivity of the respective fuel economy decay factor scenario showing the species along the horizontal axis and the
temperature change sensitivity on the vertical axis, indicating the relation between parameter change versus change in total induced-
temperature change. The respective bars display large spread and a high nominal value, displaying parameter instability and importance
to output near-surface temperature change

of up to around 5 for the total temperature change in case the decay factor is 0.98. This implies a strong
impact of changing the decay factor on the eventual temperature change. Also, where for the RPK analysis
the contrail-cirrus and CO; sensitives were similar, here the contrail-cirrus bar is higher. Thus a temperature
change is related to the temporal evolution of fuel consumption and the species-related impact. Outlining
an important question regarding staying below certain thresholds, as the atmospheric chemistry and the
response might differ as a result of the temporality of emissions, requiring further investigation into the time-
based component of emissions. In short, the decay factor is a parameter that can change the relationship
between RPK and fuel consumption, thereby being a driving parameter that allows a more global investigative
analysis. The choice of this parameter can cause variations up to 37 mk increase and 35 mK decrease in case
of a stagnating ratio and a linearly growing ratio.

Implications of Changing the Fuel Economy Function

The function change implies shifting of the trend downwards or upwards. Essentially a percentile change to
the baseline, scaling the vertical function components by a factor, shifting the function to a higher or lower
RPK per kilogram of fuel. A scaling factor of unity plus and minus 20% is used, to both increase and decrease
the fuel economy trend. Scaling is not done during obtaining of final results, but is done to understand the
limitations of using a trendline, and what it would mean if the estimated trendline is either over or under-
estimated. Only a shift occurs, thus not the general shape of the function is changed, besides the shape
change caused by the decay factor. This results in a fuel consumption trend as shown in Figure 5.8, where the
trend shift can be seen as all lines display and offset. Emissions in the normalization year for the emission
inventory also differ due to differences in fuel consumption, which causes different normalization factors.
Table 5.9 summarizes the result for the end of the year 2100.

Due to the deviation occurring pre-2025, the temperature change temporal evolution also deviates as de-
picted in Figure 5.9. The trends behave similarly, only displaying slight differences in slope and an offset
caused by the changed fuel consumption. Around a 20 mK difference exist in the year 2025 between the ex-
treme cases. With the trend reduced by 20%, the fuel consumption grew, and the total ITC increased by 21.6%
to a total of 258.7 mK. When shifting the trend 20% upwards, the total ITC reduced to 181.3 mK with 14.82%.
Looking at the contribution breakdown in Table 5.10, it shows that all CO, emissions contributions are about
43%, showing the importance of temporal trend and that the scaling did not change consistency between the
scenarios.
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Visualization of Fuel Consumption per Assessed Scenario
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Figure 5.8: Temporal fuel consumption resulting from various shifts of the fuel economy trend, showing the time frame on the horizontal
axis on an annual basis, and the fuel consumption in billions of kilogram on the vertical axis. The modifiers indicate the vertical shifts of
the fuel economy trend by a specific percentage, thus 'Baseline + 10%’ simply represents a scaling of the vertical fuel economy compo-
nent by a factor of 1.1

Scenarios || ATyorq; Difference | ATco, Difference | ATc,,; Difference | ATy, Difference | ATyo, Difference
Trend -20% 258.68 21.58% 102.28 24.60% 66.17 14.03% 8.16 25.00% 82.08 24.10%
Trend -10% 233.34 9.67% 91.08 10.96% 61.77 6.45% 7.25 11.12% 73.24 10.75%
Baseline Trend || 212.77 - | 8208 - | 5802 -] 653 -] 6614 -
Trend + 10% 195.69 -8.03% 74.70 -8.99% 54.78 -5.59% 5.94 -9.08% 60.27 -8.87%
Trend + 20% 181.25 -14.82% 68.52 -16.52% 51.91 -10.53% 5.44 -16.70% 55.38 -16.27%

Table 5.9: Near-surface temperature breakdown in milikelvin (mK) using the REACT4C and IPCC A1T emission inventory, for the year
2100. Including the contributions of all CO» and non-CO; emissions, along with their percentage-based difference to the baseline value
for varying trend factorization values.

Climate Impact using IPCC A1T Background Emissions and REACT4C 3D Inventory for Fuel Economy Sensitivity
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Figure 5.9: Temporal near-surface temperature change resulting from fuel economy trend factorization, showing the temporal change in
years on the horizontal axis and the temperature change in milikelvin (mK) on the vertical axis. The climate impact is modeled through
using the REACT4C emission inventory and the IPCC A1T background emissions.

5.1.4. The Behavior of the Market Based Mechanism Module
The market-based mechanism is included for the undeniable link between aviation demand driving emis-
sions and the market. It is understood that taxes for either short- or long-range flights can have a complex
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Scenarios ‘ ACO2 ACont AH>O ANOy

Trend - 20% | 43.98% 17.73% 3.55% 34.72%
Trend - 10% | 43.75% 18.18% 3.55% 34.56%
Trend + 10% | 43.21% 18.97% 3.45% 34.37%
Trend + 20% | 43.02% 19.38% 3.46% 34.14%

Table 5.10: Indication of the contribution to the total induced temperature change of respective scenarios for the RPK parameter assess-
ment using the REACT4C inventory and the IPCC A1T background, varying the fuel economy trend height to test assumption implica-
tions. The percentage indicates proportion to which that specie was responsible the total change induced temperature change.

result such that the model outlined in subsection 4.3.1 was devised. It is acknowledged that there is a lack of
adequate high-detail models, besides the market economy not being an area of professional expertise, which
has resulted in a simple model with a static elasticity, price change, and the pass-through rate to serve as a
simplified representation. Within this model, ticket pricing and elasticity are relevant parameters. Since the
cost-pass through and the elasticity are essentially scalars of one another, changing one will imply enough
about the behavior of the other. It is relevant to understand the impact of the market-based module on the
RPK, and thus the fuel consumption. Furthermore, these results should be consistent with all previous find-
ings as it is just scaling the fuel consumption in a particular manner.

The Impact of Changing the Price to Fly

For reference to how the price change induces a change in input data, refer back to subsection 4.3.1. In short,
a tax incentive gets translated into an absolute change in RPK, which is added or subtracted to the annually
growing RPK in a distributed manner. This is done because a sudden direct decrease in demand would not be
consistent with the logic of the logarithmically growing RPK. The implications on the fuel consumption of the
increase and decrease of 20% ticket price are shown in Figure 5.10, here the price increase is called taxation
and the inverse a subsidy. One sees that the trends deviate only slightly and that the incremental decrease in
RPK depresses the growth gradually over 30 years. This fuel consumption then yields the temperature change
as outlined in Table 5.11, which shows that the ITC behavior is linear across all cases with a reduction and
increase of the total ITC of around 5.8% to 225.1 mK and 200.33 mK respectively.

Visualization of Fuel Consumption per Assessed Scenario

1200 Baseline
—+— 10% Taxation
1000 20% Taxation
10% Subsidies

> 20% Subsidies
x
o 800
W,
c
k=l
g 600 7
2 4
S 7z
o
< 400
>
[

200

0
1940 1960 1980 2000 2020 2040 2060 2080 2100

Years [-]

Figure 5.10: Temporal fuel consumption resulting from changes in ticket pricing through taxation and subsidies, showing the time frame
on the horizontal axis on an annual basis, and the fuel consumption in billions of kilogram on the vertical axis. The elasticity is set to
1.46 and the pass-through rate at 0.6, which are kept constant.

There is a difference when looking at Table 5.12 in comparison to the previous analysis. Here the CO, contri-
bution lies around 35-36%. The RPK analysis arrivers at a reasonably similar percentage of around 33-34%,
and the fuel economy decay analysis displays an even lower CO; contribution to the temperature change. Be-
tween these cases, there is however a markable difference in the temporal evolution of the fuel consumption.
For both the RPK and fuel economy assessments, the fuel consumption changes were much larger, causing
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Scenarios || ATtprq Difference | ATco, Difference | ATc,,; Difference | ATy,o Difference | ATyo, Difference
20% Subsidies 225.06 5.78% 86.50 5.39% 60.48 4.23% 7.02 7.51% 71.06 7.45%
10% Subsidies 218.94 2.90% 84.29 2.69% 59.27 2.14% 6.77 3.75% 68.60 3.73%
Baseline || 21277 - | 8208 - | 58.02 -| 653 -] 6614 -
10% Taxation 206.57 -2.92% 79.87 -2.70% 56.75 -2.19% 6.28 -3.74% 63.66 -3.74%
20% Taxation 200.33 -5.85% 77.65 -5.40% 55.45 -4.44% 6.04 -7.49% 61.18 -7.49%

Table 5.11: Near-surface temperature breakdown looking at artificial ticket price change in milikelvin (mK), using the REACT4C and IPCC
A1T emission inventory, for the year 2100. Including the contributions of all CO, and non-CO; emissions, along with their percentage-
based difference to the baseline value for varying trend factorization values.

Scenarios ‘ ACOs ACont AH>O ANOy
20% Taxation 35.96% 20.02% 3.99% 40.03%
10% Taxation 35.82% 20.10% 4.05% 39.87%
10% Subsidies | 35.65% 20.48%  3.87% 39.84%
20% Subsidies | 35.61% 20.66% 3.94% 39.79%

Table 5.12: Indication of the contribution to the total induced temperature change of respective scenarios for the RPK parameter assess-
ment using the REACT4C inventory and the IPCC A1T background, as a result of assessing the market based mechanism for different
configurations. The percentage indicates proportion to which that specie was responsible the total change induced temperature change.

non-CO; based contributions to dominate the ITC change. For the market-based model, the contribution
of CO, is higher, which could be caused by the smaller and more incremental change in fuel consumption,
which does not radically shift the contribution change to more short-term-based effects. Even with these
smaller changes in fuel consumption, net- NO,-effects still contribute most to the changing ITC but compar-
atively less than in the other contribution breakdowns.

The behavior of the pricing model is stable within the tested range. CE Delft [2019] assessed through their
model the impact of including VAT in a host of countries, where they computed demand shifts according to
VAT changes. For example France, in a market of 81.5 million passengers, 10% VAT translated into 7% demand
reduction. Many other countries displayed a one-to-one relationship, with the VAT change being in line with
the demand change. The model used for this thesis, with the settings of cost-pass through and elasticity,
responds similarly to the estimate for France. However, the manner of implementation has not been related
to any current market models and is illustrative of a particular change in a qualitative manner. The sensitivity
is given in Table 5.11, which shows that in the case of taxation and subsidies, the module behaves linearly,
implying all scenarios have similar sensitivity and the parameter change causes a stable change to the inputs.
In the current setting the model provides what is required; A marginal reduction of RPK in a non-abrupt
manner.

Market Based Mechanism Dynamics of the Elasticity Parameter at 20% Price Change
Now instead of the price, the elasticity is changed, which will then influence the demand change. The elas-
ticity (¢) was changed from the baseline of 1.146 down to 0.458 (very non-elastic behavior) to 1.834 (elastic
behavior), with a programmed price increase of 20%. Table 5.13 clearly shows that the deviation as a result
of this change is minimal in terms of ITC. The total temperature change only changes by around 3.7%. The
baseline here constitutes the original baseline but then with a 20% price increase. It was found that the be-
havior is still linear and that large variations in the elasticity do not iterate the results much. When comparing
Table 5.13 and Table 5.11 it can of course be seen that a 20% price setting with a higher or lower elasticity will
create a difference to that value found there.

5.1.5. Behavior and Impact of Changing Nitrogen Oxides Factorization

The NO, adjustments are simply changes in the factorization of the Elyo, used for the baseline, for which
the precision could be up to changing the EIno, on an annual basis. Lowering the factorization implies a
reduction of the NO, emissions per burnt fuel. This analysis provides an insight into the relation of NO,
emission reduction and the subsequent reduction in climate impact. The Elyo, is changed instantly to an-
other setting from 2050 on-wards to generate a general mapping of this change on the climate impact. The
sensitivity is hard to assess for this parameter, given the many variable options that could underly the tempo-
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Scenarios H AT;orq  Difference ‘ ATco, Difference ‘ ATcon: Difference ‘ ATp,o Difference ‘ ATyno, Difference

€=0.458 207.81 3.74% 80.31 3.42% 57.01 2.81% 6.33 4.85% 64.16 4.86%

€=0.802 204.08 1.87% 78.98 1.71% 56.24 1.42% 6.19 2.43% 62.67 2.43%
Baseline

(e = 1.146) H 200.33 - ‘ 77.65 - ‘ 55.45 - ‘ 6.04 - ‘ 61.18 -

€=1.490 196.56 -1.88% 76.32 -1.71% 54.65 -1.44% 5.89 -2.43% 59.70 -2.43%

€=1.834 192.78 -3.77% 74.99 -3.43% 53.84 -2.90% 5.74 -4.87% 58.20 -4.88%

Table 5.13: Near-surface temperature breakdown looking at artificial ticket price change in milikelvin (mK), using the REACT4C and IPCC
A1T emission inventory, for the year 2100. Including the contributions of all CO, and non-CO; emissions, along with their percentage-
based difference to the baseline value for varying trend factorization values.

ral Elno, trend. The changes in Elnq, are kept elementary, where the post-2050 the Elno, is reduced for up
to 60%. Table 5.14 shows that the total ITC reduction increases in an approximately linear way, implying that
every 10% of NO, emissions reduction, the ITC also reduces linearly. Initially at 3.20%, growing to slightly
less than double at 6.31%, finally reducing the total ITC by 12.71%. Besides the reduction in NO, emissions,
chaning the EIyo, has an impact on the ITC of H,O, significant in relative change but relatively insignificant
overall. Thus, a reduction in NOy emissions through whatever pathway is a worthwhile endeavor, showing a
near one-to-one relation between post-2050 reduction in EIyo, and NO,-effects. The previous simulations
for the RPK and fuel economy showed a reduction in the order of 20-25% for the net-NOy-effects, resulting
from a relatively much higher reduction in fuel consumption. Furthermore, the CO, induced temperature
change components still dominates and the NO, is most significant in changing the induced temperature
change. If less NO,-heavy technology receives focus in parallel significance with fuel consumption reduc-
tions, this would be a great oppurtunity to reduce the ITC related to NO, emissions. The potency of the NO,
emissions reduction technologies and the impact is closely related to the absolute fuel consumption. This
means that if the fuel consumption has already been reduced significantly before NO, reducing technologies
are introduced, they are still helpfull but reduce the NO, emissions less in an absolute scale.

Scenarios H AT;psq1  Difference ‘ ATco, Difference ‘ ATcon: Difference ‘ ATy,o Difference ‘ ATno, Difference
100% Elyo, || 21277 -| 8208 -] 5802 -] 653 -] 66.14-

90% Elno, 205.95 -3.20% 82.08 - 58.02 - 591 -9.44% 59.94 -9.37%
80% Elno, 199.34 -6.31% 82.08 - 58.02 - 5.34 -18.26% 53.89 -18.51%
70% Elno, 192.56 -9.50% 82.08 - 58.02 - 4.74 -27.41% 47.71 -27.86%
60% Elno, 185.74 -12.71% 82.08 - 58.02 - 4.14 -36.53% 41.49 -37.27%

Table 5.14: Near-surface temperature breakdown looking at the impact of changing nitrogen oxides emissions in milikelvin (mK), using
the REACT4C and IPCC A1T emission inventory, for the year 2100. Including the contributions of all CO» and non-CO> emissions, along
with their percentage-based difference to the baseline value for varying trend factorization values.

5.1.6. The Behavior of the Formation Flight Module

The implementation formation flight is the first assessed module that involves multiple parameter changes.
It changes both fuel consumption and the NO, due to contrail mixing. Furthermore, some post-processing
is performed, following the findings from the literature. This result in the following fuel consumption trend
as seen in Figure 5.11, which then results in the ITC from Figure 5.12. Fuel consumption is reduced instanta-
neously and does not affect the later fuel consumption growth since the factorization applies after calculating
the model parameter. One can observe an abrupt change in 2025 upon the introduction of formation flight
resulting from the reduced fuel consumption. The oversimplifications of this manner of modeling were out-
lined in the methodology section in subsection 4.3.3. Also, the fact that a full fleet is non-sensical as this will
be impossible to achieve, but it has been done to perform simple analysis. The trend with the higher fuel sav-
ings yields a lower temperature change and the slope of the respective lines differs. Table 5.15 confirms what
was mentioned in subsection 4.3.3, which stated findings from using these settings, that a 5-6% effective fuel
consumption reduction, with contrail mixing and reduction of contrail potency, would yield about an ATRz,
of 20-23% [Marks et al., 2021].

The behavior of the formation flight module is modeled as an instantaneous change, dominated by the post-
processing step entailing a direct factorization for contrail climate impact. Figures show that the output trend
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Visualization of Fuel Consumption per Assessed Scenario
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Figure 5.11: Temporal fuel consumption for the assessment of formation flight strategies, showing the time frame on the horizontal axis
on an annual basis, and the fuel consumption in billions of kilogram on the vertical axis. Percentages indicate the fuel savings, assuming

formation flight of the full fleet.

Climate Impact using IPCC A1T Background Emissions and REACT4C 3D Inventory for Formation Flight Sensitivity
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Figure 5.12: Temporal near-surface temperature change resulting full fleet formation flight with contrail mixing, showing the temporal
change in years on the horizontal axis and the temperature change in milikelvin (mK) on the vertical axis. The climate impact is modeled

through using the REACT4C emission inventory and the IPCC A1T background emissions.

Scenarios H ATyo;q; Difference ‘ ATco, Difference ‘ ATcon: Difference ‘ ATy,o Difference ‘ ATyno, Difference
Baseline

. 212.77 - 82.08 - 58.02 - 6.53 - 66.14 -
(No Formation)
5% Fuel Savings 163.33 -23.24% 72.11 -12.15% 29.30 -49.50% 5.55 -15.01% 56.37 -14.76%
10% Fuel Savings 156.42 -26.49% 69.21 -15.69% 28.40 -51.05% 5.27 -19.33% 53.54 -19.04%
15% Fuel Savings 149.46 -29.75% 66.30 -19.22% 27.47 -52.65% 4.98 -23.67% 50.70 -23.34%
20% Fuel Savings 142.46 -33.04% 63.40 -22.76% 26.51 -54.31% 4.70 -28.00% 47.85 -27.64%

Table 5.15: Near-surface temperature breakdown looking at the impact of formation flight with respective fuel savings and contrail
mixing, provided in milikelvin (mK), through the use of the REACT4C and IPCC A1T emission inventory, for the year 2100. Including the
contributions of all CO»> and non-CO> emissions, along with their percentage-based difference to the baseline value for varying trend

factorization values.

does not change much in shape. The sudden reduction caused by fuel reductions and factorization shifts the
trends downwards, and as one parameter of the total ITC is factorized the slope becomes less steep compared



5.1. Parameter Based Verification & Climate Impact Sensitivity 57

to the baseline. Looking back at Figure 5.4, which is the result of a large change in fuel consumption, the
difference between all curves is notable as each case mobilizes a change in each species ITC. Table 5.15 shows
that the variation between scenarios is driven by CO, and net- NO,-effects impacts changing, resulting from
overall lower fuel consumption, which is a behavior observed previously. This module has a high sensitivity,
which is caused by the assumptions of fuel implementation and factorization during the post-processing.
In this specific case, the full 48% contrail cirrus climate impact reduction is applied following the full fleet
formation flight assumptions, as the formation flight will be performed by fewer aircraft this factorization
reduces. The formation flight is turned either on or off, meaning that benefits are applied across the whole
aviation impact. This is done to look at the achievable result when taking overly-optimistic assumptions. A
more realistic outlook will be provided later.

5.1.7. The Impact of Flying Lower; A Lower Boundary for Climate Optimal Routing

Since climate optimal routing would require a complex model and an altogether different approach for in-
teracting with AirClim, the lower flight is a minor showcase of the importance that re-routing could hold to
mitigate climate impact. Studies have estimated the climate impact shift of flying 600 meters lower, but this is
not a directly optimized vertical shift of altitude, and more could potentially be gained. The results from the
studies by Matthes et al. are integrated into the post-processing of the results. For the assessment of lower
flight, the modifiers are applied upon the baseline, again through the assumption of full fleet participation
in lower flight. This analysis is thus omitting any form of optimization based on aircraft type and finding an
optimal altitude reduction on a case-by-case basis, as this is outside the scope of the research question. The
findings from this section will then be superimposed and combined to generate the ISO module discussed
later. The ITC can be found in Table 5.16 through applying the values from the literature, a reduction of
11.12% of the total ITC was found, which is lower than the expectation from the literature. Lower flight is ex-
pected to lower the NO,, H,O and contrail cirrus related effects. It should be noted that the CO, ITC remains
similar here because only the non-CO, effects were integrated into post-processing. Also, although the drag
increase resulting from lower flight increases the fuel burn, the CO, ITC was not estimated to increase much.
The lower flight allows for a good intermediate option, which would require air traffic control and economic
incentive re-structuring, however, it should not require much technological change concerning the aircraft
itself. As technologies are being produced through technological advances, operational tools at our disposal
should be used to already reduce the measurable impact and lower flight shows a promising candidate.

Scenarios H ATypsq; Difference ‘ ATco, Difference ‘ ATcon:  Difference ‘ ATy,o Difference ‘ ATyno, Difference
Baseline || 21277 - | 8208 -] 5802 -] 653 -] 6614
Lower Flight || 189.11 -11.12% | 82.08 -| 5164 -11.00% | 478 -26.70% | 50.60 -23.49%

Table 5.16: Near-surface temperature breakdown looking at the impact of flying 600 meters lower, following findings from Matthes
et al. [2021]. Induced temperature changes are provided in milikelvin (mK), obtained through the use of the REACT4C and IPCC A1T
emission inventory, for the year 2100. Including the contributions of all CO2 and non-CO» emissions, along with their percentage-based
difference to the baseline value for varying trend factorization values.

5.1.8. The Behavior of the Intermediate Stop Operations Module

In specific sources the ISO strategy caused an increase in the total ITC, which was primarily subject to the
assumptions in that particular study, causing an increase in fuel consumption resulting from lighter aircraft
having a higher optimal cruise altitude. Higher flights reduce fuel consumption given lower drag but increase
the climate impact due to non-CO;-effects. For the ISO is assumed that aircraft optimizations for a lower
flight will allow ISO to achieve the benefits discussed in the last section. Thus, ISO reduces the fuel con-
sumption following the general outlines of the concept, besides which the aircraft will also fly lower. The
lower flight module was not combined with formation flight, as the values from the literature regarding con-
trail mixing would be non-sensical. The fuel consumption will be identical to Figure 5.11, as the percentage
change is applied to the total fuel consumption. The principle is the same as formation flight, including a fuel
consumption reduction and post-processing modifier, therefore the temperature change temporal trend also
looks like Figure 5.12. Table 5.17 showing the expected scenarios in 2100 if the fuel consumption is reduced
from 0-10%. The total ITC could be reduced by up to 38.4 mK with a 10% fuel consumption reduction and
application of the modifiers from Table 2.1. The post-processing here is applied as if the entire fleet performs
ISO, which is done similar to formation flight to show a maximal output, this will not be the case in reality.
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There is a relatively significant difference between ISO and formation flight caused by the severe reduction in
contrail-cirrus RF expected for formation flight.

Scenarios || AT;orq1 Difference | ATco, Difference | ATc,,,; Difference | ATy, Difference | ATy, Difference
Baseline || 21277 - | 8208 - | 58.02 -| 653 -] 6614 -
5% Fuel Savings 181.75 -14.58% 78.84 -3.95% 50.15 -13.57% 4.55 -30.27% 48.21 -27.10%
10% Fuel Savings 174.33 -18.06% 75.59 -7.91% 48.61 -16.23% 4.32 -33.82% 45.82 -30.73%

Table 5.17: Near-surface temperature breakdown looking at the impact of performing fleet wide intermediate stop operations. Induced
temperature changes are provided in milikelvin (mK), obtained through the use of the REACT4C and IPCC A1T emission inventory,
for the year 2100. Including the contributions of all CO> and non-CO» emissions, along with their percentage-based difference to the
baseline value for varying trend factorization values.

5.1.9. The Model Behavior with Carbon Offsetting

To assess the impact of carbon offsetting in a general manner, and to compare it in different settings, the as-
sumption of a constant carbon offsetting rate from 2025 onwards was assumed. Four modes were generated,
each scenario increasing the offsetting by 25% beginning from no offsetting of CO, emissions. Table 5.18
shows the result of implementing offsetting from the year 2025. Results show a reduction of 30.82% in the
total ITC, corresponding to 66.6 mK reduced CO, related ITC following the full offsetting plan. Even when
offsetting all emissions starting from 2025 onwards, it can be seen that there remains a residual of 16.13 mK,
which still constitutes around 20% of the 1.5 °C Paris Agreement goal, assuming aviation to cause 5% of all
climate impact.

Scenarios H AT;orq1  Difference ‘ ATco, Difference ‘ ATcon: Difference ‘ ATp,o Difference ‘ ATno, Difference

Baseline || 21277 - | 8208 - | 5802 -] 653 - | 6614 -
25% Offset || 196.51 -7.64% | 65.82 -19.81% | 58.02 - 6.53 -] 6614 -
50% Offset || 180.16 -15.32% | 49.48 -39.72% |  58.02 - 6.53 - | 66.14 -
75% Offset || 163.72 -23.05% | 33.04  -59.75% |  58.02 - 6.53 -] 6614 -
Full Offset || 147.19 -30.82% | 16.13 -80.23% | 58.02 - 6.53 -] 66.14 -

Table 5.18: Near-surface temperature breakdown looking at the impact different offsetting scenarios from 2025 onwards at a constant
offsetting rate. Induced temperature changes are provided in milikelvin (mK), obtained through the use of the REACT4C and IPCC A1T
emission inventory, for the year 2100. Including the contributions of all CO2 and non-CO, emissions, along with their percentage-based
difference to the baseline value for varying trend factorization values.

5.1.10. Sustainable Aviation Fuel

The SAF module does not present a scenario of itself but should be seen as adding another dimension to
the output plot. The extra dimension shows the potential gains and downsides of using SAFs, based upon
the LCAs on the biofuels LUC discussed in section 2.5. Table 5.19 shows the matrix for the SAF composi-
tion settings derived from EU legislative conceptualization, where the emission performance of the so-called
CORSIA regions and the 'other SAF’ stay constant, where the e-fuels change according to year.

Emission 2025 2035 2050 2100
Years Intensity Volume | Volume | Volume | Volume
[gCO2e/M]J] Share Share Share Share

CORSIA Regions

Produced SAF 38.10 5% 33% 36% 40%
Aviation E-Fuels Dynamic 0% 0.70% 23% 30%
’Other’ SAF 150 95% 66.30% 41% 30%

Table 5.19: Breakdown of the settings which can be used modeling the SAF uncertainty band when assuming an optimistic SAF emission
performance. Emission intensities are presented in gCO» per Megajoule, the volumes per specified year indicate the percentage of
market-share held by a specific type of fuel adding up to 100%. The matrix allows for computing of theoretical reduced/increased CO2
emissions as a result of the use of biofuels.

First, the positive scenario is assessed, checking the effects of the 'Other SAF’ being equal to the 'CORSIA
Regions Produced SAF’. This matrix is applied to varying cases of SAF uptake as presented in Table 5.20. For
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the (currently) unrealistic case of 100% SAFs use, a reduction of 14.55% in the total ITC can be achieved,
dictated by a 37.73% reduction in CO; ITC. The ITC reduction going from the 25% to the 100% SAF uptake
scenario behaves linearly. For the later scenario-based assessment dynamic changes in SAF uptake will be
used, which might build-up to 100% through several steps. It must be said that attaining 100% as early as
2025, which subsequently only achieves a CO, reduction of around 40% and a total climate impact reduction
of 14.5% could be seen as quite small. Even cleaner SAFs could become available, which would improve this
picture dramatically, but at the end of the day, it is clear that CO; is not the only relevant dimension. Now,
what would happen if the SAFs available are not clean at all, which could be both the source of inaccurate or
worse falsified assessment.

Scenarios H AT;orq  Difference ‘ ATco, Difference ‘ ATcon: Difference ‘ ATg,o Difference ‘ ATno, Difference

Baseline || 212.77 - | 8208 - | 5802 -] 653 - | 6614 -
25%SAF 204.89 -3.70% | 74.20 -9.60% |  58.02 - 6.53 - | 6614 -
50%SAF 197.10 -7.36% | 66.42 -19.09% |  58.02 - 6.53 - | 66.14 -
75%SAF 189.41 -10.98% | 58.72 -28.46% |  58.02 - 6.53 - | 6614 -
100%SAF 181.80 -14.55% | 51.12 -37.73% |  58.02 - 6.53 - | 66.14 -

Table 5.20: Near-surface temperature breakdown looking at the impact of SAF uptake rates under the assumption of an overall optimistic
SAF emission performance in gC0O» /M]J. Induced temperature changes are provided in milikelvin (mK), obtained through the use of the
REACT4C and IPCC A1T emission inventory, for the year 2100. Including the contributions of all CO, and non-CO; emissions, along
with their percentage-based difference to the baseline value for varying trend factorization values.

For the pessimistic assessment, 150 gCO,e/M] is assumed for all SAFs used. This should not be seen as a
realistic scenario, but to test an extreme case and also to describe the module behavior. This test is based
upon the idea that unbeknownst or known, SAFs become available which are only SAFs in name, but do not
underline the principle of the ’sustainable’ aspects. This could occur in the case of large investments where
facts are left out for economical gains, poor policy, uncertainty in science, or a combination of the three.
Bottom-line is the fact that it could happen poorly performing SAF becomes available for use, the question
is what the impact of this would be. It is deemed unlikely, however, that this would avoid discovery for a
prolonged amount of time. Table 5.21 shows the outputs of this trial, displaying an increase of 15.9% in the
total ITC, constituted by a growth of the CO, ITC by 41.1%. The inverse of the earlier statement here is true, so
even in a scenario where SAFs are used having very poor performance, the total ITC increase 'only’ by 14.6%.
The increase, given the extreme conditions, is not insurmountably large, of course, it remains an undesirable
one. The total ITC can not be fixed through one solution, the political landscape, and scientific know-how
will shape the future of the climate impact reduction which could be achieved by SAFs. Every viable chance to
diversify the energy supply and demand is vital, especially given the volatile market surrounding oil pricing,
but not less important than the climate impact.

Scenarios H AT;orq  Difference ‘ ATco, Difference ‘ ATcon: Difference ‘ ATy,o Difference ‘ ATno, Difference

100% SAFs || 246.49 15.85% | 115.80 41.08% |  58.02 -] 653 -| 6614

Baseline || 21277 - | 8208 - | s8.02 -] 653 -| 6614

Table 5.21: Near-surface temperature breakdown looking at the impact of SAF uptake rates under the assumption of a pessimistic SAF
emission performance in gCO2/M]J. Induced temperature changes are provided in milikelvin (mK), obtained through the use of the
REACT4C and IPCC A1T emission inventory, for the year 2100. Including the contributions of all CO2 and non-CO; emissions, along
with their percentage-based difference to the baseline value for varying trend factorization values.

5.1.11. AirClim Response to Fuel Consumption Extremes

The previous sections are focused on parameters and modules, but it is also important to understand the
model’s response to extreme input changes. Two scenarios were tested, abruptly keeping the fuel consump-
tion constant and discontinuing all activities post-COVID (2025). These two were selected to see what an
extreme halt to fuel consumption growth would do and to visualize the lasting effect of forgone emissions.
Figure 5.13 shows the temporal ITC with tabulated data in Table 5.22. Even when the fuel consumption is
constant after 2025, the total ITC would still increase to 119.4 mK, and discontinuation of all aviation would
yield 17.9 mK of ITC. After a prolonged time of no emissions, only the ITC of CO; persists. The NO, and H,O
emissions contribute minimally, displaying a longer-lasting effect. About 75 years after a complete stop to
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flying, there is still about 15% of total ITC lefts compared to the baseline. The Constant Fuel case does cause
a slope change over a duration of time, but still shows a continued growth, which can be attributed to the
increasing ITC of CO,. It is important to note that even though the Constant Fuel case retains around 400
E9 kilograms of fuel consumption, and the baseline grows to around 1100 E9 kilogram of fuel consumption,
contrails decrease only by 38.35%. A linear response would likely see around a reduction of more than 50%
of contrail ITC, but the contrail components show a highly non-linear response. This can both be inherent to
atmospheric formation criteria of contrails, or inherent to the modeling method.

Climate Impact using IPCC A1T Background Emissions and REACT4C 3D Inventory for Fuel Consumption Cut-Off in 2050 Sensitvity
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Figure 5.13: Temperature change per assessed scenario between 1940-2100 as a result of constant fuel consumption and total aviation
stop/or fuel consumption free. Lines remain similar until after the COVID-19 recovery in 2025 after which deviations start to form.

Scenarios H AT;osq1  Difference ‘ ATco, Difference ‘ ATcon: Difference ‘ ATy,o Difference ‘ ATyo, Difference
Baseline || 21277 - | 8208 - | s8.02 -] 653 -] 6614 -
Constant Fuel 119.37 -43.90% 51.46 -37.31% 35.78 -38.35% 3.00 -54.09% 29.14 -55.94%
Zero Fuel 17.93 -91.57% 16.50 -79.89% 0.00 -100% 0.18 -97.27% 1.24 -98.12%

Table 5.22: Near-surface temperature breakdown looking at the model output prone to extreme modeling input assumptions. Induced
temperature changes are provided in milikelvin (mK), obtained through the use of the REACT4C and IPCC AlT emission inventory,
for the year 2100. Including the contributions of all CO, and non-CO» emissions, along with their percentage-based difference to the
baseline value for varying trend factorization values.

It can also be noted that the trend for constant fuel usage from 2025 onwards shows a strong reduction re-
sponse between 2025-2060, after which shows more constant behavior. Similarly, this delayed response from
the impulse change causes a temporal ITC trend change which is particularly visible in the first 30-year. Fur-
ther concluding statements will be kept for the final result and discussion, but it is least to say problematic to
see that even a very optimistic scenario, assuming a constant fuel consumption from 2025 on, still yields a to-
tal ITC of above the 5% mark of 2 °C of 100 mK, which is the upper limit of the Paris Agreement. On the other
hand, there are still plenty of mechanisms that focus more directly on the reduction of a single component in
this accumulation, e.g. carbon offsetting, EIno, changes, and operational practices such as formation flight.
Together with large fuel consumption reductions, these could yield more promising results.

5.2. Summary of Modeling Approach Verification Plausibility

The purpose of this chapter was to understand and analyze the model behavior and to check the response
with literature. Providing AirClim with several inputs has yielded a host of behavior data and showed which
modules and which respective parameters are most sensitive to change, either because of inherent modeling
or due to physical properties of the change causing a deviation from the baseline. Table 5.23 summarizes all
tests outlined above. An entry on this table can be interpreted in the following way; E.g. the 3D emissions
inventories are tested by changing the 3D-emissions inventory from the baseline REACT4C to the AERO2K
module. This causes a reduction to the baseline of 25 mK when using the AERO2K inventory. For the fuel
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economy, both the decay factor and the linear function were changed. The decay factor has a baseline value
of 0.96 and was iterated between 1.0 and 0.8, which generated an increase in ITC of 34.9 mk and a reduction
of 37.2 mK respectively. The analysis performed provided a backlog of information, which can also be used to
understand the initial response and to adequately synthesize scenarios. Some modules are more qualitative,
such as the market module, but at least the modeling method and implications are now clearly understood.
Care had to be taken when using modules together to assure the response remains sensible. The knowledge
outlined can be used to interpret the upcoming results and allows the interpretation with uncertainties in
mind.

Input . Parameter Range AITCoyt
Module Iterated Parameter(s) Baseline Values Extremes vs Baseline
3D Emission
. Inventory Type REACT4C AERO2K +/-25mK
Inventories
Year-on-Year Max: 6% +38.1 mK
RKP Growth 5% Min: 4% -31.8 mK
_ Max:n=1.0 -34.9 mK
Fuel Decay Factor 1=0.96 Min: 7= 0.8 +37.2 mK
Economy Changing Linear FE = -0.008In(year Max: Baseline + 20%
Function -1975) + 0.0445 Min: Baseline - 20% -31.5 mK
Ticket Price . . Max: 20% Increase +12.3 mK
]I;/I;relz;t Changes No Modification Min: 20% Decrease -12.4 mK
Mechanism Demand c=1.146 Max: € = 1.834 -7.55 mk
Elasticity T Min: € = 0.458 +7.48 mK
NOx Elnyo, Lee et al. 2021 Min: 60% -27.0 mK
PrPT: Fuel Consumption Baseline Fuel & No | -20% Fuel Consump.
Formation & Contrail Mixing Mixing & 89% EI NOy
Flight PoP?: Contrail ITC Full Contrail ITC 48% Reduction
-11% Contrail,
-14.3% Methane
L Pop: il, Methane, . '
o.wer op: Contrail, Methane No Post-Processing | -3.6% PMO, -23.7mK
Flight PMO, Ozone & Water Vapor
-6.7% Ozone,
-26.7% Water Vapor
. Baseline Fuel
PrP: Fuel Consumption . Max: -10%
Consumption
1SO Pop: Contrail, Methane, . . -38.4 mK
PMO, Ozone & Water Vapor No Post-Processing | See Lower Flight
. All CO» .
Offsetting ITC CO, Contributes 100% Offsetting !
150 gCO2e/MJ +
Dynamic Changing -0l mK
High Wtw Static +33.72 mK
150 gCO2e/MJ
SAF No SAF 38.10 gCO2e/MJ +
Low WEW O gL .| -31.0mK
Dynamically Changing
Constant Fuel Consumption Baseline Fl.lEI - -93.4 mK
Consumption
Extreme Baseline Fuel
Scenarios Zero Fuel Consumption . - -194.8 mK
Consumption

Table 5.23: Pop = Post Processing, PrP = Pre-Processing; Summary of all the modules and the respective properties, provided a color
coding for the highly sensitives, high impact modules

It is not possible to provide a simplistic breakdown for this complex analysis on the certainty of each module.
Each module has different manners of generating inputs or adding post-processing to outputs. This verifi-
cation brings together different disciplines, ranging from the political to the economical sector, and it can be
understood that the modules towards these ends become of lesser resolution. The market mechanism is a
clear example, where it is desired to study a response, however, response models are lacking. For this reason
and the general complexity of the problem itself, this is something that can not be achieved for the current
purpose. Furthermore, it has to be stated that any module using post-processing might be too simplistic,
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and studies were done on e.g. formation flight, ISO, and lower flight have only been done through theoretical
simulations. The values used do not represent the dynamic reality of changing atmospheric concentrations
and the post-processing percentage itself is not flexible or changing. Finally, AirClim contains radiative forc-
ing minimum, mean, and maximum values due to the inherent uncertainty of finding an exact solution per
species, here the mean values were used but there is no certainty on the correctness of this assumption. Fig-
ure 2.1 was shown at the beginning of the thesis including the confidence levels. This section clearly outlines
the leading contribution of CO,, NOy, and contrail-cirrus in the aviation climate impact, with H>O only
forming a minor part of the impact. Out of these mechanisms, both the net-NO, and the contrail-cirrus in
high-humidity regions are of low confidence and, therefore could still yield better or worse results than shown
in these figures. Thus already an inherent uncertainty exists regarding the species (with CO; effects having a
higher certainty), which could already change the net radiative forcing by about 80 mW/m?, half of the mean
estimated radiative forcing.
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Scenario Based Climate Impact &
Implications

6.1. Framework of Result Representation

This thesis aims to contribute to and understand the aviation-induced climate impact, to allow for a more
timely response to the crisis. Specific scenarios have been assembled to represent different underlying setups,
trying to answer what the absolute climate impact might be but also the importance of the dimension of
time. The result section will logically build up the final synthesized scenarios through a step-wise approach.
The primary mechanisms will be looked at first where this was not already done in the previous chapter,
starting with an ambitious goal called the Flight Path 2050 (FP2050). The first section begins by analyzing
expert ambition, assessing if the goals will be sufficient when analyzed through this framework. Furthermore,
FP2050 has also been modeled by Grewe et al. [2021] and thus serves as a comparison to establish differences
in behavioral response related to the model setup. The following sections outline the outlined models and
allow insight into how tangible changes live up to the ambitions set. Initially, major modules such as CORSIA
and the IATA Technology projections are modeled, as they create a good starting point. After which more
minor modules can be appended in unity with the major moduels, to see the effect when stacking conceptual
modules into a story-line

To summarize the scenarios, which differ in terms of the number of modifications applied to the input and
output data through pre-and post-processing, Figure 6.1 is included as a reference point. The modifications
to scenario data become more complex downstream of the figure, moving from base modules, to primary sce-
narios, to finally represent scenarios including more than one module. There is also a distinction regarding
the EIno, trend observed in the second row under the primary scenarios, as they have a significant influence
on the results. Secondary scenarios are scenarios where at least two modules were combined such as the 40%
taxation module with the CORSIA+ story-line, combining the tax module and the CORSIA module with the
specific CORSIA+ story-line. Finally, the higher-order modules contain more climate impact reducing mea-
sures than the DoU-Future, containing iterations to the Elyo,, RPK-incentives, formation flight processing,
and CORSIA. It should be noted that eventually some modules such as ISO + Lower Flight were not used, as
the previous section provided enough insight.

6.2. Setting An Ambitious Goal: The European Commission Flight Path

2050

The ambition of the European Flight Path 2050 is a 75% reduction of CO, per passenger kilometer and 90%
reduction of NO, per passenger kilometer using the year 2000 as the reference year. Three scenarios were
modeled to assess the dimensions of implementation speed and post-2050 impact; The first scenario gradu-
ally builds up the reduction from 2025 to 2050 after which the same ratio of CO, per passenger kilometer is
maintained, implying that an RPK growth still causes the fuel consumption to increase. This scenario is re-
produced but then maintains the same fuel consumption level as 2050 to see the impact of a nongrowing fuel
consumption afterward. Finally, the FP2050 is also assessed in a non-realistic manner, where the CO, and

65
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Figure 6.1: Structural breakdown of all scenarios represented in the result section and the respective order. There is a division into three
rows, representing from top to bottom the base modules, the primary scenarios, the secondary scenarios, and the higher order scenarios.
Each provided with unique identifies which are also used for later data reference. Every row represents the degree of abstraction of the
scenario, moving down the scenarios become more complex.

NO, reduction are modeled as an impulse in 2050. Table 6.1 provides a breakdown of what was described
above, for visualization the EIno, temporal evolution is presented in Figure 6.2.

Scenario . ..
Scenario Description
Name
This scenario adheres to goals set by the EC to reduce the CO> per passenger
kilometer by 75% and the NOx by 90% with assuming the year 2000 as the
FP2050- baseline values. The reductions are achieved at a continuous pace from 2025 up to
Continuous || 2050, thus assuming 25 year realization through whatever means possible. Then the
same CO; and NOy per passenger kilometer values are maintained on wards
to 2100.
Same as FP2050-Continuous but after 2050 the fuel consumption does not increase.
FP2050- . .
Constant Thus assuming that the efforts to reduce the CO; and N Oy ratios per passenger
kilometer are not stopped.
FP2050- Same goals but they are attained through an impulse in 2050 after which the ratio is
Impuls kept constant as FP2050-Continuous. This allows for showing the difference between
P late and sudden change versus continuous and gradual change.

Table 6.1: Description of the Flight Path 2050 related scenarios studied, containing a scenario with continuous technological improve-
ment with constant margins after 2050 (FP2050-Continuous), a scenario similar to FP2050-Continuous but constant fuel consumption
after 2050 (FP2050-Constant), and finally a scenario where the post-2050 growth is business as usual, after which the FP2050 guidelines
are achieved (FP2050-Impuls).

Since these scenarios have a very specific method of changing the emissivity index of NOy as a function of
the fuel consumption and the RPK, it is visualized for each scenario in Figure 6.2. Here it can be seen that it is
not strictly a continuous improvement, but incremental with a 5 year time-span in between improving.

Figure 6.3 shows the outcome of the simulation of the FP2050 realisation for the reduction of CO, and NOy.
FP2050-Impuls yields the worst climate performance in 2100, followed by the FP2050-Continuous, and the
best performance is from FP2050-Constant. Thus, observing an expected outcome where substantial growth
in climate impact exists due to the growing fuel consumption for the FP2050-Continuous and Impuls. The
outcome observed from FP2050-Constant is consistent with the extreme cases from subsection 5.1.11, summed
up in Figure 5.13 where the fuel consumption was assumed constant from 2025 without NO, reduction
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Emissivity Index of NOy per Specified Scenarios
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Figure 6.2: Temporal change of the factorization of the EIn(, for the Flight Path 2050 scenarios outlined in Table 6.1, displaying the
factor applied to the NOy emissions on the kilogram of fuel burn

applied. Large impact reductions that can be seen compared to the baseline, of up to 58.3% for FP2050-
Constant, are achieved through fuel consumption reduction, causing the decrease in CO, emissions and
flown kilometers induced contrail-formation. The CO, and contrail climate impact are reduced by 44.4%
and 46.4% respectively, corresponding to a 45.7 mk and 31.1 mk reduction. The net-NO, ITC is reduced by
83.6% to 10.9 mK of ITC, following the large reductions in the EIyo,. A results breakdown can be found in
Table 6.2.

Total Induced Temperature Change Caused by Aviation Activity with REACT4C and IPCC A1T Background Emissions
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Figure 6.3: Temporal near-surface temperature change for the pre-defined Flight Path 2050 scenarios outlined in Table 6.1, showing the
temporal change in years on the horizontal axis and the temperature change in milikelvin (mK) on the vertical axis. The climate impact
is modeled through using the REACT4C emission inventory and the IPCC A1T background emissions, displaying similar overall behavior
but varying slopes for each different scenario.
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Scenarios || AT;o1q % Diff | ATco, % Diff | ATno, %Diff | ATcon,  %Diff | ATy,0 % Diff

Baseline || 212.771 - | 82.082 - | 66.136 - | 58.025 -| 6528 -
Impulse 110.647 -48.00% | 57.618 -29.80% | 12.654 -80.87% | 38.828 -33.08% | 1.547 -76.30%
Continuous || 99.521 -53.23% | 50.073 -39.00% | 11.078 -8325% | 37.146 -35.98% | 1.225 -81.23%
Constant 88.813 -58.26% | 45.673 -44.36% | 10.861 -83.58% | 31.078 -46.44% | 1201 -81.60%

Table 6.2: Near-surface temperature breakdown in milikelvin (mK) using the REACT4C and IPCC A1T emission inventory, for the year
2100. Including the contributions of all CO2 and non-CO» emissions for the Flight Path 2050 scenarios from Table 6.1.

FP2050-Continuous and FP2050-Impulse differ in the method and time frame of technological implementa-
tion. The former is a scenario where continuous improvement is achieved through available measures, and
the latter represents a scenario where this is not the case, and all technological advancements occur instanta-
neously. It is observed that through the impulse, the sudden change causes depression in ITC growth, which
picks up again due to the continued fuel consumption growth. The continuous case has lower fuel con-
sumption and NO, emissions moving towards 2050, but as the scenarios equalize in fuel consumption, the
difference between the scenarios in 2100 is only 11 mK. Closer observation into the CO, and contrail-cirrus
ITC allows more insight through Figure 6.4 and Figure 6.5 respectively. The net-NO,-effects ITC remains
unchanged and is on par with the net-NOy-effects ITC of scenario with constant fuel post-2050 due to the
EIno,. The CO; ITC grows following the increase in fuel consumption, with both (Impulse & Continuous)
scenarios showing similar growth shapes. The contrail cirrus impact was also reduced for the continuous
case as a result of the reduced fuel consumption, which scales the flown kilometers according to its growth in
the 3D-emission inventory REACT4C. Over the duration of the time frame, the contrail ITC of the continuous
scenario draws closer to the impulse scenario. The contrail-cirrus ITC does not suddenly jump but displays a
time-bound response, which underpins earlier statements regarding the post-processing of contrail climate
impact directly through factorization. The overall story tells us that the CO, climate impact is changed for
the FP2050-Continuous, the contrail-cirrus ITC gets breached over time. At the root of this response lies the
long extinction time of CO, emissions, dictating a slower dissipation and thus long-duration impact.

Induced Temperature Change Caused by CO,, for Specified Scenarios
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Figure 6.4: Temporal induced temperature change attributed to CO» emissions originating from aviation for the respective Flight Path
2050 scenario, showing years on the horizontal axis and temperature change on the vertical axis in milikelvin

It is shown that progress between 2025 and 2050 through continuous improvement of technology is rapidly
breached, with the trend seemingly becoming near parallel in 2100. An effective reduction in CO, ITC can be
achieved through quick response, whereas for contrails more systematic measures are needed to either re-
duce the formation or the overall impact through fully understanding formation place and time importance.
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Induced Temperature Change Caused by Contrails for Specified Scenarios
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Figure 6.5: Temporal induced temperature change attributed to contrails formation within the framework of the Flight Path 2050 sce-
nario, showing years on the horizontal axis and temperature change on the vertical axis in milikelvin

Even when keeping fuel consumption constant without applying further NO, emission factorizations, the
contrail cirrus-related impact remained large, as was seen in the analysis of the extreme case. A reduction
of 11 mK (13% of the aviation budget of 75 mK) seen between the Continuous and the Impuls, as well as the
Continuous and Constant scenarios, is not trivial when comparing relatively. The Flight Path 2050 shows a
host of promising results, which will be returned to later.

6.3. Scenario Based Assessment of Climate Impact Mitigation Strategies
within Aviation

6.3.1. Carbon Offsetting and Reduction Scheme for International Aviation

Carbon offsetting was already treated in subsection 5.1.9, where the analysis looked at a constant offset from
the year 2025. Substantial reductions could materialize since CO- is the largest component of the overall
climate impact, similarly, it does not nearly constitute the total climate impact as it was no more than 39%
of the ITC in the baseline. This analysis contains different dimensions, understanding how time effect cli-
mate performance and what the effect of poor offsetting might be. CORSIA is implemented, but aspects
such as participation, potential carbon leakage, policy pathway outside of CORSIA coverage, and pandemic
constraining economic resources are taken into qualitative account. To scope several modes CORSIA could
be expressed, some scenarios focusing on the time and quantity of offsetting are assembled. Also, CORSIA
comes with rules on SAF use, where the use of SAFs would allow airliners to change their accounting for off-

setting, which is not taken into account when establishing the SAF uncertainty range. Table 6.3 outlines the
scenarios shortly with relevant input parameters and assumptions.

Figure 6.6 shows the result of each scenario, with the component ITC in Table 6.4 for a precise comparison
at the end of the time frame. ITC growth still increases in 2100, which is in contrast to other works as will be
discussed later. Carbon offsetting causes significant reductions of up to 52.6 mK when taking the difference
between CORSIA+ and the baseline scenario. The difference between CORSIA+ and CORSIA++ only consti-
tutes 5.6 mK. Faster transition is preferred, especially given the uncertainty of emissions such as NO, which
would likely reduce following technological advancement, however, for offsetting the robustness, policies,
agency capacity to raise a tax, and the avoidance of leakage are vital. This is shown by the difference between
CORSIA+- and CORSIA+, where CORSIA+ achieves slightly more than twice the ITC reduction of CORSIA+-.

The biofuel uncertainty range computed through the SAF module based upon the emissivity performance
settings can be seen in Figure 6.6 represented by the green band, which surrounds the CORSIA+ line. It was
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Scenario
Name

Scenario Description

Baseline

RPK growth as leading parameter following real-time data and estimates into the
future following the UN population growth. Assumes business as usual for demand
growth and technology but expects that conventional technologies and their develop-
ment will plateau. This scenario represents a full halt or failure at an attempt to fight
climate change

CORSIA+

This scenario is the more likely realistic scenario. Due to the fact that CORSIA only
includes international flights it will unlikely cause 100% offsetting, but might induce
better national policies as well for pathways not covered by CORSIA. It is expected
that after the pilot phase (2023) not all offsets are directly realized and it will take up to
2040 to create a scenario where all CO2 emissions are offset. All other

developments stay as in the Baseline.

CORSIA++

Similar to CORSIA+ but assumes instantaneous 100% offsetting from 2023 on-wards.

CORSIA+-

Similar to CORSIA+ with the time frame with the offsetting altering between 2023 and
2040, however no full offsetting is realized. Only 50% of the aviation CO>-emissions
is offset. This can replicate both a failure of CORSIA or a failure in CO accounting.

CORSIA-BIO

The CORSIA-BIO is not a physical line but is used to generate an uncertainty band for
the usage of SAF within the EU55 plans of 2% in 2025, 5% in 2030 and 63% in 2050.
Estimated 100% in 2100 at the end of the time-frame. Both a case is presented where
extremely poor SAFs are used (150 gCO2e/M]) either due to wrong LCAs or pushed
policies. Also a case with well performing SAFs is assumed (38.10 gCO2e/M]J).

Table 6.3: Story-lines of all scenarios related to the Carbon Offsetting Reduction Scheme for International Aviation with their respective
description. Assuming a full offsetting from 2040 (CORSIA+), instanly full offsetting from 2023 (CORSIA++), only 50% offsetting in 2040
(CORSIA+-) and draws an uncertainty band following EU55 plans for SAFs (CORSIA-BIO).

Total Induced Temperature Change Caused by Aviation Activity with REACT4C and IPCC A1T Background Emissions
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Figure 6.6: Temporal near-surface temperature change for the CORSIA cases outlined in Table 6.3, showing the temporal change in years
on the horizontal axis and the temperature change in milikelvin (mK) on the vertical axis. The climate impact is modeled through using
the REACT4C emission inventory and the IPCC A1T background emissions. In addition the uncertainty band is represented for the
CORSIA+ scenario, displaying the change in temporal temperature change following SAF module assumptions.

calculated that the poor performance SAF blend could increase the ITC by 11.4 mK but might also reduce it
by 22.3 mK. When looking at earlier years the band remains very narrow which is due to the low uptake of
SAFs, but from which it can be concluded that SAFs do have the potential to increase the temperature change
negatively if the emission performance is poor or if the LCAs are not fully representative. It is a worthwhile
endeavour, especially in the light of recent events such as the Ukrain-Russia conflict, to diversify the supply
for energy requirements. This does not mean that one source has to be fully replaced by the other, which is
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also the manner in which SAFs should be approached.

Scenarios || AT;o4 % Diff | ATco, %Diff | ATyo, %Diff | ATcon;  %Diff | ATy,o % Diff

Baseline 212.771 - | 82.082 - 66.136 - 58.025 - 6.528 -
CORSIA+- 182.138  -14.40% | 51.449 -37.32% 66.136 - 58.025 - 6.528 -
CORSIA+ 151.173  -28.95% | 20.484 -75.04% 66.136 - 58.025 - 6.528 -
CORSIA++ 145.655 -31.54% | 14.966 -81.77% 66.136 - 58.025 - 6.528 -

Table 6.4: Near-surface temperature breakdown in milikelvin (mK) using the REACT4C and IPCC A1T emission inventory, for the year
2100. Including the contributions of all CO2 and non-CO» emissions for the CORSIA scenarios from Table 6.3

Thus assuming carbon offsetting, it has the potential to reduce the climate impact caused by CO, emissions.
Within a scheme that slowly moves towards a full offset, thus realizing the goal of CORSIA of CNG, the tem-
perature change can be reduced by 31.5% down to 145.7 mk compared to the baseline, which is a reduction
0f 81.8% down to 15 mK of CO, ITC. This strategy leaves other large components of the climate impact, such
as contrail-cirrus and net- NO,-effects untouched. The FP2050 goal with the heavy NO,-reduction focus
could cover one of these two bases, and besides reducing the NO, through technology pathways, the fuel
consumption reduction is significant compared to the baseline. Thus, to achieve the mold of the Flight Path
2050, CORSIA is a necessary pathway, which should however not suppress the need to keep reducing fuel
consumption.

6.3.2. IATA Technology Road-Map to 2050 and the Climate Impact Implications

The ambition, the CO,-focused CORSIA has been modeled, and minor modules have been discussed. It is
important to sketch the future according to experts’ conceptualization. Technological improvements are of
the highest importance since improvements through policy and operations are not always sustainable or en-
capsulating. The IATA roadmap to 2050 outlined the future of technology in the aviation sector, from where
fuel consumption trends were drawn. These trends were related to particular scenarios, ranging from elec-
trification to the introduction of novel aircraft concepts. Besides copying these trends, further elaborations
were made concerning the Elyo,. Table 6.5 provides an overview of the scenarios in this section drawn from
the IATA roadmap, appended with the defined assumptions.

Scenario

Scenario Description
Name

This represents the T2 scenario extracted from the IATA Road-Map to 2050. This
IATA-T2 presents the conservative assessment from the document including own assumptions
post 2050. For this case no specific NOy reductions have been assumed

This represents the scenario in which some new configurations are introduced with

IATA-T3 .

alow NOy reduction trend not represented by the document.

This scenario contains electrification of aircraft following the Zumen Aero forecast
IATA-T4a with hybrid-electric propulsion becoming available for a narrow range of seat classes.

This scenario is modeled with the same low NOy trend as the latter case as well

as the Flight Path 2050 computed required NO, reductions to meet the goals.

T4b represents a scenario in which besides hybrid-electric also fully electric flight is
IATA- T4b || realized following Wright’s Electric forecast. Similar to T4a this is modeled with a
low NOy reduction as well as the FP2050 goals.

Table 6.5: Breakdown of all assessed IATA technology scenarios with respective story-line, appended with EIy, assumptions which are
not inherently part of the IATA roadmap conceptualization. Representation of more basic scenarios with general technological improve-
ment, to a large degree of conceptual changes in aircraft geometry and/or propulsion systems such as hybrid-electric propulsion.

The technological improvement suggested in the roadmap were discussed in subsection 2.3.1 and converted
into fuel consumption trends through the variable of CO,-intensities. The scenarios T2 through to T4a did
not yield large differences in fuel consumption up to 2050, after which the trend was appended through as-
sumptions outlined in subsection 4.3.7. The verification and plausibility studies have shown clearly that the
reduction of fuel consumption is vital, as it impacts all facets of emission-induced climate change, thus sim-
ply modeling the reduction allowed through fuel consumption as defined in the IATA roadmap would not
yield new insights. It is important to display the reality of the aviation-induced climate impact but also the
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possibilities of specific scientific or political pathways, hence the IATA roadmap concept was appended with
ElIno, temporal story-lines. Combining both the philosophies to reduce fuel consumption driven by cost and
the results outlining that NO,-effects are not trivial, although still subject to high uncertainty related to emis-
sion location and time of emission. Thus the fuel consumption is computed through data from the report,
the EIno, assumptions are shown graphically in Figure 6.7 per scenario.
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Figure 6.7: Temporal EIno, descriptions for every specific scenario showing the No NOy, Low NOy and FP2050 NOy pathways

Figure 6.8 shows that with minimal EIno, factorization, corresponding to technologies not focusing much
on NOy emission reduction, the difference is only around 4.8 mK between the T2 scenarios with no Elno,
changes and the T3 scenario. The T4b trend with the FP2050 N O, story-line reductions provides the best
outcome in terms of temperature change in 2100, but still lies significantly above the 88.8 mK temperature
change found for the Constant FP2050 case at 130 mK temperature change. At the core of this difference
lies the much lower fuel savings for the IATA scenarios compared to the FP2050 synthesized scenario. It is
clear that only reducing the fuel consumption alone will not be sufficient, for which one can refer back to
the analysis of the extreme case with the constant fuel consumption from 2025 onwards trend. Even for
the T4b scenario, the CO, ITC remains sizable. With the NO, ITC mitigated, strategies to reduce the CO,
such as CORSIA and any strategy which lowers the fuel consumption or aims at tackling the contrail impact
such as formation flight, flying at a lower altitude, or simply reducing flight demand, for example, could
yield the desired result. These mechanisms are essentially trade-offs, depending on what the constraining
factors are. For example, CO;-trading is a relatively cheap option, since there is no need for infrastructural
change, as long as there is an abundance of CO;-certificates on the market. However, over-indexing on the
carbon trade could deprive effort to update air traffic management to look into climate efficient routing, or it
could complement each other as the carbon trade could serve as a pilot to introduce other emission trading
schemes in the future. One should aim to be ahead of economic reforms, as the outlined results up to this
point are a testament to.

Thus Table 6.6 provides the performance of each scenario in the year 2100. The best-case scenario fuel con-
sumption reduction caused by T4b allows a reduction of up to 17.9% resulting in a total CO, ITC of 67.4
mK, compared to 82.1 mK for the baseline. The contrail impact is reduced from 58 mK to 46.1 mK by 20.5%.
The net- NO,-effects ITC went down from 66.1 mK to 14.8 mK by about 77.6%, which is a result of the strin-
gent EIno, doctrine and lower fuel consumption, which allows a near-surface temperature change of 130 mK
compared to the baseline 0of 212.8 mK. The difference between the T4b with minimal N O, emission reduction
and the high NO, reduction is sizable at about 41 mK, outlining the effect of changing the Elno, .
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Figure 6.8: Temporal near-surface temperature change for the technology roadmap to 2050 scenarios from Table 6.5, showing the tem-
poral change in years on the horizontal axis and the temperature change in milikelvin (mK) on the vertical axis. The climate impact is
modeled through using the REACT4C emission inventory and the IPCC A1T background emissions, displaying similar overall behavior
but varying slopes for each different scenario.

Scenarios || ATtorar  %Diff | ATco,  %Diff | ATyo,  %Diff | ATcon;  %Diff | ATy,0 % Diff
Baseline 212.771 - | 82.082 - | 66.136 - | 58025 -| 6528 -

IATA T3 - Low NOy 172.651 -18.86% | 71.585 -12.79% 46.432 -29.79% 49.927  -13.96% 4.707  -27.90%
IATA T4a - Low NOy 171.441  -19.42% | 71.166 -13.30% 45,974  -30.49% 49.638  -14.45% 4.663  -28.57%
IATA T4b - Low NOx 157.845 -25.81% | 67.394 -17.89% 40.166  -39.27% 46.138  -20.49% 4.146  -36.49%
IATA T4a - FP2050 NOy 139.300 -34.53% | 71.166 -13.30% 16.646  -74.83% 49.638  -14.45% 1.851 -71.65%

IATA T2 - No NOy 177.448 -16.60% | 71.820 -12.50% 50.461 -23.70% 50.089 -13.68% 5.078 -22.21%
IATA T4b - FP2050 NOx 130.030 -38.89% | 67.394 -17.89% 14.811 -77.61% 46.138  -20.49% 1.687 -74.16%

Table 6.6: Near-surface temperature breakdown in milikelvin (mK) using the REACT4C and IPCC A1T emission inventory, for the year
2100. Including the contributions of all CO2 and non-CO» emissions for the IATA roadmap to 2050 scenarios from Table 6.5

6.3.3. Hybrid Scenarios; Bringing Climate Impact Reduction Strategies Together

section 6.2, subsection 6.3.1 and subsection 6.3.2 in respective order have shown that not a single assessed
scenario within those sections has provided a satisfactory reduction of climate impact. These results are
the result of using mean values outputted from AirClim, which for the model setup used the A1T CO, and
CH, background emissions, together with the REACT4C three-dimensional emission inventory taking 2006
as the baseline year, and input data generated following chapter 4. Aviation-induced temperature change
is caused primarily by emissions such as CO,, net- NO,-effects resulting from NO, emissions, and contrail-
cirrus resulting from water vapor emissions in specific regions. Each of the previously modeled scenarios had
aprimary focus, such as CORSIA primarily looked into reducing the ITC of CO, and technology changes were
modeled through changing the fuel consumption. This section aims to generate hybrid cases to understand
both the question of what is necessary to support the goals set in the Paris Agreement with the assumption
that aviation covers 5% of anthropogenic warming, and also to create an understanding of where this leaves
us given the current scenario. It is vital to compare the temporal behavior of the studied model and output
against the Grewe et al. [2021] output to understand potential differences derived from the modeling setup
and the impact of the input data.

Several scenario combinations were assessed, under which the earlier described CORSIA+ storyline in com-
bination with a 40% taxation of aviation, which should be interpreted as a demand reduction stimuli. Fur-
thermore, the best case technology trend T4b was applied together with CORSIA+. Furthermore, the FP2050
was kept the same where besides the fuel savings, also carbon offsetting was practiced. It is more likely that
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both the carbon offsetting and fuel consumption reductions will work in unison to achieve the Flight Path
2050 goals, so this represents a hyper-optimistic scenario. Finally, the formation flight module is applied, as-
suming fleetwide implementation, to the technology case. The storyline summaries are provided in Table 6.7,
all these storylines follow the FP2050 EIno, temporal evolution and similar SAF uptake evolution as earlier
described with CORSIA-BIO.

Scenario

Scenario Description
Name

'T’ Indicates taxation with the number implying the percentage of 40%. This scenario
T40-CORSIA+ causes a demand/RPK reduction of around 48% equally split over 30 years. The
CORSIA+ template from earlier is applied to cause CO» offsetting

Same as T40-CORSIA+ with the addition of 'F5” which represents formation flight
causing a reduction of 5% fuel consumption.

FP2050-CORSIA+ || FP2050 as modeled earlier with the CORSIA+ offsetting applied

T40F5-CORSIA+

IATA- T4b- ] . .
CROSIA+ IATA T4b with the CORSIA+ offsetting applied

IATA- T4bFE

CROSIA+b > T4b with additional formation flight causing 5% fuel consumption reduction

Table 6.7: Reference abbreviations and respective story-line belonging to specifically studied scenarios, combining multiple modules to
arrive at higher complexity climate impact scenarios.

Total Induced Temperature Change Caused by Aviation Activity with REACT4C and IPCC A1T Background Emissions
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Figure 6.9: Temporal near-surface temperature change for the hybrid scenarios including an uncertainty band over the IATA-T4b-
CORSIA+ trend to indicate the uncertainty posed by the use of sustainable aviation fuels, showing the temporal change in years on
the horizontal axis and the temperature change in milikelvin (mK) on the vertical axis. The climate impact is modeled through using the
REACT4C emission inventory and the IPCC A1T background emissions. Abbreviations correspond to those represented in Table 6.7

Figure 8.2 outlines a result that has been arrived at through the synthesis of previous chapters and the knowl-
edge gained from the model behavior in chapter 5. These scenarios each try to combine strategies to reduce
all emission contributions causing aviation climate impact. Figure 8.2 provides the temporal evolution of
the near-surface temperature change, showing for all cases a large climate impact decrease to the baseline
scenario. Combining FP2050 with offsetting incentives results in a package that performs satisfactorily and
within the Paris Agreement goals, reading from Table 8.1 that the total ITC is only 60.4 mK which constitutes
a 71.61% reduction. Furthermore, the temporal evolution shows that the trendline has a negative slope, and
the maximum does not exceed the 5% budget criteria. These are the first scenarios to display a temporal
reduction of the total ITC. Both T40F5-CORSIA+ and IATA-T5bF5-CORSIA+, which are scenarios including
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Scenarios || ATyotq1  %Diff | ATco,  %Diff | ATyo,  %Diff | ATcon;  %Diff | ATy,0 % Diff
Baseline || 212.771 - | 82.082 - | 66.136 - | 58.025 -| 6528

T40-CORSIA+ 87.275 -58.98% | 20179 -75.42% | 16.406 -75.19% | 48.905 -15.72% | 1785 -72.66%
IATA-T4b-CORSIA+ 83138  -60.93% | 20.503 -75.02% | 14.811 -77.61% | 46138 -2049% | 1.687 -74.16%
FP2050-CORSIA+ 60.409 -71.61% | 19.743 -75.95% | 8577 -87.03% | 31.078 -46.44% | 1011 -84.51%
T40F5-CORSIA+ 56.664 -73.37% | 19.984 -75.65% | 10.765 -83.72% | 24.663 -57.50% | 1.251 -80.84%

IATA-T4bF5-CORSIA+ 54.704 -74.29% | 20.315 -75.25% 9.921 -85.00% 23.261  -59.91% 1.208 -81.50%

Table 6.8: Near-surface temperature breakdown in milikelvin (mK) using the REACT4C and IPCC A1T emission inventory, for the year
2100. Including the contributions of all CO, and non-CO, emissions for the synthesized scenarios represented in Table 6.7.

formation flight, reduce the total-ITC down to 55.6 mK and 54.7 mK respectively. Modeled without forma-
tion flight implementation as in T40-CORSIA+ and IATA-T4b-CORSIA+, the total-ITC is reduced to 87.3 mK
and 83.1 mK. A fact already found earlier was that formation flight shows a high potential to reduce climate
impact using the assumptions from literature, with a large part of the impact deriving from contrail-cirrus
RF reduction of 48%. Since the fuel consumption is much lower in this case, 48% in the post-processing
amounts to much less in absolute terms. This scenario still assumes a full fleet formation flight, which will be
re-assessed as this assumption is misleading and can not be made. T4b-CORSIA+ shows total-ITC negative
growth, thus showing the potential to diminish climate impact over time. The latter set of scenarios does not
meet the threshold, but this could change if other boundary conditions of 5% of the Paris Agreement in the
current modeling setup. Since all scenarios use the CORSIA+ storyline, the CO, ITC is near identical since
only slight deviations exist up to 2040 for all scenarios. Thus the primary difference between the scenarios
is caused by the differing contrail ITC, which amounts to 48.9 mK for the T40-CORSIA+ scenarios, and for
the scenario including formation flight (T40F5-CORSIA+) this was only 23.3 mK. 15.7% reduction and 60%
reduction respectively caused by additional post-processing.

The scenarios presented previously allow for some assumptions which might be called ambitious or down-
right unrealistic, therefore it was of interest to include a scenario that would check overly optimistic assump-
tions. Such as all political instances agreeing globally might be an unrealistic outlook, it is unlikely global
agreement will cause a well-optimized plan for climate impact reduction. Also, even if the intentions and ac-
tions are aligned, uncertainties in scientific knowledge could cause a less desirable outcome than expected.
The following scenario can be seen in many different conceptualizations, and it contains an exploratory na-
ture based on the synthesized modules. This scenario serves to provide a balanced discussion of the find-
ings from Figure 8.2, given those narratives assumed very favorable offsetting, low fuel consumption, and
high reductions from formation flight. This scenario will allow for modeling of all strategies imperfectly, im-
plying e.g. not 100% offsetting but only 80%. The Elyo, reduces from 2025 onward with the factorization
decreasing every five years by 0.04 down to 0.40, which will cause the NOy emissions to be reduced much
less. Formation flight is performed, but 50% of the fleet realizes formation flight at a 5% fuel consumption
reduction, with post-processing thus only applying to half the fleet, which diminishes the impact of the for-
mation flight module. Aviation is also taxed through qualitative taxation, but only by 20% as opposed to 40%
earlier. Furthermore, the SAF uptake is changed to 2% in 2025, 5% in 2030, 50% in 2050, and 70% in 2100.
This is compared to 2%, 5%, 63%, and 100% respectively. This complete model will be named the Degree of
Uncertainty Future (DoU-Future), given measures are implemented by displaying leakage, failure, or impos-
sibility of the strategies. The temporal near-surface temperature change is presented in Figure 6.10 with the
tabulated breakdown of 2100 in Table 6.9.

Scenarios || AToa % Diff | ATco, % Diff | ATyo, %Diff | ATcon;  %Diff | ATp,0 % Diff

Baseline || 212.771 - | 82.082 - | 66.136 - | 58.025 - | 6528 -
DoU-Future || 104.898 -50.70% | 30.914 -62.34% | 30.519 -53.85% | 40.185 -30.75% | 3.281 -49.74%

Table 6.9: Near-surface temperature breakdown in milikelvin (mK) using the REACT4C and IPCC A1T emission inventory, for the year
2100. Including the contributions of all CO2 and non-CO» emissions for the Degree of Uncertainty Future scenario.

The result for the DoU-Future is still a significant improvement from the baseline scenario but presents a
large difference from previous scenarios with overly optimistic assumptions. The total-ITC is reduced by
50.7% to 104.9 mK, with a large segment of the contribution being the contrail-cirrus ITC only reducing by
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Figure 6.10: Temporal near-surface temperature change for the Degree of Uncertainty scenario, displaying a more realistic sociopolitical
iteration to the previously outlined scenarios. Providing the temporal change in years on the horizontal axis and the temperature change
in milikelvin (mK) on the vertical axis. The climate impact is modeled through using the REACT4C emission inventory and the IPCC A1T
background emissions.

30.75% as opposed to 60% in the previous cases. Compared to the CO, ITC which is reduced by 62.34% com-
pared to around 75% for cases from Table 8.1. The net- NO,-effects ITC also displays a large difference, where
for the FP2050-CORSIA+ was reduced by 87.03% and for the DoU-Future this is 53.85%. The implications
remain the same and will be discussed in upcoming chapters. Through the layers of analysis, dictated by
the terms of used software and initialization, the CO; is the only emission component that has a high sci-
entific understanding, thus resulting in a minimal uncertainty range. The fact remains that both the impact
of net- NO,-effects and contrail cirrus are prone to large uncertainty for radiative forcing and simply missing
resolution of used models, which means that if one of these expresses substantially different from the mean
the climate impact could vary significantly. Unfortunately, as these externalities are not fully grasped, the
doctrine of higher economic efficiency, such as lowering fuel costs for airliners, remains to be attributed of
higher importance.



Discussion of Uncertainties of Modeling
Climate Impact of Commercial Aviation

Within the current analysis and in general, whenever scenario building is done, many uncertainties could
be derived from the assumptions. Throughout this thesis, it was identified that there was a literature study
that has led to input data generations based on it, and then the subsequent use of AirClim to simulate the
output results. It was also found that even though similar trajectories were modeled, such as the Flight Path
2050 within this thesis and in relevant other literature, the results were subject to an absolute difference,
although the behavior observed was similar. All these findings allow the synthesis of a discussion related to
the uncertainties regarding the approach and eliminate topics for further research, either derived from this
research or simply because they were left out of the scope.

The primary tool for the analysis is the climate evaluation tool AirClim, on which already relevant verifi-
cation and comparison with other software were mentioned and therefore do not need to be repeated. It
was clear that there were multiple input streams, out of which the 3D emission inventories, the temporal
background emissions for CO, and CHjy, and, finally, the self-generated temporal input data. The current
manner in which AirClim was set up and used, given this thesis was essentially performing analysis through
the use of AirClim without iterating the internal functionality of the code itself, limited the number of sce-
narios that were assessed. The parameters such as the flown distance and the NO,-emissions were scaled
according to the growth of the fuel consumption. Where NO,-emissions could be changed through the use
of the emissivity index. However, the flown kilometers were used to compute the contrail coverage, which
only can decrease through the reduction of fuel consumption. Changes to the impact of contrails were only
done through the post-processing steps, removing time-based components and simplifying the mechanics.
This left the question unanswered if the output was a result of the inherent relation between fuel consump-
tion and flown kilometers, or purely based on atmospheric interaction. A more detailed relation between
flown kilometers and fuel consumption should be available. Furthermore, the current manner of modeling
ISO and formation flight was done unrealistically, both in the sense that in the sensitivity analysis 100% ISO
or formation flight was assumed, which is implausible. To more accurately assess a temporal climate impact,
the three-dimensional emission inventory would have to be temporally changed based on measures taken
in a scenario. For both ISO and formation flight it is essential that large-scale analyses are performed, which
go into more depth taking into account the impact of the changing background emissions on the changing
scenario, rather than simply scaling the inventory as was done. Currently, it is assumed to obtain the benefits
of an operational strategy, which in and of itself changes the atmospheric concentrations as to where they are
emitted. Finally, with regards to the selected input streams, it has to be acknowledged that the 3D emission
inventory and the background emissions are of large influence on the output results. It was made generally
understood and it was shown what the influence of input conditions could be on the output, for which an
in-depth study could generate a mapping of different combinations of background emission inventories and
3D emission inventories. There needs to be a normalized framework that clearly defines a climate impact
study and associates it with a methodology used for computation to generate uniformity of findings. Also,
studies will have to be performed concerning the impact of 3D emission inventory resolution, as was shown
within the inter-comparison of AirClim with the E39/CA model, potential lower methane and ozone radiative
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forcing could be the cause of different spatial resolution, for which it is both important to understand if a
better spatial resolution shows that previous estimations were under-estimations or over-estimations of the
climate impact, besides the fact that it might point out that spatial resolution increase does not significantly
change the outcome. Furthering knowledge on the emission mapping framework might improve efforts to
accurately estimate climate impact, without the need for unnecessary investment into e.g. higher resolution
mappings.

There was also a qualitative effort to model the impact on the climate through economical choices made,
through the taxation of tickets. This model was too simplistic to allow only to observe a very simplistic mech-
anism, for which both the mechanism through which it reduced the RPK and the magnitude was impossible
the verify due to the immense complexity of the scenario. Economical changes are highly dependent on
aspects such as the alternative modes of transport, local infrastructure, bordering countries’ policy, airliner
decision making, cultural norms, and many more aspects. Further research is required to synthesize a model
which takes into account these aspects to some degree, which would allow for a more realistic relationship
between the aviation demand and the changing in ticket pricing. It is the question of how to model human
behavior to a degree of certainty, which exactly underlies the importance of qualitative assessment as human
behavior is highly fluid.

To remain on the topic of modeling, also a qualitative assessment was done in a highly idealized manner
regarding sustainable aviation fuels. There is a need for further assessments and continuous updating of
the knowledge on the life-cycle assessments of sustainable aviation fuels, as currently, no consensus exists
on the best accounting manner of co-products, which has a large impact on the eventual outcome. The
analysis showed that the impact when assessing the CO, emissions was not extremely large, because the
impact only slowly built up under the assumption of the EU55 pathway. More in-depth analysis will have to
be performed on both the emission performance of the life-cycle of sustainable aviation fuels, besides the
impact when there could be adverse effects on the climate impact. Also, the question of availability was not
analyzed, which could dramatically reduce the climate impact performance of this option. Availability for
the aviation sector biofuels is one thing, besides this other sectors will also require biofuels to realize their
future climate goals. It was also not assessed what could be the impact of sustainable aviation fuels having
potentially different emission characteristics, thus having a different emission profile, which could allow for
both much worse or much better performance of the strategy.

Also, an obvious comment and general uncertainty can be derived from the uncertain times this thesis was
written. It is currently still unclear what the recovery of the aviation sector from the pandemic will look like
and if it will slow down air traffic demand, or potentially even cause explosive growth as the status of the pan-
demic diminishes. Choices made for the baseline and subsequent following scenarios are not able to model
the turbulence of the situation as the scale and time frame of this pandemic is unseen throughout modern
history. Extreme cases tested in AirClim have shown the slow response adaptation of CO climate impact, but
the relatively rapid recovery of non-CO, climate impact. Thus, what can be stated is that if aviation returns to
similar modes of operation, the pandemic has only slowed down the growth for the moment unless structural
changes are introduced.



Can Aviation Support the Paris Agreement
Goals; Discussion

This chapter aims to bring together the findings from both the verification and plausibility study from chap-
ter 5 and the results from chapter 6. The primary implications and obvious trends which seem to optimize
the climate performance with a clear understanding of the modeling limitations will be outlined in chapter 7.

Revision of Global Outline and Literature Comparison

The implication of the results have already been noted along the way to a minimal degree, but before mov-
ing on to a revision and appending of these implications, it is important to state once more the underlying
framework which will lead to these implications and the relation to other studies. This thesis is built upon
a top-down data generation method with the precursor being the revenue passenger kilometers, which were
found to agree with Figure 4.7, where deviations existed due to modeling assumptions and the exclusion of
the COVID impact depression on the growth. AirClim was utilized as a climate evaluation tool, using tempo-
ral fuel consumption found through RPK figures and fuel economy implications, with artificial growth decay
assumptions covering the last 50 years of the time frame. From Table 5.23 can be read that deviations to the
RPK year-on-year growth synchronization parameter could yield variation in the order of 40 mK increase and
30 mK decrease in temperature change. Changing the decay for the fuel economy trend-line between stagna-
tion and linear improvement could yield similar changes as for the RPK deviations. Besides fuel consumption,
an inventory is required to describe the location of relevant emissions for computation of changes in atmo-
spheric chemistry, for which the REACT4C 3D-emission inventory was used, and simulations showed that
the inventory choice could already create a 25 mK uncertainty. Rigorous testing upon different initialization
settings of the above-described parameters has not been done, which was mentioned in the uncertainties. Fi-
nally, to compute the impact of aviation, an assumption has to be made about the state of the world. Meaning
that a storyline of the background emissions for both C H; and CO; were required. The background emissions
choice can dictate and change the nature of the results, as they create a relative framework to compare the
aviation emission too.

Although these settings were not iterated, the comparison of Figure 6.3 and Figure 5.2 can provide an insight
into what the boundary conditions can imply on the result and the importance of further studies on the
differences. In the studies done by Figure 5.2, which will be implicitly referred to in the coming segment,
an in-house emissions inventory, a background emissions from the Representative Concentration Pathway
(RCP) 2.6 and own calculations for further input parameters were used. RCP 2.6 is a background where the
CO,-emissions decline from 2020 on-wards to zero in 2100. CHy has to go to half the levels of the 2020
values. The complexity of establishing required assumptions is touched upon in a step-wise approach in
van Vuuren et al. [2011], where the amount of assumptions needed to arrive at a trend such as RCP 2.6 is
derived, e.g. one has to decide on population growth and economic growth. The RCP 2.6 represents a low
emission scenario also because the population size is estimated at the lower end of what the UN population
growth points out, and there is a relatively higher GDP. Figure 8.1 shows the background annual emissions
for both the CO,- and C Hy-emissions. The IPCC A1T inventory used for this thesis lies close to the RCP 4.5
besides the trend of the CO;-emissions in the last 20 years of the time frame. The choice of an emission

79



80 8. Can Aviation Support the Paris Agreement Goals; Discussion

background changes the relative impact of CO,-emissions, causing a lower overall impact when there is a
higher background emission. It could be seen in subsection 5.1.1, comparing it to the analysis of the RPK
parameter, that indeed when switching from the IPCC A1B to IPCC A1T background emissions, the CO, ITC
increased by around 10 mK, where A1B has higher background CO,. CHj-emissions are closely related to
NO,-emissions and the net- NOy-effects. NO, emissions lead indirectly to the formation of ozone, which for
its formation amongst other species indirectly requires C H; and thus depletes it, which decreases warming
stemming from CH, and increases the O; warming. On the other hand, a reduction of CH, is a precursor for
the reduction of O3 decreasing the background Os called the Primary Mode Ozone (PMO) Grewe et al. [2019].
Stevenson et al. [2004] showed this fact in that a reductive perturbation of C H, signified a negative impulse
in the O3. The A1T inventory has a higher background of C Hy-emissions, which will impact the relationship
between these modes in which the temperature change is increased and decreased.
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Figure 8.1: Depiction of the conceptualization of the IPCC Representative Concentration Pathway 2.6 for the annual CO;-emissions (left)
and the annual CHy-emissions (right), showing years on the horizontal axis and the emissions in gigatonnes (1012) of kilograms CO»
and billions of kilograms C H4 van Vuuren et al. [2011]

The baseline scenario in comparison with the BAU has a higher near-surface temperature change induced
by CO,, which is interesting provided for the BAU the RCP 2.6 was used. Figure 4.10 might provide a reason,
where it can be observed that the baseline fuel consumption is higher for the last 60 or so years, however, it
still leaves a large gap between the two results. With the BAU being around 65 mK and the baseline 82 mK
of CO; ITC. The net- NOy-effects also induce more temperature change, which is however plausible given
this is defined by the emission inventory. The effects caused by a difference in trend, even though the final
value builds up to similar fuel consumption, were already outlined in subsection 5.1.3. There it was shown
that a lower fuel consumption eventually could still yield a higher CO,-induced impact resulting from trend
differences. Besides, there might also be a reason within how AirClim computes the emission perturbation
data based on the temporal evolution, which has caused the difference in these results, such as the factor-
ization to the three-dimensional emission inventory base year, which could cause the anomaly perceived for
the CO;-impact. It was seen in Figure 5.1 that there does exist a difference when normalizing an emission
inventory towards a different base year, although it yielded a minor difference in that specific example.

Returning to Figure 6.3 and Figure 5.2 a comparison can be drawn between the respective FP2050 scenarios,
which are based upon similar temporal assumptions. The FP2050-Impulse and FP2050-Continuous scenar-
ios are subject to similar assumptions compared to the FP2050 and FP2050-cont in the work of Grewe et al.
[2021]. As was already mentioned, the baseline scenario corresponds with the BAU but displays a much more
linear growth. Also, the Flight Path scenarios in this thesis still grow after the Flight Path goals in 2050, as
compared to a reduction in Figure 5.2. What can be seen is similar behavior between the Impulse and Con-
tinuous case, as in both cases they have a perceivable and large difference, which is breached when moving
towards the end of the time frame. Upon further elaboration, it was found that this breaching of the gap



81

was attributed to the increasing contrail-cirrus climate impact. It is clear that the baseline scenario and the
BAU scenario only seem to differ primarily in the 2050-2100 region, and to equalize the trends the baseline
scenario could be 'pulled down'. This difference can potentially be supported by the fact that the respective
emission background schemes start to differ more significantly in this period. For example, when taking the
end of the time frame, in the year 2100, the baseline scenario has an ITC of 212.77 mK and the BAU one of 155
mK, thus requiring a factorization of 0.73 to match. Factorizing the FP2050-Continuous scenario in 2100 with
0.73 would result in 72.64 mK of ITC, which matches the findings from Grewe et al. [2021]. Thus, although the
different choices caused a difference in behavior for the latter part of the time frame, when applying adequate
factorization or 'pulling down’ of the modeled trends, the behavior of the results displays consistency.

Discussion of the Results: Composition of Climate Impact

Table 8.1 shows the resulting ITC in 2100 for the relevant scenarios. The baseline could result in up to 212.8
mK of ITC, which through the CORSIA+ plan is reduced by 29% to 151.2 mK. Although this constitutes a large
reduction, it still amounts to about twice the allocated budget for the aviation sector under the assumption
of 5% climate change caused by aviation. It is still a promising outcome given this only focuses on one aspect
of the overall problem, reducing the CO, induced near-surface temperature change, still ignoring aspects
such as net-NOy-effects and contrail cirrus. To assess the broader impact, the baseline was iterated by us-
ing the IATA T4b storyline, which focuses on the change of fuel consumption as well as changes to the NOy
emissions through exploratory 'what if” EIno, scenarios. These scenarios (IATA-T4a-High NO, & IATA-T4b-
FP2050 NOy) caused a 25.8% and a 38.9% reduction in total ITC, yielding 157.8 mK and 130 mK respectively.
The difference between the two cases is caused by how the NO, emissions are dealt with, yielding a 38.3%
reduction in the former and a 77.6% reduction in the latter. Appending findings from either case shows a clear
trend, showing the effectiveness and necessity of carbon offsetting, but also the continuous need to keep on
decreasing fuel consumption. Both for the direct effects of lowering more facets of the causes of aviation cli-
mate impact, besides the indirect effect of requiring fewer offsetting certificates resulting from lower fuel con-
sumption. A fact that must certainly not be forgotten, given continued reliance on carbon offsetting, might
work in the short-run, but will just shift the problem down a couple of generations. The balance between
price and availability of offsets and practicing the act should be economically incentivized or discouraged by
the market, it remains to be seen if this balance will be sufficient. Furthermore, the IATA T4b scenario shows
that reducing fuel consumption will reduce the impact of contrail-cirrus. Through observing results such as
seen for the extreme cases and the technology cases with the Flight Path 2050 equivalent Elyo, trends it was
concluded that the contrail-cirrus behaves non-linearly. More specifically, the contrail-cirrus induced tem-
perature change does not decrease linearly with the fuel consumption shown in Figure 5.13. Even in the 2025
Constant case in the extreme case figure, displaying constant fuel consumption from 2025 onwards results
in a factor of 2.5 lower fuel consumption in 2100 however still, the contrail-cirrus ITC reduced by 38.4%. The
contrail-cirrus ITC amounts to 35.8 mK in this case, near half the 75 mK Paris Agreement budget. In the case of
the IATA T4b High NOy scenario, which has a higher fuel consumption than the latter but still much less than
the baseline, displays a contrail-cirrus ITC of 46 mK. The contrail-cirrus seems to move towards the baseline
value, even though the fuel consumption is nearly half that of the baseline. The reduction of NO, remains a
topic of uncertainty. Standards exist, such as the ICAO CEAP NOj limits, which require the NO, mass dur-
ing the landing and take-off test cycle, divided by the thrust to be below some regulatory maximum !. Also,
electric propulsion could eliminate NO, emissions but the ICAO CEAP conditions are not very stringent, and
there is no monetization value to reducing NO, because of which it does not have to be actively reduced cur-
rently. If new findings might direct a more stringent focus on NO, emissions, technologies such as flameless
combustion could potentially increase the thermal efficiency by 30% and reduce the NO, emissions by more
than 70% when waste heat of flue gases is regenerated [Xing et al., 2017].

After the scenarios which focus on one or the other aspect of the total picture comes the DoU-Future, which
represents aloose implementation of multiple strategies, ultimately reducing all discussed parameters slightly.
The scenario results in an ITC of 104.9 mK, which is driven by the contrail-cirrus impact remaining signifi-
cant as the post-processing factorization is reduced. A host of questions exists concerning contrail-cirrus,
and methods will have to be assessed congruently with furthering scientific knowledge to reduce the im-
pact of the type of ITC. When turbofan-engines get more efficient and gain higher thermal efficiency, the ex-
haust air temperature congruently reduces, which improves the conditions for persistent contrail formation
[Gierens et al., 2000]. Allowing a paradox of the decrease in fuel consumption but the increase in potentially

1EASA, URL: https://www.easa.europa. eu/eaer/topics/technology-and-design/aircraft-engine-emissions
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Total Induced Temperature Change Caused by Aviation Activity with REACT4C and IPCC A1T Background Emissions
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Figure 8.2: Temporal near-surface temperature change combining all relevant assessed scenarios combining findings from chapter 5 and
chapter 6. Providing the temporal change in years on the horizontal axis and the temperature change in milikelvin (mK) on the vertical
axis. The climate impact is modeled through using the REACT4C emission inventory and the IPCC A1T background emissions.

Scenarios || ATioral %Diff | ATco, % Diff | ATyo, %Diff | ATcon; %Diff | ATp,0 % Diff
Baseline || 212.771 - | 82.082 - | 66.136 - | 58025 - | 6528 -
Formation 5% 163.33  -23.24% | 7211 -12.15% 56.37  -14.76% 29.30  -49.50% 555  -15.01%
IATA T4b-High NOy 157.845 -25.81% | 67.394 -17.89% | 40.166 -39.27% | 46.138 -20.49% 4146 -36.49%
Baseline-CORSIA+ 151.173  -28.95% | 20.484 -75.04% | 66.136 - | 58025 - 6.528 -
IATA T4b-FP2050 NOx || 130.030 -38.89% | 67.394 -17.89% | 14.811 -77.61% | 46.138 -20.49% 1.687  -74.16%
DoU-Future 104.898  -50.70% | 30.914 -62.34% | 30.519 -53.85% | 40.185 -30.75% 3.281  -49.74%
FP2050-Constant 88.813  -58.26% | 45.673 -44.36% | 10.861 -83.58% | 31.078  -46.44% 1201 -81.60%
T40-CORSIA+ 87.275 -58.98% | 20.179 -75.42% | 16406 -75.19% | 48.905 -15.72% 1.785  -72.66%
IATA-T4b-CORSIA+ 83.138  -60.93% | 20503 -75.02% | 14.811 -77.61% | 46.138  -20.49% 1.687  -74.16%
FP2050-CORSIA+ 60.409 -71.61% | 19.743  -75.95% 8.577 -87.03% | 31.078  -46.44% 1.011  -84.51%
T40F5-CORSIA+ 56.664 -73.37% | 19.984 -75.65% | 10.765 -83.72% | 24.663  -57.50% 1.251  -80.84%
IATA-T4bF5-CORSIA+ 54.704  -7429% | 20315 -75.25% 9.921 -85.00% | 23.261 -59.91% 1.208  -81.50%

Table 8.1: Near-surface temperature breakdown for all relevant scenarios from chapter 5 and chapter 6. Induced temperature changes
are provided in milikelvin (mK), obtained through the use of the REACT4C and IPCC A1T emission inventory, for the year 2100. Including
the contributions of all CO, and non-CO emissions, along with their percentage-based difference to the baseline value for varying trend
factorization values.

significant climate impact resulting from contrail-cirrus. The contrail-cirrus has only been evaluated in these
studies through post-processing based on literature, besides the in AirClim chemistry model dealing with the
general formation, coverage, and radiative forcing calculations. Thus creating a direct relationship between
fuel consumption and flown distance, which is bound through scaling assumptions to the 3D emission in-
ventory. With current initialization conditions and chosen boundary conditions, the contribution is around
27% of the baseline climate impact, making it a relevant contribution. Contrail formation and subsequent
climate impact are highly conditional, meaning that with adequate data, knowledge, and situational opti-
mization, the related impact could be reduced when scientific consensus and economics agree. For example,
one can compute the needed fuel to divert climate-sensitive regions, thereby potentially having to fly shortly
at a lower altitude, which might then allow for more climate impact reductions as was touched upon.

The previous scenarios did not achieve to support the goals agreed upon by the Paris Agreement, within the
limited scope of assuming an average contribution of the aviation sector at 5% of total anthropogenic warm-
ing. Some scenarios showed a desirable performance, which is turned to next. First, the exploratory quantita-
tive scenario includes the 40% taxation with the CORSIA+ offsetting scheme and the Flight Path 2050 Elno,-
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Induced Temperature Change Caused by NOy for Specified Scenarios
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Figure 8.3: Change of the net-NOy with years on the horizontal axis and temperature change in milikelvin (mK) on the vertical axis,
representing the induced temperature change for the Flight Path 2050 scenarios

trend assumptions. This scenario assumes a full carbon offset realizing CNG, and the 40% does not rely
on a complex underlying economical model. The T40-CORSIA+ scenario performs similar to the IATA-T4b-
CORSIA+, where the climate impact is reduced by about 60%. Here, it remains true that the contrail-cirrus
climate impact remains the bottleneck. Naturally, when adding modules that reduce the contrail-cirrus ITC,
the scenarios’ climate impact is reduced even further, such as for the T40F5-CORSIA+ and the ITATA-T4bF5-
CORSIA+, which display a satisfactory outcome. This result logically flows from the previously set out tests
and reduces the major climate impact groups: CO-, net- N Oy-effects, and the contrail-cirrus. The only way
to remain below the targets set is to start fast and not focus only on either CO,- or non-CO;-emissions. How-
ever, this current model assumes many aspects such as market module elasticity, fuel savings from formation
flight, participating aircraft in formation flight, and much more as static, where they are dynamic. To present
a counter-argument to the relatively optimistic results, the DoU-future was modeled to outline the impact
of some assumptions made earlier for satisfactory models. The near-surface temperature ended up being
around 105 mK, thus surpassing the goal but displaying a stabilizing climate impact in terms of growth. Tak-
ing into account emission inventory uncertainty or the potential of an A1B future over an A1T future, and the
factorization with other work from literature discussed earlier, this scenario could still present a feasible sce-
nario to achieve the goals of the Paris Agreement. The opposite could also remain true, the results obtained
through the use of mean values for species RF could yield an underestimate of the total ITC.

The largest near-surface temperature-inducing entities, which are the primary argument of the implications
made, are still a large uncertainty. Lee et al. [2021] states with displaying a 5-95% confidence that the mean
values of 149.1 mW/m? between 1940 and 2018, can vary with about 80 mW/ m2. Both contrail-cirrus and
net-NO,-effects are sources of large uncertainty, with contrail-cirrus estimated at a mean of 111.4 mW/m?
and uncertainty of around 78 mW/m?. The net-NO,-effect could even display cooling effects, which could
imply that the net-NOy-effect and contrail-cirrus expressed climate impact can be much lower or higher
than expected. The highest certainty lies in reducing the CO, ITC, but this is a strategy that would rely upon
a hopeful future as it constitutes 39% of the total climate impact, and displays the highest inertia due to the
slow uptake of CO, emissions. This fact was already presented with Figure 6.4 and can be further elaborated
with Figure 8.3, which shows that from 2050 on-wards the net- NO,-effects ITC reduces significantly from
about a difference of 20 mK between the FP2050-Continuous and FP2050-Constant case, to 5 mK in 2080
climbing converging steadily. Conversely, the CO,-response is much slower, which could be vital when the
aim is to remain below some threshold. The longer CO, reducing measures are postponed, there is a higher
reliance on the reduction of shorter-life-time emissions, which could be either technologically impossible or
economically unviable. Approaching this problem with too much optimism might diminish the focus on the
more uncertain components and stimulate inaction, which sudden and rapid action can not set straight.






Aviation and Climate Goals; In Conclusion

This research aimed to search for the possibilities for the aviation sector of supporting the goals set in the Paris
Agreement, which dictates a maximal temperature change of 2.0 °C but is more generally interpreted with a
safety margin as 1.5 °C. The aviation industry is responsible for about 5% of the anthropogenic warming,
which comes with an uncertainty of 2-14% [Grewe et al., 2019]. These aspects were synthesized into the
research question:

Are the anticipated developments in the aviation sector in support of the goals agreed upon in the Paris
Agreement, assessing performance through a scenario-based approach and the climate evaluation tool
AirClim.

To answer the question research was required to scope this broad topic, which is approachable from many
different points of view and design ideologies. The analysis was made possible through the use of the DLR-
designed climate evaluation tool AirClim [Grewe and Stenke, 2008, Dahlmann et al., 2016a], furthermore Air-
Clim was used in Grewe et al. [2021] serving as a pretext for this thesis. To create tangible storylines, scenarios
were built based upon the three identified developmental spheres; the operational sphere, the technological
sphere, and the political sphere. Each of these spheres is infinitely complex, where for example the political
sphere is addressed qualitatively. Nonetheless, being fully aware of the qualitative/quantitative divide and
the limited accuracy caused by uncertainties in modeling and calculating climate impact, conclusions can be
drawn.

The ambitions set by the researchers for the Flight Path 2050 have resulted in the goals for 75% CO, and 90%
NO, emissions reduction per passenger kilometer. Modeling for these goals through assuming reductions
in fuel consumption and NOy emission performance has shown a favorable climate impact performance as
shown in Figure 6.3. Neither case remained below the 75 mK threshold of the Paris Agreement, but they did
stay below the 100 mK, which is the higher threshold of the Paris Agreement. Comparing this outcome to the
work from Figure 5.2, adding the discussion from chapter 8 and applying the established factorization, the
result would then remain below even the 75 mK threshold. The aviation sector is a slowly changing industry
and will unlikely become green given the high energy demand for aviation and the extreme conditions experi-
enced in general. Other branches, such as the automotive industry, could more easily transition to technology
such as electric transport. Aviation will likely be a sector dependent on other more able sectors to transition
and make up for the deficit aviation creates, which will initially allow for carbon offsetting via schemes such
as the Carbon Offsetting Reduction Scheme for International Aviation and other relevant climate policy. Car-
bon offsetting will be an easy and vital aspect of the aviation sector transition to less climate impact, but it will
not allow for carbon neutrality of the overall mechanism. The flow of assets to companies generating CO»-
certificates will have positive results but hopefully, the availability of the carbon offsetting option will not
deprive technological advancement, for which a basis has been laid throughout this research. It remains the
question if the market-based mechanism, built to allow for further growth of the aviation sector, will take rele-
vant emissions other than CO; into account as time passes. Provided uncertainty exists, non-CO,-emissions
and their effects make up around 60% of the climate impact. If schemes predominantly focus on emissions
containing only a small uncertainty due to high scientific consensus, such as CO,-emissions, tangible action
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for non-CO, emissions might take too long. Current modeling setup has shown that if a pathway like FP2050
could be achieved, meaning that the sector would grow carbon neutrally, alongside the substantial reduction
of fuel consumption and NO,-emissions, the aviation induced climate impact has a chance of staying below
the threshold for the Paris Agreement. This statement is made with the clear understanding that to make
this scenario a reality, the aviation sector has to be radically overhauled by first a change in mindset, which
focuses on climate impact, besides a radical overhaul of the current homogeneous infrastructure. More rad-
ical testing is needed on directly applicable operational strategies, and a better definition of priority through
economic incentives e.g. for research and roll-out of low- NO, technologies such as flameless combustion.
One aspect is certain, the future of the aviation sector lies in the hand of a host of organizations and coun-
tries, to improve upon the current scenario is possible through the ability and willingness of these respective
parties. Especially considering the delayed response of emission expression poses the largest problem given
the political system is often short-term based these days, thus the question remains if the covered temporal
trends can be realized even if they are technically speaking attainable.

Numerous tools were studied, from formation flight reducing the fuel consumption due to efficient wake surf-
ing and the contrail-cirrus radiative forcing due to changing ice mass and extinction time, to more qualitative
tools such as demand impulses due to taxation. Both the qualitative and the quantitative narratives were
written and studied through the climate evaluation tool, for it is hardly possible to give a quantitative model
regarding the whole. This thesis shows what a reduction in fuel consumption could yield, and attaches a
reason to this reduction, but the interpretation of it can be varied through logical qualitative operations. For
example, the IATA roadmap to 2050 provided a framework through the CO,-intensity of the technological
future of the aviation sector, focusing on the reduction of fuel consumption. But that reduction in fuel con-
sumption can also be achieved by a patchwork of policies and technological advances. Instead of a top-down
approach to study the impact of the whole sector, bottom-up studies should be performed to allow for tangi-
ble actions needed by individual components of the overall system. There needs to be an interplay between
global top-down studies, which generates specialized bottom-up assessments to get a more detailed idea of
what can be achieved.

The general fact is, that the baseline scenario displays three components that have to be reduced, regard-
less of their radiative forcing confidence interval. The reduction of CO;-emission can be tackled through
general fuel consumption reductions and carbon offsetting, which is still in its infancy. Schemes to reduce
NO,-emissions currently rest on the requirements set by the ICAO CEAP, and the reduction potential of NO,
is uncertain both in terms of how much can be reduced by technology, besides the actual impact of the net-
NO-effects. Some options could be hopeful, such as electric propulsion, which will likely initially only be for
smaller seat-classes aircraft and potentially for bigger aircraft later. One could switch to hydrogen propulsion,
which could remove the NO, but inversely would increase the water vapor content, which could change the
impact of the contrail-formation tremendously if not assessed properly. Necessity might allow a higher ac-
ceptance for reverting to propeller-based propulsion, but it seems doubtful that slower aviation will become
an acceptable norm again. Methods such as RQL and the current still uncertain developments of flameless
combustion could drive down the NO,-emissions of the currently used engine types. Improvements such as
novel aircraft designs, which would lower the fuel consumption even when using the current engines, could
also assist this effort to reduce the NO, per passenger kilometer and thus the absolute NO,-emissions. The
options of mixing and matching strategies for operations, human psychology, and technological advance-
ment are limitless. Similarly, as was mentioned about relying too much on policy-based strategies such as
carbon offsetting, it would be dangerous to rely solely upon technology. Approaching the problem through
a combination of human psychology, through understanding why people travel by aircraft and what would
influence the behavior, besides improving the handling and technology in the aircraft itself.

Some scenarios contained unrealistic or qualitative expectations at best, regarding taxation, carbon offset-
ting, and e.g. formation flight, for which the primary purpose was to show what the addition of supplemen-
tary conceptual models could yield. To offset this too optimistic view, the Degree of Uncertainty-Future seen
in Figure 6.10 was generated. The DoU-Future combined a qualitative RPK reduction represented as a 20%
taxation increase, with reductions of CO, emissions through a light offsetting scheme, appended with the
assumption of 50% of the aircraft performing formation flight and a Elno, trend less ambitious but still re-
ducing the NO, emissions per kilogram of fuel by 60%. This scenario does not end up meeting the Paris
Agreement goal causing 104.9 mK of warming, with the blend of sustainable aviation fuel used potentially
allowing for CO, savings, which could conversely cause a decrease in climate performance of the scenario.
However, it is still a hopeful outcome, reducing the climate impact as opposed to a future where the climate



87

impact is not kept in check by 51%. If future efforts to meet the Paris Agreement goals will only focus on the
CO,-emissions, it is certain the aviation sector, using the current mean values for radiative forcing for non-
CO;-effects, will not pass the test of time. Refer to Figure 6.6 or the fact which every segment of this thesis
has outlined, showing that the only manner to systematically reduce all impact groups is by reducing the fuel
consumption. Be it through a pandemic or gains in efficiency. All sorts of strategies should be tried, even if the
application is inefficient highlighting the importance and stimulating further research. Even the pandemic,
which reduced air traffic to almost nothing but cargo-related traffic, only created a minor relief that did not
seem to have much effect on the continuation of climate impact after recovery but a slight deprivation.

The aviation sector may develop that it can support the goals set in the Paris Agreement, where the word
'support’ implies moving the aviation sector to the 75 mK goal, but it should also be read in a more general
sense. The 75 mK goals, which corresponds to the lower 1.5 °C Paris Agreement goals of near-surface temper-
ature increase compared to pre-industrial levels, is also already a figure based upon assumptions. It could be
that aviation becomes a relatively larger or smaller contributor to the overall anthropogenic warming in the
future. The aviation sector is one of the more extreme sectors to renovate, due to the high investment cost of
purchasing an aircraft and the long development process of new technology. It remains to be seen if this fact
might disallow the aviation sector to continue to grow and meet climate goals, in which case it is uncertain
what will happen then. Potentially, the aviation sector can be assisted by external sectors through offsetting,
for which also adequate studies are required to assess if this would be adequate, and what the potential im-
pact shift could be. The aviation market might fail to produce results, in which external policy and behavior
changes will be needed. Individual adjustments are already observed through flight shaming as a psycholog-
ical tool, for which it is uncertain if this will impact the macro-growth of aviation activity or not. Repeating
findings from G6ssling and Humpe [2020], the top 10% of emitters account for around 45% of CO,-equivalent
emissions. GOssling et al. [2019] underlined the fact that the oft-mentioned contribution of aviation to the
GDP and employment by advocates, the increased dependence on air travel goes in against SDGs such as
Production and Consumption and Climate Action, which contradicts the dedications of the Paris Agreement.
Reducing the climate impact to the intended goals will be extremely difficult, however, it is the obligation of
policymakers and especially global and economical powers to live up to their obligations. These obligations
will have to be fulfilled either through the removal of the fallacies and unfair power distribution currently pos-
sessed by the aviation sector, by re-assessing things such as tax exemptions, or through nudging the aircraft
manufacturers to take more risks by presenting adequate monetary rewards. The current world is far from
stabilizing, let alone solving the climate crisis. This thesis has illuminated several important aspects through
assessing the problem with a global scope, displaying both more certain and uncertain aspects of the prob-
lem. It generates a reasonable answer to the macro-problem but does not support or properly outlines all
the micro-problems, which will still require tireless efforts from researchers in the future. To not pro-actively
respond to these findings would be to set the next generations up for an unpredictable world on which plenty
of scientific and speculative literature has been based. It was conventional thinking and a lack of understand-
ing which got us into the current conundrum of growth versus climate, where unconventional thinking and
continued scientific pursuit of the issue might allow us to get out of it.
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Appendix A: Literature Review

Representation of Aircraft Type Fuel Performance per Revenue Passenger Kilometer
Condensed representation of the relevant aircraft types and their fuel efficiency, outlining the difficulty of
creating a uniform framework of efficiency due to large discrepancies between airliner fleets.
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Figure A.1: Fuel efficiency per aircraft from ITCC studies in units of RPK/L on the vertical axis and maximum take off weight on the
horizontal axis for both quad and twin engine aircraft. Results present a performance of a specific aircraft type with respect to an industry
average, where it can be seen that all quad engine aircraft perform below the industry average and newer twin engine aircraft such as the
Boeing 777 and 787 perform above industry average Graver et al. [2018]

General Breakdown of Formation Flights Test

This represents the overview of tests done regarding formation flight, showing that numerous combinations
have been tried. Often these combinations contain fighter-jets and not commercial airliners, which still re-
quires the necessary testing.
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Aircraft
Project Year | Results rera Conditions
Type
NASA 1998- | up to 18% fuel burn reduction flying nose- Type: Fighter-Jet
AFLP! 2001 to-tail 2xF/A-18 Mach: 0.56
Alt.: 7620 m
usarrrs: e e e Fighor
TALON 2001 o7 Saviig S | oS 283 x T-38 Mach: 0.47
Flights with 3 T-38s were inconclusive. High
GAGGLE . . Alt.: 3048 m
pilot workload with 3 crafts
. Type: Fighter-Jet +
NASA’s 29% ﬁ.lel savings flue to wake energy F/A-18 and Large Transporter
2003 Sufficient bandwidth for control. Milder than
SURE expected vortex effects be-8 Mach: -
P Alt.: 7620 m
13.1% +/- 7% fuel savings. Maintaining Type: Fighter-Jet
USAFF-16 s . Speed: 210/270/
2004 | stable position in vortex was described as 2xF-16
Dollar Draft . 300 knots CAS
a high workload. Alt: -
Mostly manually flown at 305 m and 914 m Type: Military-
NASA/USAF 2010 separation. Maximum reduction in fuel burn 2% C-17 Transport-Aircraft
CAPFIRE was around 6.8-7.8% which varied per wing. Mach: 0.46
Maximum avg. thrust reduction was 9.2% Alt.: 7620 m
At 1220 or 2440 m aft the leading aircraft. Type: Militarv-
DARPA/USAF/ Further distance makes it harder to harvest ype: ary
. 2012- . Transport-Aircraft
Boeing 2013 the core energy. 10-15% fuel savings were 2xC-17 Mach: 0.73-0.75
$AVES obtained. $AVE also led to better automated e ’
Alt.: 9144 m
software.
The collaboration with $AVE was cancelled
Boeing C-17/ in July 2018. l'?ooeing ﬂevY it% own th) 777F
models working hard with its TCAS .
777 Programs . . . . Type: Freigther
suppliers to assure safe flight. Good aircraft Boeing 777F .
(Part of Eco- 2018 . - . Mach: 0.46
data should provide sufficient for formation +C-17
Demonstrator . Alt.: 7620 m
Project) flight. The ecoDemonstrator showed 4-6%
fuel burn savings for a more civil-aircraft like
application.
NASA C-204/ Tests' performed.at 1220 meters apart. Type: Business-
Maximum sustained peak measured fuel flow
G-IIP 2016- . I G-III Jet
, reduction was 8%. Increased cabin noise of
Cooperative 2017 - . +C-20A Mach: 0.7
Traiect 1-2 dB was observed and vibrations were no Alt: 9144 m
@jectory worse than light turbulence. -
Type: Civil-
Airbus 2020- | Not performed yet. Estimated fuel savings A350-1000 Jet
AFFP 2021 between 5-10% [Airbus, 2020]. +A350-900 Mach: 0.73-0.76
Alt.: 9144 m

Table A.1: Performed and future large research schemes for formation flight indicating the project, year of testing, general results from
the test, aircraft types involved in the formation and the conditions of the flights [Nangia et al., 2020]. 1: AFLP: Autonomous Formation
Flight Project. 2: USAFTPS: US Air Force Test Pilot School. 3: $AVE: Surfing Aircraft Vortices for Energy. 4: TCAS: Traffic Collision
Avoidance System. 5: G-III: Gulfstream-III.

Aircraft’s Retrofits and Potential Savings
This section shows a breakdown taken from the IATA roadmap to 2050 report and re-made in latex, regarding
the technology retrofitting possibilities along with the savings each retrofit could yield in Table A.2. Table A.3
and Table A.4 provide an accessible breakdown for relevant strut-braced-wing concepts and blended wing
body concepts respectively.
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Concept Research Expected Fuel
Group Concept Institution or Group TLR Efficiency Increase
Advance Turbofan Rolls-Rovce 3 20% (Compared to
[Rolls-Royce, 2018] Y Trent 700)
25% (Compared to
Ultrafan [Rolls-Royce, 2018] Rolls-Royce 7 Trent 700)
. . 10% (Compared to
GE9X [General Electric, 2018] General Electric 8 GE90-115B)
New Engine Counter Rotating Fan Safran 3 15 - 20%
Architecture [Safran, 2017a)
Ultra-High Bypass
Ratio Engine Safran 5 20 to 25%
[Safran, 2017a])
Advanced Engine Zero Hub Fan
Concepts [Rolls-Royce, 2020] Rolls-Royce ’ 2t04%
Adaptive/Active Flow Resea.rch 10 t0 20%
Control Topic
Engine Cycle Ubiquitous Composites Resea‘rch 3 10 to 15%
(Gen 2) Topic
Natural Laminar Flow
(NLE) [Airbus, 2017] BLADE 8 51010%
Hybrid Laminar Flow
Control (HLFC) NASA - ERA Scheme 7 10 to 15%
[ICAO, 2016a]
Variable Camber with
New Control Surface NASA - Ames Research 5 5t010%
Center
Aerodynamics [Center, 2014]
yn APB WINGLETS
Spiroid Wingtip COMPANY LLC 7 210 6%
(Expired Patent)
Electric taxiing system
with Auto Transformer
Rectifier Unit ThalesGroup 8 3%
[ThalesGroup, 2017]
Systems Fuel Cells
(Safran, 2017b] Safran 8 1to 5%

Table A.2: Summary of aircraft retrofits per defined group of retrofitting, outlining the concept, research institution working on it, the
technology readiness level and the expected savings. Many retrofits are nearly ready for roll-out but retrofits such as active flow control
are only in the academic stages of research. Source: IATA Aircraft Technology Roadmap to 2050



100

A. Appendix A: Literature Review

Concept Concept EIS PrO]ect.ed Fuel Market
Savings Segment
Current Tech. - li\ir;gegg/é%d;]lﬁl
SUGAR Free Slmllar7t307Boelng N/A Baseline Designed: 900 NM
Pax: +/- 154
Conventional Cofig + Range: Medium
Refined SUGAR N+3 Tech, + Aftor 2035 Reiﬁi’;gﬁi‘fﬁuelgfgn 4 | Max:3500NM
(N+3 Tech) NEXTGEN ATC + € ! gsg o Designed: 900 NM
GE gFan 8 §sp Pax: +/- 154
. 39% up to 58% reduced Range: Medium
SUGAR High High span SBW + fuel burn if wing weight Max: 3500 NM
N+3 Technology + After 2035 . . .
(N+3 Tech) reduction and aerodynamic | Designed: 900 NM
GE gFan+ and open fan .
improvements Pax: +/- 154
SUGAR HIGH Config + Range: Medium
battery gas turbine 63% up to 90% fuel burn Max: 3500 NM
SUGAR Volt hybrid propulsion After 2035 reduction Designed: 900 NM
(GE hFan) Pax: +/- 154
s Range: Medium
Hybrid Wing Body + )
SUGAR Ray SUGAR High Tech. + After 2035 43% reduced fuel burn M.ax : 3500 NM
(BWB) . Designed: 900 NM
(Reduced Noise Focus)
Pax: +/- 154
ngh Wing Sp an Range: Medium
N+4 High Aspect Ratio Max: 3500 NM
(2040-2045) High Lift over Drag + 2040-2045 53.3% reduced fuel burn Desi r;e d: 900 NM
SUGAR High GE 2045 Engines gnec:
Pax: +/- 154
(gFan++)
N+4 Technology+ Range: Medium
Liquified Nitrogen Gas+ Max: 3500 NM
SUGAR Freeze GE 2045 Engines After 2045 57.2% reduced fuel burn Designed: 900 NM
(gFan++) Pax: +/- 154
Range: Medium
SUGAR Freeze SUGAR Freeze + Max: 3500 NM
UDF Unducted Fans After 2045 62.1% reduced fuel burn Designed: 900 NM
Pax: +/- 154
Range: Medium
SUGAR Freeze SUGAR Freeze + Max: 3500 NM
HYBRID BLI Hybrid BLI After 2045 60.8% reduced fuel burn Designed: 900 NM
Pax: +/- 154
Range: Medium
SUGAR Freeze SUGAR Freeze + Max: 3500 NM
HYBRID UDF || Hybrid Unducted Fans | “T€72045 | 64.1%reducedfuelburn | n oo 900 NM
Pax: +/- 154

Table A.3: Boeing SUGAR initiative breakdown of all relevant concepts including the name, general lay-out, entry into service (EIS) year,
expected fuel savings and the market it will be used for. A variety of concepts exist with the fuel savings percentages relating to the
SUGAR Free, which is a strut-braced-wing concept with similar technology to the Boeing 737[Bradley and Droney, 2012, Bradley et al.,

2015, International Air Transport Association (IATA), 2019].
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Concept Concept EIS Project.ed Fuel Market
Savings Segment
BWB +
DZYNE Semi-Buried 39% fuel burn Range: Diverse
Bizjet Nacelles + After 2025 (compared to Design: 8200 NM
Pivot-Piston G650ER) Pax: 18
Landing Gear
BWB +
Semi-Buried 43% fuel burn Range: Long-Haul
DZYNE Nacelles + After Bizjet (compared to Desig'n' 3200 NM
BWB-112 Pivot-Piston Bombardier Pa).(' 112
Landing Gear + CS-100) :
T-Plug
BWB +
Semi-Buried 39% fuel burn Range: Long-Haul
DZYNE Nacelles + .. -
BWB-165 Pivot-Piston After Bizjet (compared to Design: 3500 NM
. 737 MAX 8) Pax: 165
Landing Gear +
T-Plug
BWB +
Semi-Buried 40% fuel burn Range: Long-Haul
DZYNE Nacelles + .. -
BWB-210 Pivot-Piston After Bizjet (compared to Design: 3800 NM
. 737 MAX 9) Pax: 210
Landing Gear +
T-Plug
V-Shaped BWB +
e R
Flying-V . N/A . Design: A350 Similar
Turbines + best-in-class 2019 Pax: 314
A350 Wingspan + A350) :
A350 Capacity
56% with 2035 Tech.
Composite Double Different 29% fuel burn with
D8 Bubble Concept + Models for wing mounted engines | Range: Short-Medium
(NASA, Aurora, BLI Engines OR 20252030 for 2025 Design: 3000 NM
P&W and MIT) Wing Mounted and 2035+ (Compared to Pax: 314
Engines Boeing 737-800/
A320)

Table A.4: NASA X-Plane BWB and Double Bubble concepts with relevant information regarding EIS and projected fuel savings
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