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Abstract:

The current state of climate change emphasises
the need for new practices and technologies, to
phase out conventional fossil fuels, which currently
contribute significantly to climate change. As most
sectors are able to directly electrify, some sectors,
including the aviation sector, are currently unable
to do so. As the demand for aviation continues to
grow, where the sector currently accounts for 2-3 %
of global emissions, it is important to uncover how
this sector can reach climate neutrality. in light
of this, international and regional plans have been
proposed to replace fossil fuel with alternative fuels
such as e-SAF. To assess the transition towards e-
SAF the fuel demand at CPH Airport in 2050 has
been estimated. This has enabled an estimation
in domestic feedstock demand to produce e-SAF
to cover the fuel demand at CPH Airport. Based
on the sources of feedstock supply and expenses
of the required technologies for e-SAF production,
it is estimated that e-SAF will be more expensive
than fossil fuel. However, by driving down the
electricity price, the cost gap between e-SAF and
fossil fuel is lowered significantly.  Additional
economic instruments such as CO, taxation and
system integration of e-SAF production can ensure
competitiveness of the e-SAF product. Despite
the apparent opportunities of e-SAF, uncertainties
and challenges remain regarding renewable power
production, which risks jeopardising domestic e-
SAF production to cover the fuel demand at CPH
Airport.
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Introduction

Denmark, as well as several other countries, is in the midst of an ongoing green transition
in order to address climate change and limit global warming, as symbolised by adopting the
Paris Agreement the European Climate Law as well theDanish Climate Act in recent years
(UNFCCC, 2016; European Commission, 2020; The Danish Ministry of Climate, Energy and
Utilities, 2020).

One of the main factors causing global warming is the utilisation and combustion of fossil
fuels, which contributes signi cantly to global warming (IPCC, 2022).

The original political reason for addressing these practices was, however, not global warming,
but the oil crises during the '70s and '90s, which exposed European countries to the
dependence of fuel imports. The oil crises caused an economic downturn, as oil prices
spiked. This a ected the whole of the society, as transport, electricity generation and heating
depended on oil imports. As a response, the political discourse changed, and energy policies
began focusing on alternative, domestic production to limit the dependence on imported
fuels. This resulted in explorations to uncover potential oil and gas reserves within the
domestic borders, but also the widespread implementation of renewable energy in the energy
systems. The path towards energy Independence later evolved into decreasing, €@issions

to mitigate climate change, as renewable energy holds the key to achieving a climate-
neutral energy system while maintaining or increasing the energy supply. Additionally,
electricity generation from renewable sources has, through development, enabled a much
lower electricity price, which further incentivises the expansion of renewables. As of 2022
renewable electricity generation amounted to 51 % of the primary energy production in
Denmark (The Danish Energy Agency, 2015, 2023).

The current Russo-Ukraine war has meanwhile reignited the political interest for energy
independence, as the EU and Denmark import substantial amounts of natural gas and
oil from Russia. Although most sectors are technically able to transition from fuels to
electricity, some sectors are currently not able to do so. One sector which is associated with
signi cant challenges hereof is the aviation sector (European Union, 2023; Smed et al., 2022).
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Additionally, the aviation sector accounts for about 3% of global C@emissions, contributing
signi cantly to global warming (Ritchie et al., 2019; IEA, 2019). Therefore, to enable the
independence of imported fossil fuels and eliminate emissions within the sector, a sustainable
and domestically produced alternative would be necessary to ensure independence from
outside factors while mitigating climate change. The present project therefore delves into
the challenges and possibilities for domestic sustainable fuel production to cover the fuel
demand at the largest Danish airport by 2050.




Problem Analysis

This chapter presents the problem analysis, wherein the context and background for the scope
of the present project is analysed and examined. The chapter is divided into the following
sections: Introduction, Relevant Legislation & Targets, Sustainable Alternatives to Fossil
Air Travel, and Feedstock Challenges and Opportunities for sustainable fuel alternatives for
aviation.

2.1 Contextualisation

Greenhouse Gas Emissions (GHG-emissions) from human activities across trall sectors and
industries conibute to the gradual warming of the globe, which leads to the earth's ecosystems
reaching their respective tipping points. Consequently, all industries must swiftly transition
from utilisation of fossil fuels towards sustainable pathways to reduce GHG emissions and
thereby prevent irreversible damage to as many ecosystems as possible (IPCC, 2022).

Currently, the aviation sector accounts for approximately 3 % of the global GHG emission
(Ritchie, 2020). Although this might seem insigni cant, the sector is on course to account for

a much larger share of emissions as other sectors gradually reduce their emissions through
electri cation, and the demand in the aviation sector increases (Bube et al., 2024). To
express this numerically, CQ emissions from the aviation sector have increased at a rate of
approximately 2.3 % per year since 1990, where it is anticipated that the emissions levels will
surpass the current peak level observed in 2019 by 2025. Measures and changes are, therefore,
needed to reduce emissions from the aviation sector to get on track with international and
national pledges for GHG reduction and follow suit with other sectors (International Energy
Agency, 2023).

For aviation, direct electri cation and hydrogen pathways remain improbable on the global
and regional scale in the near future, however, research in these pathways remains steadfast,
as they can provide substantial reductions of GHG-emissions on short-haul ights (Bitossi
et al.,, 2020; International Energy Agency, 2023). This thesis takes departure in the
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challenges of reducing emissions from medium- to long haul ights, where alternative modes
of propulsion seem unlikely to substitute conventional jet engines.

The following sections delve into relevant legislation, technical possibilities for aviation to
reduce GHG emissions, as well as the challenges associated with this transition from a Danish
perspective.

2.2 Relevant Legislation & Targets

To govern aviation emissions, a legislative framework is a necessity, as the sector otherwise is
encouraged to utilise fossil fuels as long as crude oil is associated with low costs. This section,
therefore, describes relevant proposed and adopted legislative packages for the aviation sector
on international, regional, and national arenas, as these are indicative of the development of
the sector towards climate neutrality.

2.2.1 International Legislation

On an international level, the International Civil Aviation Organisation, known as ICAO,

is the agency responsible for governing the aviation sector U.S. Mission to ICAO (nd).
Established in 1947, the organisation operates within the United Nations. The Agency
therefore encompasses all member states (ICAO, ndb). In addition, it encompasses the global
aviation sector, including manufacturers, airlines and airports. The organisation works in
close relation with regional aviation agencies, to ensure that minimum requirements for
aviation security are met globally. Furthermore, ICAO formulates policies and standards for
the sector (ICAO, nda).

In the wake of the Paris Agreement in 2015, ICAO put forth four initiatives to reduce
emissions from aviation on a global scale, dubbed 'basket of measures'. These measures aim
to reduce emissions signi cantly within the sector and aim to reach net-zero emissions by
2050. These include R&D in Aircraft Technologies, Operational Improvements for operators
and airports, Implementation of Sustainable Aviation Fuels (SAF), and the CORSIA scheme,
which is described in the following section(UNFCCC, 2018).

CORSIA

The most notable measure within the 'basket of measures' is tHeORSIA scheme, as this
enables the sector to reduce emissions without signi cant technical overhauls. CORSIA is
the abbreviation for Carbon O setting and Reduction Scheme for International Aviation

4
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The CORSIA scheme mandates that every UN member state, excluding least developed
countries, underdeveloped island states, and underdeveloped landlocked states, has to o set
their remaining emissions from aviation, from 2027 to 2035 to maintain the sectors annual
emissions at 2020-level (UNFCCC, 2018).

A critical aspect of CORSIA is monitoring o sets, as o sets historically have been associated
with false claims (Anderson, 2012). Therefore CORSIA contains numerous requirements for
0 sets to ensure transparency (ICAO, 2019).

The emissions targets and measures put forward by ICAO must be supported by regional and
national targets to be successfully enforced, hence the following section delves into regional
and national targets and measures.

2.2.2 Regional Legislation

On a regional level, the EU has been one of the main drivers for the reduction of GHG
emissions, where they de ne speci ¢ emissions reduction targets, principles, and measures
for the aviation sector. These are described in depth in the following sections.

EU ETS

One major step in governing emissions from aviation, was the introduction of aviation
emission in theEU Emissions Trading System also known asEU ETS, in 2012. This
means that operators operating within Europe have a certain amount of carbon allowances,
where one allowance permits the operator to emit one tonne of G& Based on emissions
history, a certain amount of allowances are allocated to each operator, after which they are
free to buy or sell allowances to other operators to balance emissions accounting. Each year
a certain number of allowances are surrendered based on emissions from the previous year,
resulting in a smaller pool of allowances, driving up the cost of each allowance. This forces
operators to reduce emissions, as sustainable pathways become more economically attractive
than the cost of allowances. In addition, a penalty of 100 EUR per tonne of G® emitted
without allowances is applied. Only internal ights in the European Economic Area are
included, meaning that substantial amounts of emissions deriving from airports within the
European Economic Area remain unaccounted for (European Commission, nd).
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REfuelEU Aviation

As part of the Fit for 55 package, RefuelEU Aviation is the legislative package for the
European aviation sector. The package was adopted in October 2023 with the primary
purpose of reducing GHG emissions and increasing the demand for SAF in the aviation
sector, thus aligning this sector with the targets of the EU's Climate Law (European Union,
2023).

The package mandates a gradual increase of the minimum share of SAF in fuel blends for
aircraft operators at airports in Europe. From 2025, operators are required to use a minimum
share of 2 % of SAF in fuel blends, which gradually increases to 70 % in 2050 (European
Union, 2023). As SAF includes both biofuels (bio-SAF) and synthetic fuels (e-SAF), a
sub-mandate for e-SAF minimum shares in fuel blends is also applied. This is included as a
supplement to the overall SAF targets, as it would ensure that the production and utilisation

of bio-jet fuels are restricted due to its associations with Land Use Change (European Union,
2023).

The criteria for eligible varieties of SAF are de ned by theRenewable Energy Directive |l
hence the targets of RefuelEU Aviation are designed to comply with that (European Union,
2023; European Commission, 2023).

An overview of the speci c targets is listed in the table below.

Table 2.1. Overview of minimum share of SAF and e-SAF in fuel blends from 2025-2050
(European Union, 2023).
Fuel Blend % 2025 2030 2035 2040 2045 2050
Minimum Share of SAF 2 % 6% 20% 34% 42% 70%
Minimum Share of e-SAF - 1.220% 5% 10% 15% 35%

In addition to fuel blend targets, provisions to avoid fuel tankering practices are also included
in the legislative package, as operators tend to overfuel at airports with lower fuel prices. The
rationale behind this objective is that ying with excess fuel leads to increased emissions and
fuel consumption due to heavier takeo - and landing weights. In addition, it also ensures
that ights departing from EU airports are lled with fuels that conform with the minimum
SAF and e-SAF blend shares presented above (European Union, 2023).

2.2.3 National Legislation

An equivalent ambition to reduce GHG emissions from the aviation sector is also present on
the Danish national level, as international and regional legislation functions as the framework
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for national legislation.

Danish PtX Strategy & Agreement

This ambition is re ected in the Danish Power-to-X Strategy and the subsequent agreement
ratifying the strategy. In this agreement, a target for hydrogen electrolysis capacity has been
set, which is 4-6 GW before the year 2030. From this capacity, Power-to-X products such as
Green Hydrogen, Methanol, e-SAF, Ammonia, and so forth can be produced, which entails
that Denmark is indirectly committed to the e-SAF pathway for reducing emissions in the
aviation sector (The Danish Government, 2022a).

Despite a capacity target being set, there is no exact distribution de ned between the
production of the above-mentioned PtX products in the agreement. Instead, it has been
decided from a political standpoint that the distribution is dictated by market conditions.
Therefore, it is up to each project partner to determine the course of their projects in terms
of what should be produced (The Danish Government, 2022a).

As of March 2024, an extensive list of PtX projects has been announced, which, if realised,
accumulate to an expected production capacity of 17.8 GW in 2030. From this, it is claimed
that the aviation sector will be able to absorb approximately 1.2 GW of the total capacity,
which translates t0236.000 tonnes of e-SAF (Brintbranchen, 2024).

2.3 Sustainable Alternatives to Fossil Air Travel

The general trend across sectors is to electrify as much as possible, to enable high e ciency
and eliminate emissions. In the transport sector, this is ideally achieved through rechargeable
batteries, however, it is currently only possible to transition to batteries in aviation to a
limited extent (Edelenbosch et al., 2022; Gray et al., 2021). The next best alternative,
utilisation of green hydrogen through fuel cells or combustion, is also associated with
uncertainties regarding R&D (Gray et al., 2021). There are currently concepts and interest
in the eld of hydrogen and electric propulsion, which suggests that commercial hydrogen
aircraft for short- and medium-haul ights could be implemented before 2040, however, it
is still riddled with uncertainties (Airbus, 2024; Reed, 2021). The general expectation in
aviation is that battery- and hydrogen-propelled planes will replace a portion of the current
eet on short- and medium-haul ights towards 2050, while conventional propulsion will
remain on long-haul ights (Gray et al., 2021; Bergero et al., 2023). central reasons behind
this come down to the technical properties of batteries, hydrogen and conventional jet fuel,
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which are delved into in the following sections.

2.3.1 Technical Barriers for Other Modes of Propulsion

Compared to the remaining transport sector, the aviation sector is currently limited to long-
chain hydrocarbon fuels. This can by in large be pertained to the energy needs for aircraft
during take-o and landing, combined with longer routes relative to road and rail transport
(Hepperle, 2012).

For planes to take o, they need a fuel with low weight relative to its energy content
(Hepperle, 2012). This is dubbed 'gravimetric energy density’. Furthermore, they require a
fuel with low volume relative to its energy content to contain the fuel in as small an area as
possible, making room for passengers and goods. This is dubbed 'volumetric energy density'.

Figure 2.1 illustrates the volumetric and gravimetric energy densities of various fuels,
including batteries, hydrocarbon chain fuels, and non-carbon fuels:

As shown in Figure 2.1, the volumetric and
gravimetric energy density of Lithium-ion
batteries are low relative to conventional
fuels derived from re ning crude oil, which
all have similar characteristics regarding
energy density. Interesting to note is
that liquid hydrogen has a high volumetric
energy density and a low volumetric energy
density, which indicates that a much larger
fuel tank and changes to airframes would
be required for this fuel to be utilised in
aviation.  Lithium-ion batteries (marked . _ _ _
Figure 2.1. Gravimetric and volumetric energy
with green), along with other batteries, are density of various fuels (Data from

(Yin et al., 2018; Bitossi et al.,
and gravimetric energy density relative to 2020)).

hydro carbon fuels. If utilised in aviation,

currently characterised by a low volumetric

this would result in a heavy aircraft per carried load, resulting in higher energy consumption

during take-o and landing, making less room for passengers and goods (Bitossi et al.,
2020). Kerosene, marked by blue in Figure 2.1, has a fairly high volumetric and gravimetric
energy density (Bitossi et al., 2020). Other traits include a low freezing point, which enables
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utilisation in high altitudes making it ideal for aviation.

As hydrogen is characterised by a low volumetric energy density and batteries currently are
characterised by low volumetric and gravimetric energy density, they are unlikely to widely
replace kerosene in aviation. Although research in battery- and hydrogen propelled aviation
suggests that shorter routes can be replaced by these technologies in the near future, as
short-haul ights eliminate the need for larger fuel tanks for H storage and large batteries
(Bitossi et al., 2020).

Another barrier for replacing kerosene is the level of dependence, built up over the years.
Since every aircraft re lls at airports and most large airports have centralised fuelling
systems, every aircraft utilises the same fuel (Hromadka and Ciger, 2015). It would
be inconvenient to shift partially to other fuel compounds, as this necessitates major
infrastructural changes to fuel pipe systems in most major airports. Furthermore, jet engines
have been perfected to combust jet fuel to a degree which has reduced the risk of failure
and accidents dramatically (Panish Shia Ravipudi, 2023). It would be unacceptable for the
sector to shift to another fuel without assuring the same level of safety. Therefore, it requires
many years worth of research into other fuel compounds for aviation before they are deemed
eligible for commercial aviation (Courtin and Hansman, 2018).

The remaining pathways for aviation to reach climate neutrality are through production of
jet fuels that do no contain fossil crude oil. These are delved into in the following sections.

2.3.2 Sustainable Pathways for Jet Fuel Production

As mentioned in the section above, it is dicult to transition away from conventional jet
fuel, as alternatives such as battery-electric and hydrogen do not o er the same capabilities.
One potential pathway isSustainable Aviation Fuelsas this pathway o ers a climate-neutral
mode of propulsion without the need for major changes in equipment and operations (Bitossi
et al., 2020).

Bio-SAF & e-SAF

Sustainable Aviation Fuels, known as SAF, enable the utilisation of the existing aviation
eet and fuelling infrastructure, as the chemical compound of SAF is similar to conventional
jet fuel. The term includes a variety of drop-in fuels with characteristics that vary slightly

in comparison to conventional jet fuel. The common denominator of SAF is that they are
produced through the utilisation of sustainable feedstocks instead of fossil feedstocks (Bitossi
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et al., 2020). SAF can be divided into two main groups, namelgio-SAF and electro-SAF,
also known ase-SAF (Bitossi et al., 2020).

Bio-SAF includes fuels such as HEFA, HEFA-SPK, HVO, and SIP, which di erentiate
depending on the production process and feedstock. The typical feedstock for production
are energy crops, unwanted vegetable- and animal fats, and other types of residues (Mayeres
et al., 2023). Although these fuels can be considered climate-neutral, wide-scale use should
be limited due to the risk of direct and indirect changes in land use, which can lead to
scarcity in food and feed for food production, biodiversity loss, emissions from peat lands,
etc. (European Commission, 2023; IPCC, 2022).

E-SAF di ers from bio-SAF in that the fuel is produced through various chemical syntheses.
Common for all e-SAF pathways is the production of hydrogen through electrolysis.
Furthermore, the process requires carbon to synthesise kerosene, which can be extracted
from biogenic sources or directly from ambient air in the form of CO Currently, the
Fischer-Tropsch synthesis and Methanol-to-Jet seem to be the most promising technologies
to synthesise e-SAF (Bitossi et al., 2020; Skov and Abid, 2024).

These processes are in general associated with less negative impact than the production of
bio-SAF, as renewable electricity and water for electrolysis are expected to be abundantly
available, unlike land area for fuel production. In addition, a large electrolysis plant can act
as a balancing factor in an energy system based on uctuating energy sources. Currently,
e-SAF is associated with signi cantly higher investment and operating costs than bio-SAF,
however as R&D improves the e-SAF pathways, the gap is expected to decrease signi cantly.
Policies such as ReFuelEU Aviation can act as a catalyst in this regard as the framework
mandates a certain share of e-SAF in the European Economic Area, increasing towards
2050(European Commission, 2023; Mayeres et al., 2023).

As e-SAF pathways provide a cleaner end product and as the general focus within the
European aviation sector shifts towards these pathways, the present report is delimited to
e-SAF.

The general consensus regarding e-SAF is that it eventually represents the largest share.
This is evident as the RefuelEU Aviation initiative mandates a blend of e-SAF at 35 % in
2050. Currently, this share of SAF blend is not approved for any pathway and at the present
moment only few pathways have been approved. The reasons behind the current caps for
fuel blends are delved into in the following section.

10
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Fuel Blends

Even though it is technically possible to utilise a fuel blend with 100 % SAF, it is not yet
approved by the governing body for fuel standards, ATSM International, at this moment in
time. Currently, it is approved to utilise fuel blends with up to 50 % SAF, when utilising
Fischer-Tropsch-derived fuels, whereas Methanol-to-Jet fuels currently are being processed
for approval (Skov and Abid, 2024; Bube et al., 2024).

SAFs require approval, as their chemical compounds vary slightly from fossil-derived jet
fuel. Although both fuel types mainly consist of long hydrocarbon chains, conventional
jet fuel also has a fossil-derived aromatic content between 8 and 25 % which ensures that
the characteristics of the fuel remain unchanged, depending on temperature and pressure
(Stau er, 2023). In addition, aromatics naturally create seals, which prevents fuel leakage
(Stau er, 2023). Currently, it is not possible to produce e-SAF with equivalent aromatic
content to conventional jet fuel since the aromatic component must derive from sustainable
sources for the fuel to be classi ed as sustainable. Although it is technically possible to
synthesise the aromatic components sustainably, it has not yet been approved for aviation
(Skov and Abid, 2024; Stau er, 2023).

2.4 Feedstock Challenges and Opportunities for e-SAF

As mentioned above, e-SAF requires sustainably sourced hydrogen and,C€or sustainable
hydrogen production, di erent electrolysis technologies can be utilised, all utilising the same
principle in terms of separating water through an electric current. The required feedstock
for electrolysis is low-conductivity water and electricity.

To source these feedstock sustainably, an array of challenges arise, although it can also bring
opportunities. The following sections delve into the possibilities and challenges regarding
sourcing and utilising each feedstock.

2.4.1 Future demands for feedstock

The general expectation is that the future cross-sectoral demand for renewable hydrogen
will be limited to processes that are unable to transition to direct electri cation leaving
behind only a few sectors that are unable to transition. These sectors will then determine
the production capacities of renewable hydrogen production. For CQit is currently only
utilised to a limited extent across sectors, although, as fossil fuels are phased out, the demand
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for sustainably derived CQ is expected to increase dramatically entailing an increase in the
cost of biogenic CQ, presenting a potential challenge for sourcing renewable G@or the
aviation sector.

The opportunities and challenges regarding each feedstock are further delved into in the
following sections.

Potentials and Challenges regarding production of Renewable Electricity for
Hydrogen Production

The main input in the production process of electrolysis is, as the name indicates, electricity.
Currently, most energy systems produce electricity through centralised power production
plants, however renewable technologies such as wind turbines and solar panels have proven
to be signi cantly more competitive in peak production hours than conventional power
production, while in addition being sustainable and abundantly available (The Danish
Energy Agency, 2024d,e).

A core challenge regarding renewable power generation is their uctuating characteristics,
which ignore the electricity demand at that certain moment in time. In this regard,
electrolysis plants might prove to be benecial, as they would introduce balancing
characteristics between renewable electricity production and demand. This would entail
that electrolysis plants have a surplus capacity, which is only utilised to a limited extent
(The Danish Energy Agency, 2024e,d).

Despite electrolysis plants o ering balancing characteristics to the energy system, the
uctuating nature of renewable technologies does pose a challenge for e-SAF production.
This stems from the fact that both Power-to-Methanol and FT plants have been designed
to operate at a continuous rate rather than at a dynamic rate, as they have been intended
for fossil energy sources, which are reliably available. When renewable energy is to be used
instead, the uctuating characteristics can result in frequent start-ups and shutdowns of the
plants if the electricity supply is below the minimum operating capacity of the plant. As a
result, this will negatively impact the e ciency of the system and the operating costs, since
cold start-ups extend for 2-3 days (The Danish Energy Agency, 2024e).

For this reason, a stable renewable electricity production with a large capacity is a necessity
for e-SAF production to operate e ciently, to which green hydrogen storage would be needed
to balance supply variations (The Danish Energy Agency, 2024e).

Another smaller, but still signi cant challenge is to source water with low conductivity. This
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is covered in the following section.

Water for the production of hydrogen through electrolysis

The second input in producing hydrogen is water, and a hydrogen electrolysis plant requires
substantial amounts of de-ionised water, with a conductivity below 1Scm?!, as this enables
e cient production of hydrogen (H,) through electrolysis (Becker et al., 2023).

The process of de-ionising water is associated with higher costs if the water contains more
impurities, why cleaner sources of water input are preferred (Simoes et al., 2021). One
challenge, which occurs when utilising cleaner sources of water, is that it might con ict with
other interests. Utilising water from less clean sources is, however, associated with higher
costs in the treatment phase (Simoes et al., 2021).

The challenge is therefore to uncover a su ciently cost-e ective pathway to de-ionised water,
that avoids con icts of interest with other sectors.

Limitations of biogenic CO , and other pathways for sustainable CO  ,-sourcing

To process hydrogen to methanol, and subsequently to e-SAF, carbon is required. Similar
to electricity for hydrogen production, the carbon source must also be sustainably sourced
for e-SAF to be classi ed as sustainable, which limits the feedstock options to biogenic and
non-fossil CQ (The Danish Energy Agency, 2024e,b).

Given that it is not possible to utilise fossil CQ, abundances of CQ can, therefore, not be
utilised for this purpose. Despite this, the production of e-SAF enables the utilisation of
biogenic CG, that otherwise would have been considered waste.

A signi cant challenge is, however, that this type of CQ would also become a hot commodity
for other sectors, which are in the same process of moving towards sustainability. This
indicates a potential cost increase of non-fossil GOdue to resource scarcity. A major issue
is, therefore, that biogenic and non-fossil CQis at risk of becoming such a sought-after
resource that emitters actively produce COto sell it. This creates a lock-in e ect, resulting

in Indirect and Direct Land Use Change (ILUC and LUC), as CQ as a commodity enables
a company to stay economically a oat. It is therefore important that the production of
biogenic CQ is carefully regulated and that CQ is considered a by-product of existing
activities (The Danish Energy Agency, 2024b; Mayeres et al., 2023; The Danish Energy
Agency, 2021b).

Non-fossil CQ captured directly from the ambient air is insofar an in nite resource, but
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a low technology readiness level and appertaining high operating costs currently prevent
widespread adaption of this technology. For this technology to become relevant, the cost of
production must decrease signi cantly for economically sustainable e-SAF production (The
Danish Energy Agency, 2024b).

The central limitation for biogenic and non-fossil CQ is, thus, that this resource will be
sought-after by several sectors within the foreseeable future, which will lead to resource
scarcity and increased prices. As a result, the cost of producing e-SAF would increase
substantially, as to why a reasonably cost-e ective pathway to source biogenic and non-fossil
CO, is a necessity. In addition, to ensure the sustainability of biogenic C&production it is

a necessity to regulate the future biogenic COproduction market (Mayeres et al., 2023).

2.4.2 Economic Challenges

In regards to the production of e-SAF, one of the main challenges is driving down the cost
of feedstock for production, as these have a substantial impact on the cost of the nal
product. According to Skov and Abid (2024), the cost of electricity is considered the most
in uential factor, although as CO, becomes a more sought-after commodity, it is likely to
have a substantial impact on the nal cost of e-SAF, as the demand for CQOreaches the
supply (Mayeres et al., 2023).

As the capacity of renewable electricity production is planned to be further expanded,
the cost of electricity is expected to decrease, due to the lower production cost of
renewable sources compared to conventional power plants and the larger supply (The Danish
Government, 2022b; Cevik and Ninomiya, 2022). Although to drive down the cost of
electricity, it is important that an array of technologies are utilised. This is the case as
each renewable electricity production technology is unable to reach a stable production on
its own, although they are able to support each other in their respective periods of high
production. In a Danish context, the relevant technologies include renewable electricity
production technologies, regional electricity trading systems, electricity storage technologies,
and sector coupling opportunities.

As hard-to-abate sectors transition towards renewable fuel alternatives, the aviation sector
is expected to compete with said industries in regards to biogenic G@nd green hydrogen
demand, notably the agricultural-, shipping-, plastic-, and metal industries, which could
entail resource scarcity for e-SAF production. The cross-sectoral transition away from fossil
fuel entails that biogenic CQ might become a coveted commodity, thereby increasing the
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price, and thus making the price for e-SAF even higher. Therefore, it is important to rely
on multiple sources of CQ, as the price and availability can change quickly (Mayeres et al.,
2023; Cui and Chen, 2024).

2.5 Chapter Summary

As speci ed in Section 2.3.2, the most suitable pathways for sustainable aviation are through
the production of synthetically produced aviation fuels. Although a share of the current eet
is expected to be replaced by alternative modes of propulsion, namely battery-driven and
hydrogen-driven propulsion, it is still expected that fuels with similar characteristics as
conventional jet fuel will be necessary to cover the future demands for longer routes.

As mentioned in Section 2.3.2, bio-derived fuels are associated with high risks of Indirect
Land Use Change as well as agricultural lock-in e ects. Therefore, further analyses are
limited to the production of synthetically produced fuels, with the exception of sourcing
biogenic carbon as feedstock for fuel production.

Synthetically produced sustainable aviation fuels, dubbed e-SAF, are associated with a
relatively high cost, by in large due to the cost of feedstock, namely carbon from non-fossil
CO, and renewable electricity, as mentioned in Section 2.4.2.

The challenge, therefore, remains to drive
down the cost of these feedstock to enable
a swift transition away from the present
utilisation of fossil aviation fuels.

In the context of this report, it is therefore

sought to estimate the future supply and

demand for the required feedstock for e-SAF

production, as well as identifying potential

policy changes to foster the utilisation of e-

SAF. The year, 2050 has been chosen as the

year of interest, as the EU has set ambitiousFigure 2.2.  Average distribution of passengers

targets regarding climate neutrality before at Danish airports during
2003-2022 (The Danish Civil

Aviation and Railway Authority,
2024).

the end of 2050. It is, therefore, interesting
to analyse the opportunities and challenges
regarding climate neutrality for the aviation
sector at that point in time.
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To accomplish this, CPH Airport is selected as a case for implementation of e-SAF, as it
stands as the leading airport in Denmark and functions as a hub for the Nordic countries
concerning regional and international ights when compared to the smaller airports, whose
primary activity instead is centred around domestic ights.

As seen in Figure 2.2, this amounts to CPH Airport handling 82.5 % of air passengers in
Denmark on average during the last 20 years, emphasising its importance for Danish air
travel, domestically and internationally (The Danish Civil Aviation and Railway Authority,
2024; Statistics Denmark, 2020). For this reason, CPH Airport is the largest facilitator of jet
fuel in Denmark currently and is expected to become a central hub for sustainable aviation
fuel in the foreseeable future, hence this report utilises CPH Airport as a case.
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Research Question

As identi ed in the Problem Analysis, the central problem regarding e-SAF production is to
source the necessary feedstock for production. In relation to this report, CPH Airport has
been chosen as a case to analyse the feedstock challenges and opportunities towards 2050.

The central question that this report seeks to answer is therefore:

How can e-SAF production through Methanol-to-Jet cover the fuel demand at
CPH Airport towards 2050, and how should feedstock for production be sourced
responsibly to meet the demands?

To answer the research question, the following analyses are performed:

" Analysis 1: Fuel & Feedstock Demand Mapping Analysis
" Analysis 2: Feedstock Sourcing Analysis
" Analysis Results: Cost Evaluation

The analyses are followed by a discussion where uncertainties, dynamics, mechanisms, and
alternative pathways for a climate-neutral aviation sector are discussed, taking departure in
interviews with key actors within the eld.

3.1 Scope & Delimitation

As described above, the scope of this project is to assess how an e-SAF production utilising
the Methanol-to-Jet pathway can be realised with emphasis on feedstock availability in order
to cover the fuel demand at CPH Airport in 2050 with domestic fuel production.

The project is generally performed from a macro perspective concerning domestic feedstock
availability relative to the location of CPH Airport. For this reason, the project is mostly
concerned with the availability and capacity of suitable sources in Denmark but is delimited
from delving further into factors such as speci c locations and local factors and conditions
in the vicinity of feedstock concentrations. Local factors that might be relevant when
determining the speci c locations for production include distance to settlements, protected
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areas, areas of cultural importance, and more are important to include when determining the
speci ¢ location for production. The project, therefore, follows a rational planning approach
rather than a relational approach.

As Methanol-to-Jet is determined to be the ideal pathway for replacing fossil jet fuel, the
project is naturally delimited from delving further into potential pathways such as bio-SAF,
battery electric, and direct hydrogen. e-SAF is, however, frequently compared to the fossil
jet fuel pathway, since it is the reference scenario.
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Methodology

This chapter presents the methodology for this project. The chapter is divided into the
following sections: Conceptual Clari cation, Methods, and Analytical Framework, which
explains how concepts and methods are utilised in each analysis.

For each element, a de nition, utilisation, and re ections are presented.

4.1 Conceptual Framework

This section describes the concepts utilised in this project, which provides the foundation
for understanding and analysing the project's problem eld.

4.1.1 Rational Planning

The concept ofRational Planning can be described as a linear planning approach, whose
purpose is to enable informed and objective decision-making based on the analysis of data
and factual evidence (Rydin, 2021).

Rational Planning can, thus, be described as a top-down approach, where the planner,
or o cials, are the sole actor, who makes data-driven planning decisions for the common
good. Rational Planning is, therefore, particularly well-suited for making planning strategies
at larger levels such as international, regional, and national, whereas concepts such as
Relational Planning are better suited for local planning, where there is a larger emphasis on
the relationship between human actors and material elements (Rydin, 2021).

Adaptation

In the context of this project, Rational Planning has been the overarching approach to
address and assess the problem.

This applies to the analysis framework, which predominantly relies on projections and
information from technology catalogues, academic articles, and expert opinions from
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interviews. Projections and information from these sources are considered as objective and
impartial as possible, which, therefore, should facilitate the identi cation of the most optimal
solutions from a nancial standpoint.

It is, however, acknowledged that Rational Planning does not cover individual agendas,
social aspects, and softer values to the same extent as the concepts of Rational Choice and
Relational Planning, hence elements from these concepts are included in sections, where
these areas are the focal points.

4.1.2 Spatial Planning

The concept ofSpatial Planningis essential in planning, as it provides a coherent framework
for managing the multi-faceted di culties within this activity. Planning activities include
among others infrastructure development, urban development, environmental conservation,
and disaster risk reduction, meaning that spatial planning must take economic, social, and
environmental aspects into consideration during decision-making (Stead and Nadin, 2008;
Yamagata and Yang, 2020).

Spatial Planning can, thus, be described as a holistic approach to systematically organise
resources within a given area - both from a macro- and micro perspective. The primary
aim is to optimise land use, meaning that land mass and infrastructure must be e ciently
allocated for the right sectors and purposes. The interconnectedness across di erent sectors
is, therefore, of utmost importance, as the planning within one sector must align with the
policies of other a ected sectors. Atits core, Spatial Planning essentially functions as a guide
for decision-makers, whilst the largest hurdle is to navigate through intricate trade-o s to
cater to the development of multiple sectors at once (Stead and Nadin, 2008; Yamagata and
Yang, 2020).

Despite Spatial Planning's greatest strength, which lies in how holistic it is, this is also its
greatest weakness for various reasons. Firstly, spatial planning involves multiple sectors,
which means that bureaucratic hurdles and existing interests for instance can hinder the
implementation of the most optimal solutions. Secondly, data limitations or inaccurate
data can result in awed analyses and modelling, which can introduce bias, as it leads
to assumptions and simpli cations. This emphasises the importance of accurate and
comprehensive data collection in each country, as it can negatively impact decision-making
(Stead and Nadin, 2008; Yamagata and Yang, 2020).
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Adaptation

In this project, Spatial Planning functions as an extension of the concept of Rational
Planning and is utilised for analysing the geographical dimension of e-SAF production
in Denmark centred around CPH Airport as the provider. This includes a mapping of
the current fuel demand, available feedstocks, announced projects, and existing feedstock
infrastructure.

4.1.3 Sustainable Business Model

As businesses move towards sustainability, new sources of revenues might be necessary
to stay economically a oat. This is especially true for aviation, as Sustainable Aviation
Fuels are associated with much higher CAPEX and OPEX than fossil jet fuel. Economic
sustainability in regards to SAF would require multiple new revenue streams, which can
be realised and supported through new partnerships, technical breakthroughs and policy
measures nationally, regionally and globally.

Components to the Sustainable Business Model (SBM) are shown in the following table:

Table 4.1. Components of Sustainable Business Model (Trapp et al., 2022).
Component Description
Includes the products/services a rm o ers to generate
Value proposition bene ts for its costumer segments, stakeholders and the
natural environment.
Describes the various aspects necessary to provide the
value proposition sustainably, including key activities,
resources and partners.
Covers both revenue model, i.e. how to appropriate value
Value capture for the rm from the value proposition and cost structure
incurred through the value creation component.

Value creation &
delivery

As shown in Table 4.1, the Value proposition encompasses all revenue streams, both
economically, socially and environmentally. This deviates from conventional business models,
which is limited to economic growth (Bocken et al., 2014). Th&alue creation & delivery
component enables the value proposition, through partnerships, partnerships and resources.
Lastly, the Value capture component revolves around de ning value for the specic rm.
This aspect is especially relevant in the context of sustainability, as conventional revenue
streams can be insu cient, with higher CAPEX and OPEX of sustainable pathways.

An especially interesting addition to SBM is sector-coupling, where the sector in question
achieves a higher share of sustainability and realises new revenue streams through cross-
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sectoral partnerships. This is covered in depth in the following section.

Sector-Coupling

Sustainable production in hard-to-abate sectors is associated with a much higher OPEX and
CAPEX than conventional production through fossil materials. Therefore, it is necessary
to create new revenue streams to enable a continuation of growth in the sector, as they
transition towards sustainable production.

To uncover other potential revenue streams in a future system, it is highly likely that it
would be necessary to analyse other sectors which currently are unrelated to the sector in
guestion. This could prove to be bene cial to the society as a whole, as it further decouples
GHG-emissions from economic growth (Vogel and Hickel, 2023).

In the context of the present paper, the following de nition from Trapp et al. (2022) is
utilised:

[...]the union of at least two di erent sectorg]...Jinvolving the substitution of
non-renewable activities with renewable alternatives to establish fully renewable
energy systems.

(Trapp et al., 2022)

Central to the de nition is that sector coupling is the transition from conventional practices
towards sustainable practices entailing fully renewable energy systems.

Revenue streams, which enable other sectors to reach a higher share of sustainability would
be inherently good as the total emitted CQ is decreased.

Adaptation

In the context of this report, Sustainable Business Model and Sector-Coupling are utilised
to identify potential revenue streams for Aviation, outside of the transport sector. As SAF

is projected to be 2-5 times more expensive than conventional jet fuel, there is a need to
uncover alternative revenue streams. Although a multitude of potential revenue streams
can be realised, interviewees have provided knowledge on the most central possible revenue
streams in regard to SAF. This is further covered in Section 4.2.1.
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4.2 Methodological Framework

This section describes the methods utilised in this project, which provides the foundation
for data collection and modelling in the present thesis.

4.2.1 Semi-Structured Interview

A Semi-Structured Interviewis an interview form, which is conducted based on a semi- xed
structure. This structure is established by an interview guide sent prior to the interview,
which prede nes the scope and contents of the interview (Kvale and Brinkmann, 2009).

This structure allows one to gain additional knowledge and more nuanced answers than with
a xed structure since it enables further questioning, which facilitates the exploring of other
related peripheral topics that were not included originally (Kvale and Brinkmann, 2009).

Utilisation

For this project, three interviews have been performed. The purpose of the interviews is to
gain an understanding of di erent facets of this project's problem eld, which is achieved
through interviewing actors, each representing separate segments of the planning process.

An overview of interviewees, position, purpose and date is displayed in Table 4.2.

Table 4.2. Overview of interviewee's and the purpose of the interviews.

Interviewee Workplace & Position Purpose Date
To gain a better understanding on
Grgn Agenda infrastructure, opportunities,

Morten Poulsen 9/4-2024

Freelance and challenges relative to
e-SAF production in Denmark
To gain a better understanding on

Energinet infrastructure, opportunites
Martin Hartvig Senior Engineer, ' . ' 10/4-2024
System Perspective and challenges_ relfatlve to
e-SAF production in Denmark
To gain a better understanding of
Peter Wiboe Holm CPH Airpo.rt - _ CPH Air.p_ort‘s strategies and role 16/4-2024
Sustainability Advisor as a facilitator
in the transition to e-SAF
DANVA the wisaion and reguiaton of
Thomas Bo Sgrensen Head of Department 21/5-2024

wastewater and seawater relative

for Data Utilisation to e-SAF production in Denmark

After performing the interviews, they have been transcribed, where little to no details have
been omitted, as this allows for detailed analysis and interpretation of the contents of the
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interviews. To further streamline the utilisation of the interviews, they have been coded to
organise contents and information by topic. The gained information has subsequently been
used in the project's analyses and discussion (Brinkmann and Tanggaard, 2015).

To accumulate additional information or to clarify the gained information, a written
correspondence has been ongoing after conducting the original interviews.

Re ections

To gather as much information as possible, the interviewees have been carefully chosen, as
they represent di erent segments directly or indirectly involved in the e-SAF, and/or Power-
to-X, planning process in Denmark. As a result, potential bias in the project is eliminated,
as perspectives from experts from di erent elds with di ering interests are included, which
provides a much more nuanced overview of the topic.

4.2.2 Literature Review

A Literature Review is a selective review of relevant, existing academic literature within a
speci ¢ eld of research, meaning that it is not an exhaustive review of the broader topic,
but a review of relevant literature that directly implicates the research. To avoid becoming
a "[...] a prisoner of the theoretical or methodological perspectivesithin a particular eld,
literature reviews should, however, be coupled with a review of peripheral elds to obtain
alternative perspectives (Maxwell, 2006, p. 29).

The aim of a literature review is, thus, to gain an understanding of the state of the art for
the specic eld of research, which can be utilised in multiple ways. Firstly, the obtained
information can help uncover unexplored avenues within the eld of research, which can
assist in directing and delimiting the scope of a problem eld. Secondly, existing academic
literature contains an abundance of useful information, which should be actively used in
research to help construct arguments and new conceptual frameworks (Maxwell, 2006).

Utilisation

In the context of this project, the literature review has been utilised to review existing
academic literature on the subject to aggregate a comprehensive understanding of the green
transition of the aviation sector, which as a result has uncovered some of the issues related
to this issue. These issues have since been utilised to delimit the scope of the project, as
described in Section 4.2.2.
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Additionally, the literature review has yielded substantial amounts of information concerning
technical requirements, regulations, political measures, and more for e-SAF production that
have been valuable for the analyses of this project.

Apart from conducting the literature review exclusively for the subject of this project, it has
also been utilised for reviewing other sectors that are directly or indirectly connected to the
transition of the aviation sector. This covers the remainder of the transport sector as well
as other sectors going through a similar transition that would require the same feedstocks
as e-SAF production.

The following combinations of keywords have frequently been utilised to search for literature
at ScienceDirect:

" ("eSAF" OR "Sustainable Aviation Fuel" OR "Methanol-to-Jet") AND ("Electroly-
sis”) AND ("Cost" OR "Expendetures” OR "Competitiveness"” OR "Regulation™)

" ("eSAF" OR "Sustainable Aviation Fuel" OR "Methanol-to-Jet" OR "Electrolysis")
AND ("CO2 feedstock" OR "Carbon feedstock")

" ("Biogenic" OR "Climate neutral”) AND ("CO2 feedstock” OR "Carbon feedstock"
OR "Carbon Capture and utilisation" OR "CCU") AND ("Analysis" OR "Mapping")

Re ections

The greatest strength of the literature review is that great amounts of useful information
can be obtained due to the sheer volume of academic articles available. However, as the
literature review is selective, and not an exhaustive review, it can result in missing out on
critical information as relevant articles may have been overlooked (Maxwell, 2006). In a
similar vain, selection bias may occur, meaning that academic articles are (un)consciously
selected and reviewed to support existing viewpoints.

There has been an emphasis on these potential sources of error during the literature review
for this project, hence several factors in the analyses includes an error margin.

4.2.3 Document Analysis

Document Analysisis a method to obtain data and information from written documents.
This includes collecting documents from di erent sources to create a comprehensive data
foundation, after which the data and information are reviewed to contextualise and recognise
patterns. This allows one to process and synthesise the data and information to utilise it for
the speci ¢ purpose that is intended for (Bowen, 2009).
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Utilisation

In this project, Document Analysis has played a key role in gathering data and information
for a wide range of topics for the analyses of this project.

This covers gathering data and information on ights from CPH Airport in order to calculate
the current and future fuel demand, which sets the tone for the subsequent steps in the
analyses. Furthermore, it has been used to gain information on future trends both within
the aviation sector as well as in the remainder of the transport- and energy sector, including
but not limited to regulation and political agreements

Document Analysis has also been used to gather information on the requirements for e-SAF
production through the Methanol-to-Jet pathway, as this is a key element in determining
the feedstock demand to cover the future fuel demand of CPH Airport. Afterwards, this
allows for the gathering of geographic data on feedstocks for e-SAF production in Denmark.

Document Analysis has, thus, been essential for creating the backbone of necessary data and
information to perform the analyses of this project.

Re ections

When utilising Document Analysis as a data- and information-gathering method, it is
important to be critical, as publicly available material can vary in quality. Therefore, there
has been an emphasis on factors such as the origin of the material, publication date, bias,
and author a liation to ensure reliability, authenticity, and credibility (Engeldinger, 1988).

Furthermore, it is equally important to have a thorough understanding of the gathered
data and information to ensure that it is processed and synthesised correctly relative to the
standards speci c to the eld. Therefore, there has been an emphasis on gaining a thorough
understanding of the aviation sector and e-SAF production on a technical level to gather
the neccesary data and information, and subsequently process it accordingly (Bowen, 2009).

424 GIS

In the context of this report, Geographic Information Science and Geographic Information
System, in short GIS, is utilised to illustrate areas of interest regarding synthetic production
of fuel for aviation at CPH Airport. The double meaning of GIS indicates that GIS is both

a way of thinking and a tool to inform others of spatial aspects regarding a eld of interest.
GIS tools are essentially data manipulation tools, which have a geographical dimension,
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setting them apart from other data manipulation tools. They enable planners to calculate
and illustrate spatial challenges and opportunities within a certain eld of interest. It thereby
gives decision-makers and the wider public an easy-to-comprehend understanding regarding
decisions that a ect the spatial landscape (Esri Press team, 2018).

GIS utilises existing data to generate a comprehensive illustration, which gives a deeper
understanding of the problem at hand. GPS-data and spatial data can be utilised and
generated in GIS, using coordinate systems and orthographic maps, although in a Danish
context, data is often available, as the Danish Agency for Data Supply and Infrastructure
maintains a comprehensive list of servers where geodata is available for manipulation (Esri
Press team, 2018).

Utilisation

For this project, the application, QGIS, is utilised as the Geographic Information System.
The application is open source, with a relatively large global community supporting and
updating the application regularly. Furthermore, the application has an extensive library of
extensions, which are easy to implement into the QGIS application.

Regarding data, both international and Danish domestic data are utilised in the context of
this report. The following table lists the utilised data.

Table 4.3. Data utilised in QGIS to generate the maps present in this project

Data Source Data type Utilisation

Airports globally (OpenFlights, 2024) Vector (points) Fuel demand analysis

Destination Airports

from CPH Airport (Copenhagen Airport, 2024) Attribute (no geometry) Fuel demand analysis

Ui G R (AviatorJoe, 2024) Attribute (no geometry) Fuel demand analysis

Flight frequency to . ) )

each destination airport (Flightradar24, 2024) Attribute (no geometry) Fuel demand analysis
Wind Turbines (o -shore) (The Danish Data Supply and Infrastructure Agency, 2024. Vector (polygons) Feedstock sourcing analysis

Capacity of . . . .

wind farms in tender (The Danish Energy Agency, 2024a) Attribute (no geometry) Feedstock sourcing analysis
Electricity grid infrastructure  (OpenStreetMap, 2024) Vector (lines) Feedstock sourcing analysis
Waste Incineration plants Attained from ENS Vector (points) Feedstock sourcing analysis
Biogas plants (Aalborg University, Sustainable Energy Planning, 2024)  Vector (points) Feedstock sourcing analysis
Drinking water interests (The Danish Environmental Agency, 2024) Vector (polygons) Feedstock sourcing analysis
Urban waste water facilities  (The Danish Environmental Portal, 2024) Vector (points) Feedstock sourcing analysis

As can be seen above, some of the data utilised in QGIS does not have any geography.
However, through analysing the data, common denominators can be found between non-
geographical and geographical data, enabling geographic analyses of data that does not have
geographical information.
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Central QGIS tools in relation to this project include the 'Field Calculator’, 'Join by
Attribute’, and 'Kernel Density'.

The 'Join by Attribute' tool enables the user to couple two datasets with one identical
value per attribute. This could for example be airport ID, which is always the same across
datasets. The tool enables the user to give data without geography a geographic value,
enabling a spatial visualisation of the data.

The 'Field Calculator', similar to functions in Microsoft Excel, enables the user to do
calculations relating to each attribute. The Field Calculator has a package of functions,
where some of them relate to geography, including the length of lines and areas of polygons.
Other functions are generally similar to functions that can be performed in Microsoft Excel.

The 'Kernel Density' tool is utilised to make a heatmap, which illustrates the density of a
certain thing. In relation to the project, it is utilised to illustrate the concentration of CO,
in Denmark.

Re ections

Although GIS is a powerful tool, it is often best supported by other statistics, which gives a
di erent overview. It should therefore also be regarded as a data visualisation tool similar
to graphs and plots.

GIS can be utilised both on a macro level, illustrating national and global trends and aspects,
or it can be used on a local scale in local planning practice. In the context of this report,
the tool is not utilised to illustrate local factors. It is, however, very likely that a GIS tool
will be utilised to illustrate local factors if the ndings in this report are to be realised.

4.2.5 EnergyPLAN

To evaluate the performance of di erent pathways in this project, the simulation programme
EnergyPLAN has been utilised. EnergyPLAN simulates the operation of an energy system
annually on an hourly basis, where each technology has a distribution le based on real-life
operation patterns or future projections (Lund, 2014; Lund et al., 2021).

The output of the simulations displays the cost structure, production patterns, renewable
energy share, critical excess electricity production, and more, which enables a comprehensive
comparison between energy systems (Lund, 2014; Lund et al., 2021).
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Utilisation

In the context of this project, EnergyPLAN has been utilised to evaluate the economic
performance of e-SAF compared to fossil jet fuel when covering the fuel demand at CPH
Airport.

To further enhance the economic evaluation, a sensitivity analysis has been performed, where
the variables electricity price and CQ cost have iteratively been adjusted within a selected
range based on projections to identify the break-even cost.

The techno-economic data to perform the cost evaluation originates from the following
technical reports and academic articles: The Danish Energy Agency (2024e,b); Bube et al.
(2024); Salem (2023); Skov and Abid (2024), where the demand stems from the results of
Chapter 5.

Re ections

EnergyPLAN is an e cient tool for comparing the economic performance of dierent
scenarios or pathways, but there are some uncertainties related to the simulations. These
uncertainties relate to the techno-economic data due to it being based on projections and
forecasts, as the economic performance of projects typically is evaluated over an extended
time frame several years ahead. This makes the analysis fragile, as external factors and other
variables can result in a di erent reality than what is projected. This is especially true the
farther ahead you look into the future (Stobierski, 2019).

4.3 Analytical Framework

This section describes the framework for the analyses performed in this project. This includes
the composition of concepts and methods utilised for each analysis as well as re ections
regarding the utilised concepts and methods.

4.3.1 First Analysis - Mapping Analysis for Present and Future
Fuel Demand
The rst analysis of this project is a Mapping Analysis whose purpose is to determine

the present and future annual fuel demand at CPH Airport. This is achieved through the
mapping of current ights from the airport as well as calculations utilising projections on
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aviation demand, the e ciency of aircraft, and the introduction of alternative modes of
aviation transport.

As the projected fuel demand is uncovered, an estimation of the feedstock demand to produce
the necessary amount of e-SAF to fully replace fossil jet fuel is calculated.

The Mapping Analysis approach is chosen, as this method provides reliable results and
enables scienti ¢ replicability regarding the fuel demand at other airports (Cooper, 2016).

4.3.2 Second Analysis - Feedstock Sourcing Analysis for e-SAF
production

As the feedstock demand is uncovered, the following analysis delves into feedstock availability
and locations of each potential source.

In locating each source of feedstock a GIS mapping approach is utilised as it enables a
rational and spatial understanding of availability from each source.(Esri Press team, 2018).

4.4 Chapter Summary

To summarise the methodology chapter, the research design, encompassing the composition
of concepts and methods relative to the analyses of the project, is presented in Figure 4.1.
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Figure 4.1. Research Design displaying the utilisation of concepts, methods, and analytical
approaches.

As illustrated in Figure 4.1, the project is rooted in the concept of Rational Planning,
as the analyses within the report take departure in the technical requirements for e-SAF
production. As a result, the analyses heavily rely on quantitative information to estimate
the fuel demand at CPH Airport and appertaining feedstock demand in 2050. This is coupled
with qualitative knowledge gathered from scienti c articles and interviews, as the assessment
of sustainability for each feedstock option requires a nuanced and contextual understanding.

The utilisation of multiple concepts, methods, and analytical approaches enablesviixed
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Methods Designwhich ensures a robust and nuanced assessment of the complex problem at
hand (Hesse-Biber and Johnson, 2015).

32



Mapping Analysis for Present

and Future Fuel Demand

The purpose of this analysis is to determine the fuel demand from ights departing from
CPH Airport in 2050. In doing so, current ight data on departures from CPH Airport,
location-speci ¢ data on destination airports, and additional data are utilised.

The projection on fuel demand in 2050 is then utilised to determine the demand for e-SAF
along with the demand for sustainable feedstock for e-SAF production.

The fuel demand is estimated, and a stoichiometric demand analysis is carried out to estimate
the feedstock demand for producing e-SAF to cover the fuel demand.

5.1 Present and future fuel demands for CPH Airport

CPH Airport is the largest airport in Scandinavia with more than 29 million visitors annually
post Covid-19. In 2023, the airport had approximately 286 departures daily, with direct
transit to 129 destinations.

It is ultimately the airlines departing from CPH Airport, that are responsible for the CQ.--
emissions from the combustion aviation fuel and fuel supply is also handled externally,
however, the airport is a facilitator for air transport, and as departures are accounted for
at the airport, fuel demand to support the necessary fuel demand can be estimated. In the
context of this report, GIS is utilised to do so.

An array of general trends and assumptions characterise the nal estimation for their current
fuel demand. The following section presents the most central assumptions.

5.1.1 Sources of uncertainties

It has not been possible to gather data on fuel demand from CPH Airport. Therefore, it has
been estimated, through e ciency calculations of aircraft and data on departures from CPH
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Airport. The fuel demand is calculated from departures, as it is assumed that the RefuelEU

objective to avoid fuel tankering is adhered to, as mentioned in Section 2.2.2.

Data on departures from CPH Airport in 2023 is generated through a collection of ight

data for one week during the year. This has been utilised to calculate an estimate for the

yearly departures to each destination airport in 2023. The number of departures calculated

is, therefore, not the exact number of departures in 2023, as seasonal uctuations are not

taken into consideration ( Appendix C, 2024). Airlines book 82% of the seats on average,

as it is implausible to fully occupy all departures (IATA, 2023b).

The fuel demand per kilometre varies de-
pending on the distance to the destination
airport. This can be pertained to the en-
ergy intensity required for take-o and land-
ing, as well as heavy fuel loads on long
haul ights, both indicating a higher fuel
demand per kilomtre. In relation to the
present report, (International Council on
Clean Transportation, 2018, p. 8) provides
an estimate of CQ-emission per passenger
kilometre (RPK).

To estimate the fuel demand, (ICAO, 2017,
p. 6) estimates that 3.16 kg CQ s produced

per kg jet fuel. Figure 5.1.

As the method utilised is supported by
legitimate sources, it is therefore concluded
that the estimate for fuel demand and CPH
Airport in 2023 is in close proximity to the
actual fuel demand.

5.1.2 Current fuel demand at CPH Airport

Carbon intensity per RPK relative
to ight distance (International
Council on Clean Transportation,
2018).

To calculate the current fuel demand and CPH Airport, data from 2023 has been gathered

and utilised in GIS. The method and utilised GIS tools to do so are illustrated in Figure 5.2.
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