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Abstract

The goal of this project is to analyse the possibilities offered by different technological solutions to achieve
zero emission aviation, firstly in the Swedish/Nordic network context and secondly extend this to the European
context. This project will investigate the potential and feasibility of new or upgraded aircraft types based on the
different technologies mapped from both, various published roadmaps and national expertise from Swedish
aerospace universities and companies. This involves developing aircraft conceptual designs studies and trade
analysis with regards to different fuel types, propulsion technologies, structure, operations, network and fleet
management, and all relevant technologies. The project will, on a common technology basis, analyse a range
of zero carbon fuels and associated technologies through operational studies and optimization to accelerate
the introduction of fossil free aircraft technology and choosing optimal paths for making aviation sustainable.

Keywords: Sustainability, Aviation, technology assessment, air travel demand, new aircraft propulsion
concepts

1. Introduction

The aviation transport sector emissions are responsible for about 3% of the global emissions; the
global air travel and transport industry produced ca. 32.6 billion tons of carbon dioxide emissions
from 1940 to 2018 [1]. The CO. emission levels from current aircraft operation are well known [4]
and fuel economy has been enhanced incrementally over the last decades leading to an eightfold
improvement in transport efficiency since the 1960ies [4]. To further put the emissions of aviation
into perspective, NOAA and the Atmospheric Environment journal note that carbon dioxide makes
up only one-third of aviation emissions [3], while the remaining two-thirds of environmental pollution
come from contrails, nitrous oxide (N2O), water vapor, and other hydrocarbons. These gases have
an impact on global warming by increasing radiative forcing, the change in the amount of energy
radiated toward the ground [4]. The impact from aviation can therefore not be neglected and new
solutions need to be investigated. In this context, achieving the ambitious goals set by Sweden,
Fossilfritt flyg 2045 [62] will require extensive development of new solutions; those are bound to
technology availability, infrastructure adaption and economic viability.

In a time of new possibilities and the advent of radical zero emission technologies, design revolution
leading to new aircraft and propulsion system configurations may pave the way towards future
emission free aviation. To understand the possibilities offered by different evolutionary or emergent
technologies, architectural choices are reappearing, opening up for an enormous design space in
which technology depends on flight operation (networks, fleet design, among other), economics and
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the environmental footprint. In this context, carefully decisions in which technology to invest in order
to create sustainable products in the short and long-term perspective are required.

To understand potential short term (applying state-of-the-art (SotA) technology to start developing a
new aircraft), medium term (2035) and long-term (2045) effects, this study will road-map different
future operating scenarios based on technology limits, availability, and technology readiness level
(TRL), and impact analysis. Such a concept down selection and conceptual design-based study has
never been performed before from the Swedish/Nordic perspective. The Nordic region is
characterized by a low population density, a relative abundance of smaller airports, and a positive
attitude towards new technologies and a high degree of environmental commitment of the society.
Similar reports such as Destination 2050 [11] and ICAO Destination Green:The Next Chapter [12]
have a global view on the path toward sustainable aviation. The project goal is to provide a roadmap
(towards zero emission aviation) for the Swedish/Nordic perspective, providing an open and
transparent data set for decision makers for sustainable aviation in Sweden.

2. Demand assessment

The present demand assessment is based on the data made available from Trafikverket, the
Swedish Transport Administration [ref]. The data represents a prediction of the Swedish transport
demand for 2040. It is divided into four main transportation modes: bus, air transportation, train, and
car, each mode split into three categories for work, service, or private purposes. The data record
represents all travel demand exceeding 100 km distance in Sweden, resulting in around 79,500 trips
spread over the different (12) transportation modes and travelling reasons. It has been chosen to
use this data as the prime source of demand for this study. Developing a travel demand model could
have been done based on the classic gravity model [5][6][7] and available published projection for
population distribution in Sweden and associated economical changes. For the time being, this will
not be done here. A simplified approached based on creating different scenarios from Trafikverket
data has been chosen instead. The main scenarios are the following:

I. A base line scenario is the data as estimated by Trafikverket.
II. A utopia scenario based on all transport mode re-allocated to flight transport and available
airports
From the utopia scenario creation of relevant scenarios based on the available infrastructure, and
exclusion of air transport based on time saving and availability of train connection for example

The data available is based on a city/region-to-city/region demand. To address the air transport sector,
each city and region has been associated with the nearest airport. The list of available airports is
based on currently available airports in Sweden [13], resulting in the generation of 1,594 daily flight
trips for 9,542 passengers. The association between cities/regions and airports is based on car travel
times, where the shortest time has been considered, excluding any consideration of current air traffic
or current airport usage. For Stockholm the repartition is not only based on the distance from city to
airport, but a re-distribution based on current distribution between both airport Bromma (ESSB) and
Arlanda (ESSA) is used, due to the size difference between both airports. Another approach could
consider that travel time to airport, resulting in a much higher frequency from Bromma. In the case of
Gothenbourg, the Save/Gothenborg City Airport (ESGP) has been excluded from the data to maintain
the flights operated via Gothenborg Landvetter airport (ESGG). A stricter approach would have been
to use only time savings and costs for the consideration of possibilities if airports would re-open for
commercial traffic.

Based on the fixed demand assessment, a simplistic fleet approach has been used. For each route
the following characteristics are being considered:

e Minimum flight frequency (nr. of aircraft per 24 [hr])
e Load factor (of the used aircraft), and
¢ Aircraft max. seat capacity

Here, a minimum flight frequency of two is the ground for the work, the load factor considered are
0.5, 0.8 and 0.9. It is assumed that in case the load factor will be below 0.5, the flight frequency
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should be reduced by 1 or the flight would need subsidiary from region or state to be viable. All daily
routes with less than eight passengers have been filtered away. This scenario results in about 160
daily flight routes representing about 8,300 passengers per day. The passenger times distance
distribution is presented in Figure 1, where a first fleet allocation can be seen. Note that no
considerations to flight feasibility in terms of range of the allocated aircraft are reflected in that figure.
The exclusion of about 1,450 daily flight trips only represents 1,200 passengers, about 12% of total
daily passenger demand.
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Figure 1: Passenger kilometre and hypothetical associated aircraft type based on point-to-point service

Out from the daily demand, 25 flight routes represent 70% of the total flight demand. Those 25 routes
are based on 10 cities, Stockholm, Malmd, Gothenborg, Umed, Luled, Ronneby, Angelholm, Vaxjo,
Are and Skellefted, illustrated in Figure 2. It should be noted that the point-to-point demand below
eight daily passengers represent ca. 12% (1,166 out of 9,545 passenger) of the total daily passenger
demand.
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Figure 2: Flight demand in Sweden, represent 70% of all daily passengers (left), all demand for less than 9 passengers
(middle), and routes with a demand superior to 9 passengers (right)
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The data shows that there is a need to consider a network with some hubs to capture low demand
and provide a larger market base. A simple hub approach was selected where the main airports have
been selected as possible hubs, and flight with required capacity of 9 passenger has been limited to
450 km and flight with aircraft of capacity of 19 pax have been limited to 550 km. This creates a new
redistribution of the different type of aircraft according to Figure 3.
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The fleet repartition including the load factors and frequencies for both approaches, the direct flight

or hub scenario is presented in Table 1.
Table 1 Aircraft distribution depending on network

9 Passengers 19 Passengers 34 Passengers 50 Passengers 76 Passengers 90 Passengers|120 Passengers| 150 Passengers

Dailyfrequency | 1 [ 2 [3 2 3 1] 2 3 1] 2 2 [ 3 [ 4 2 3 | 6 3 4] 6
Nb of routes 4 [ 30 [7 12 | 6 6 | 13 | 5 2 | 5 4 [ 5 [ 1 [ 1 [ 1]
Nb of daily flights 85 42 47 12 27 2 9 13

9 Passengers| 19 Passengers |34 Passengers| 50 Passengers 76 Passengers 90 Passengg120 Passengery 150 Passengers
Dailyfrequency | 2 [ 3 2] 3 2 [ 3 2 2 3 4 2 3 [ 6 3 4 6
Nb of routes 83 | 14 [15] 8 10 | 6 5 4 | 4 [ 1 1 1 [ 1 1 I
Nb of daily flights 208 54 38 10 24 2 9 13
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3. Aircraft modelling
Different aircraft sizes are being consider as following:
e (CS-23 and FAR 23 certifications rules
o 9and 19 passengers
o (CS-25 and FAR 25 certification rules
o 34 and 50 passengers,
o 76 passengers (maximum take of weight of 86,000 Ib to respect scope clause [19])
o 90 passengers
o 120 and 150 passengers

A notional flight mission is considered to follow a typical commercial flight profile, such as illustrated
in Figure 1. Flight reserves are dependent on the certification base and recommendations. For CS-23
following applies:

e VFR: areserve of 30 or 45 minute applies
e |FR: areserve of 30 or 45 minutes additional to divergence to the alternate airport

'
Total Cruise Distance ———p

Cruise to alternate
airport 100 nm away

1. Startup

2. Taxi

3. Take-off

4. Climb

5. Cruise

6. Descent 1
\ 7. Approach

Climb 8. Hold

9. Climb 2

10. Cruise 2

11. Descent 2 /

12. Land Approach; ¥

13. Reserve Attempt :”Old for 5

1 minutes

Descend to alternate:
1 airport

Abort landing
and climb

Figure 1: Notional flight mission for commercial aircraft

The aircraft are modelled in a two-step approach. The first modelling, presented in section 3.1 is
based on a first principal approach. In a second step, the aircrafts will be modelled in a more detailed
way to allow for technology assessments at different levels, which will be performed in a next step.
Aircraft that have not been modelled within the project are taken from other studies, see Table 2.

Different main means of propulsion will be study for all those segments, with the goal to provide
usable range for each segment and type of propulsion.

For each passenger category, different propulsion technologies are being considered to see their
impact on emissions and usable range. The following main propulsion principals and source of
energy are considered:

Energy sources:
o Kerosine (Jet A-1) as baseline

e Sustainable aviation fuels (SAF), where the origin and the method to provide/create the SAF
must be consider addressing its climate impact

e Hydrogen
o Direct combustion
o Fuel cell

o Batteries

The main propulsion principles envisioned are:
o Electrical propulsion
o Batteries or hydrogen (fuel cell)
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e Hybrid
e Direct combustion

Distributed propulsion will be considered when suitable.

3.1 First principia approach

From the demand modelling different categories of aircraft will be created. A summary of the different
types and sizes of aircraft variants are presented in the previous chapter. The goal of all those aircraft
is to assess the achievable range of a certain size of aircraft in terms of passengers (payload), based
on propulsion technologies. The prime modelling will be based on a first order approach with simple
assumptions.

The first modelling approach based on Breguet range equations:

= (Apuet, ) Lo L
R=(5 n)l(_) 0

Mrow
Where Ahy,,, is the fuel specific energy. Equation 1 is the Breguet range equation for aircraft whose
fuel mass depletes during flight. For aircraft with fixed mass energy sources i.e., battery powered
aircraft, equation 2 applies.
__ (Ebattery . . £ . Mpattery
R= ( g ") D  Mpow (2)
The total mass of the aircraft can be extracted from Equation 3:
— Mempty Mpayload Mfuel or battery (3)
Mrow Mrow Mrow

The different weight fractions are based on statistics from existing aircraft. It is assumed that some
agreement between empty weight (Mempty) and maximum take of weight (Mrow) -- representing the
structural efficiency of the aircraft -- will remain in the same order for future aircraft. This could
certainly be changed and influenced by technology choices but is viewed as a valid first approach.
In a refinement model of the different aircraft this technology-dependent weight fraction change will
be addressed. The weight fraction statistic for a certain number of known aircraft are displayed in
Figure 2.
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Figure 2: Passenger and empty weight fraction as a function of maximum take-off weight

The specific energy of the different energy sources is presented in Tabel 1. Note that there is an
interval considered for the batteries. This interval represents batteries cell with about 320 Wh/kg to
1000 Wh/kg. Note that the numbers are on cell level only and do not represent the operational usable
specific energy, installation (packaging), cycle life and other parameters [20][21]. For hydrogen and
kerosene, a storage volumetric constrain will have an impact on what can be considered as the usable
energy. To take that into account, a gravimetric efficiency is introduced, based on study from ATI [18].
In the detail study, this gravimetric efficiency will be replaced and modelled by models of the tanks
and the fuel system.
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Tabel 1 Specific energy for different energy sources

Units Hydrogen Kerosene Battery
Spectfic MJ/kg ~140 ~46 0.9-3.6
nergy
Gravimetric o
efficiency & 60 98

Assumptions on the lift-to-drag ratio (L/D) shown in Figure 3, is taken from statistics data from [15].
Based on existing aircraft, this data set does (of course) not consider distributed propulsion concepts.

25
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Figure 3: Aircraft L/D statistic for cruise. Data from Babikian [15]

Apply the first principia approach allow the creation of notional range based on the application of the
above-described formulas. By applying the average typical weight fractions from statistical aircraft
notional range for the different aircraft energy sources can be apply, those notional ranges do not
include reserve or any consideration to other flight segment than cruise or system power demand.
In Figure 4 a lift-to-drag ratio of 16 is applied, the yellow band represent the typical variation between
the different aircraft classes. All values for batteries are reflecting power at pack level, here 200, 500,
and 800 Wh/kg respectively.
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Figure 4: Fuel and tank storage mass as well as payload mass fractions vs aircraft range diagram
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3.2 More detailed modelling

Some aircraft are model in Pacelab SysArc. Pacelab SysArc [56] provides a fully parametric object-
oriented aircraft definition, created from customizable data objects, so-called EO Concepts that are
used not only to build and specify the aircraft assembly (wing, fuselage, propulsion system, etc.) but
also its mission, performance estimations, aerodynamic characteristics, payload, and onboard
systems. Therefore, one method that has been employed to achieve the required variation across
all design alternatives was to manipulate selected parameters, for instance to change
size/weight/position of components. Hydrogen powered aircraft have been designed. The design
approach has been to use the build in capabilities and weight equations, in order to include the
hydrogen propulsion a tank model has been developed and integrated. The cryogenic tank model
includes both the mechanical design considering internal over-pressure and thermal design which
takes heat transfer via conduction, convection and radiation between the tank and the environment
with a varying contact surface into account. Dynamics of the liquid hydrogen storage, in terms of
internal pressure, heat transferred and venting rate over time, are also calculated. The dynamic
characteristics could be important in mission performance analyses however not included in the
current preliminary designs. Aluminium alloy 2219 has been assumed to be used as the main
material for the tank. Lightweight polyurethane foam insulation has been considered in the
preliminary designs. The use of other insulation design, i.e., multi-layer insulation or vacuum
insulation, can be open in the later stage of the study. The propulsion is based on direct combustion,
where the specific fuel consumption (SFC) is adjusted for the higher specific power of hydrogen.
Only liquid hydrogen is considered here. The goal of this models is to enable technology infusion to
address the viability and the possibilities offered by them. This will be completed in on-going work.
The parametric models created will allow a more granular modelling of the different concepts and
propulsion alternatives and will open-up for technology assessments, as presented in [16] and [17].

The results from the aircraft modelling are summarised in Table 2, note that it is hard to directly

compare any data; the values are to be representative.
Table 2 Different aircraft concept modelled and from literature [50][51][52][53][54][49]

9 passenger 19 passenger 34 passenger 50 passenger
Range |Payload| MTOW Range |Payload| MTOW Range |Payload| MTOW Range |Payload| MTOW
AIC [nm] Pax [lbs] A/C [nm] Pax [Ibs] A/C [nm] Pax [Ibs] A/C [nm] Pax [Ibs]
JetA1 PC 12 1900D 439 19| 17120|S340 475 32| 28500{S2000 1170 50[ 50700
SAF Saf19 ~650 19| 19000
Hydrogen 19
Batterie |EI9 ~190 Staack ~230 19| 19000|EI34 ~140 32|~32000 |EI50 ~140 50[ 50500
Fuel Cell Krus ~540 19| 19000
Hybrid 19 |FoEER 350 42| 88100
76 passenger 90 passenger 120 passenger 150 passenger
Range |Payload| MTOW Range |Payload| MTOW Range |Payload| MTOW Range |Payload| MTOW
AIC [nm] Pax [Ibs] AIC [nm] Pax [Ibs] AIC [nm] Pax [lbs] AIC [nm] Pax [Ibs]
Jet A1 ATR72 830 76| 50 700|E190 2450 90| 114200|A220 3450 120 139000{A319 3750 150 166000
SAF
Hydrogen 683 74| 46760 |[HOONNN| 598 90| 87629 379]  120[ 118850 1500] _ 156] 156343
1081 74| 49600 880 120| 123630 701 150( 132800
Batterie |EI76 221 76(~76800 |EI90 ~230 90|~102000
Fuel Cell 830 70[ 85700
Hybrid  |Zamboni 850 70| 62800 |REIN 500 90[ 63500
Holzen 650wh/kg EI'YY 440wh/kg Reid 200wh/kg no reserve

Staack 400 wh/kg Zamboni 500wh/kg

4. Technologies

Here main technologies that will affect the different aircraft design are summarized, the goal is to
give an overview and describe how they will benefit a sustainable roadmap for Swedish air transport.
Many reports describing forecasted technologies can be founded, such as Destination 2050 [32],
IACO [33] and NASA N+3[43][42] and N+4[41] reports among others. Only some of them are
highlighted there. It should be noted that technology to reach sustainability for Swedish aviation 2045
cannot be technologies that would be available 2045. Current aircraft would need to be entire
replaced by 2045 to have an entire fleet that respond to sustainability criteria, typically leading to a
need of developing new aircraft based on today’s state of the art technology and the technology that
would be available within the coming 10-15 years.

8
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4.1 Battery

Battery development is a key for electrical flight, the identified main parameters for battery are
specific energy density, specific energy, life cycles, and discharge/charge rates

Current battery development is mainly driven by the EV demands, specification for the automotive
industries have been described by EUCAR [22], EUROBAT [23], European commission [24] among
other. The current state of the art from the main characteristic of interest Wh/kg is about
250-300 Wh/kg at pack level, expected for 2030 is about 500-600 Wh/kg at cell level with a reduction
of 20% at pack level, according to [24]. Other chemistries, describe in [28][29][30] show higher
numbers but status and future availability are unclear. Evolution of batteries in the automotive sector
as presented in Figure 5, present at best a yearly improvement of 4,8% if the hugest value in the
picture is used, if the projection of SDI type of battery is used the yearly progression is about 4.1%.
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Figure 5Comparison of the gravimetric performance of different batteries for automotive applications [23]

The present study corroborate with other studies, such as [25][26] [31] [27][31], that depending on
the aircraft categories the battery energy density required for aircraft start at around 500-600 Wh/kg
at the pack level, unless very short range are targeted. Current battery research indicates that with
a yearly increase of 4,8%, cell levels will be around 600 Wh/kg, unless a radical new battery type
appears before. Technology available 2035 will typically represent battery that can be integrate into
an aircraft and into service for about 2040, if a notional 5 years of certification of a new battery type
is considered.

4.2 SAF

Sustainable aviation fuel are alternative aviation fuels divided into different categories: bio-jet fuels
(produced from biomass), synthetic jet fuels (produced from natural gas and coal), liquefied gas from
natural gas (LNG) or non-natural gas, liquefied hydrogen (LH2), electro fuels, and electricity. Here
only biofuel and hydrogen are addressed; a more comprehensive overview of sustainable aviation
fuel is described by Dahal[55].

4.2.1 Biofuel

Experiment flight with bio-jet fuels have already been performed by several airlines around the world,
development and commercialization is on-going [63]. From an aircraft development perspective, the
adoption of bio-jet fuels has a small or even no impact on the engine design. Adoption of 100% bio-
jet fuel will be require retrofitting and development of new engine. From an aircraft performance
standpoint the biofuel will provide similar performance as today’s fuel. Sustainable aviation will still
produce water vapour, NOx and CO-[64][65][66], part of the emitted CO, will be counterbalanced by

9
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the production. In general, the key challenges of biofuels are the availability of sustainable feedstock
and the production costs. Expansion of biofuels can cause negative environmental effects such as
direct and indirect land use changes, deforestation, water depletion, and loss of biodiversity and may
compete with food production, requiring policies for energy, land use, water management, and the
use of sustainable biomass resources [67].

4.2.2 Hydrogen

Hydrogen is identified as a potential mean of reducing aviation climate impact. Many reports and
initiatives in Europe [32] and worldwide [33] are focusing on hydrogen for aircraft energy sources.
From an energy perspective, hydrogen is attractive with a high specific energy density, and a
hydrocarbon-free combustion. Depending on the type and size of aircraft, two main system
installations, fuel cell or direct combustion, are possible. However, as with any technology, there are
some drawbacks. Hydrogen has a low volumetric energy density, leading to larger tank (and aircraft)
volume. The volume-optimal SotA hydrogen storage solution is a cryogenic liquid tank, where the
tank gravimetric efficiency (n) can be expressed as:
My

Ngrav = m
tank+minsulationtMH2

The gravimetric efficiency for the hydrogen storage is a key enabler for hydrogen aircraft. From an
aircraft development perspective also other challenges exist, such as fuel system architecture and
installation, insulation, configuration, and safety aspects. Other barriers are coming from economical
perspective addressed by Dahal [55], cost of hydrogen and its impact on direct operating cost.
Infrastructure will be impacted and need to adapt; infrastructural changes have often long lead times
and will only be initiated if a certain confidence, clear policies, and market opportunities exist [60][61].

The hydrogen supply chain and production is another main challenge that Hoelzen [61] describes
and quantifies. To be sustainable, so-called “well-to-wing” analyses are of highest importance, the
production of hydrogen must be sustainable to enable a CO, emission free aviation.

4.3 Structure

Structural improvements, leading to weight reduction, is see as a key enabler to higher efficiency in
aircraft energy demand [41][42][43]. Higher usage of composite [40] and multifunctional material has
the potential of reducing weight. Some considered technologies are: advanced metallic structural
and subsystem alloys, ultra-high performance fibre [39], nano engineered structures, affordable large
integrated structures [35][36], integrated aero-servo-elastic structures [37][38], multifunctional
structures [36], and airframe design load reduction from gust load alleviation and health monitoring.

4.4 Aerodynamic

Many improvements are foreseen to be accomplishes in terms of aerodynamic: progress in laminar
flow [44][45][46] demonstrated e.g., by Clean Sky BLADE [47] show important improvement in terms
of drag reduction. This could also be combined with higher aspect ratio wings, reducing induced
drag, if innovative load and flight control can be realised [42][43]. However, high aspect ratio wings
are limited by airport space and therefore folding wings technologies may need to be considered on
certain type of aircraft.

Improvements in product development engineering and multidisciplinary optimization can help in the
development of new aircraft. Recent progress within this domain [43][57][58] enables an earlier
adoption and faster usage of such approaches in earlier concept development and are therefore
beneficial.

4.5 Operation

One important area to consider when addressing future of aviation are operational aspects. Typically,
economics and maintenance are important topics when it comes to operation but are not addressed
here. One important area for future operation from a Swedish perspective, is the usage of small
local/rural airports with less traffic, such as describe in the demand assessment of Sweden in
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Chapter 2. To foster the usage of those airports, improvements on air traffic management (ATM)
e.g., offered by the remote tower concept must be included [68]. Modern ATM will also help in better
planning and more optimal routes; SESAR/Singel European Sky [69] is an example of an European
project with large energy saving potential.

Other important aspects such as all-weather capabilities and possibilities to land in bad weather and
low visibility are key enablers for some concepts. Solutions such as the enhanced flight vision system
(EFVS) are available [34]. Other operational and organisational aspects such as passenger time at
airport and boarding procedures must be in adequation with the usage of small local airports. Other
important factor to enable cost efficient operation would be the possibility offered by single pilot
operation. Finally, depending on the type of energy source, the airport infrastructure will need to be
updated in accordance. Typically, infrastructure changes are time consuming and need long term
planning to be on place when new type of aircraft start operation.

5. Results and conclusions

The preliminary results indicates that only few routes represent 70% of the total inner Swedish air
transport demand. Those routes are to some extend in direct competition with train services,
examples being Stockholm-Gothenbourg and Stockholm-Malmé. The different scenarios described
in Chapter 2 lead to two types of fleet distribution presented in Table 1. Based on the range and type
of aircraft described in the fleet allocation and the different aircraft type modelled within Chapter 3, it
can be concluded that a mix of solutions is needed for the inner Swedish air transport demand.
However, it is very reductive only considering Sweden; a broader international view should be
pointed out. The main difference between Sweden and most published roadmaps and studies on
sustainable aviation is the relatively small market and hence a different type of operational
requirements. Considering the data presented there is a large need for smaller regional aircraft.
These identified routes are typically not served today, mainly due to economic reasons. The
realisation of the scenario described in this work are therefore very sensitive to the economic viability
of smaller commuter aircraft. Realisation of the small type of all-electrical aircraft with a sufficient
range to serve the total Swedish demand is considered to be hard to reach, mainly due to battery
limitations. A technical leap in battery characteristics is needed; the currently 4-5% yearly
improvements are not sufficient to create that. For regional aircraft, different solution may be viable
such has hybrid propulsion or hydrogen-based propulsion.

6. Future work

In order to complete this work a follow-up work is on-going with the goal to complete this work with
the assessment of different scenarios and timelines for the introduction of new aircraft types and
concepts and how this will lead to a fossil-free Swedish aviation by 2045. Economics must be
included for different aspects: on the demand model, where the introduction of new possibilities for
flight routes will be coupled with the economy associated to it, and from an operator- and passenger
perspective, coupling the cost of the energy sources. Due to the relatively small Swedish market an
extension to whole Scandinavian area and the Baltic Sea countries is needed. The technology
presented here will be infused to the different aircraft models that have been created to improve and
enable a better assessment on their impact.
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