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Abstract

This study discusses the technological innovations, operational
measures and alternative fuels that are needed for the aviation
industry to achieve the objectivesof the European Green Deal by
2050. It also presents estimates of the investment neededfor the
industry to achieve those goals and analyses the EU regulatory
framework and funding sources that can support theindustryin
its decarbonisation pathway.
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EXECUTIVE SUMMARY

KEY FINDINGS

As part of the European Green Deal decarbonisation targets, emissions from EU aviation will
need to decrease significantly.

Decarbonising aviation is challenging because of long aircraft replacementcycles and the lack
of viable zero-carbon alternatives to kerosene fuel in the short-term. Most of the reduction will
occur after 2030; emissions are expected to decrease by 61 % from 2030 to 2050.

Achieving reductions requires a multitude of technical measures, such as improvements in
aircraft technologyand operations, togetherwith a significant uptake in the use of sustainable
aviation fuels (SAF).

New zero-carbon aircraft using hydrogen may be available for all market segments between
2030 and 2040, but this is too late to be the main means for decarbonising aviation.

Significant investments of EUR 378 billion between 2020 and 2050 will be needed to replace
aircraft and introduce new technologies. This investment may deliver improvements in
efficiency leading to lower operating costs for the industry, potentially balancing out the
increasein fuel costs as aresult of wider uptake of SAF.

The EU supports this transition by fundingresearch and developmentactivities on aircraftand
air traffic management (ATM) technologies, together with the deployment of digital and
physical ATMinfrastructure.

The EU should continue to use funding and regulatory actionto support increased production
of SAF to achieve large scale cost reductions and technology maturity.

Expanding the scope of the Taxonomy Regulationto include activities such as the sale or lease
of more efficient/low-carbon emission aircraft, aircraft manufacturing and technology
development aiming at/supporting decarbonisation, and production, storage and distribution
of SAF, would attract green finance to the sector.

The European Green Deal and the challenge of decarbonising aviation

This study assesses the cost to decarbonise aviation by 2050, the technologies to do so, and the
European Union (EU) role in this process. Meeting the targets for a decarbonised European aviation
system will require significant reductions from aircraft, through more efficient technology or low-
carbon fuels, which form the focus of this work.

The European Green Deal targets carbon neutrality by 2050. Overall, the transport sector is expected
to contribute a 90 % reduction in emissions relativeto 1990 levels; decarbonisation scenarios from the
European Commission indicate that emissions from Europeanaviation are expected to be 89 % lower
under the Green Deal. While emissions are expected to peak by 2025, the majority of the reductionwill
come after 2030, declining by 61 % from 2030 to 2050, and significant residual emissions will remain
by then. Aviation is considered a difficult sector to decarbonise (due to substantial obstacles in
electrifying aircraft) and will require measures on several fronts — technological, regulatory, financial.

17
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Technological landscape

The study considered a wide range of developing technologies to support the decarbonisation
of the aviation sector:

e Aircrafttechnologies;
e Operational measures;
e Sustainable aviationfuels (SAF).

Technologies were identified that could reduce energy consumption of aircraft by up to 50%'. While
efficiency improvements are expected, several issues will limit the impact of new technologies
on emissions:

i.  Manufacturers will wish to avoid high business risks of launching new aircraft with multiple
new technologies;

i.  Mostaircraftinthe market have been released recently and will not be upgraded for several
years;
ii.  Aircraft have long replacement cycles: many aircraft delivered in the coming decade, with

current technologieswill still be flying in 2050.

For the past two decades, the EU has been developing its Single European Sky to improve air traffic
management (ATM), which may offer fuel savings of 9-11 % by enabling aircraft to fly at optimum
speed and altitude.

One area offering greatpotential is SAF (drop-in fuels, hydrogen, electricity), which can offer emissions
reductions of 20-100%. While hydrogen and electricity will require novel aircrafttypes and may not be
available for all market segments before 2040, drop-in SAF has the potential to reduce aviation
emissions today. The main constraints on drop-in fuel use are the price and availability at commercial
scale.

Table 1-1: Effects of technologies and alternative fuels on emissionsin 2050

Tank-to-wake (TTW)| Well-to-wake (WTW) | Change in WTW
emissions (MT) emissions (MT) emissions relative to
baseline
Baseline 150.2 184.8
With technologies 67.0 824 -55.4%
With  technologies 31.6 18.4 -90.1 %
and alternative fuels

Source: Authors' calculations using demand data from the 2020 Reference Scenario, energy consumption data from the MIX
scenario, energy efficiency assumptions for technologiesand emissions factors from ICAO Annex 16 Volume IV.

To meet the objectives of the Green Deal, WTW emissions in 2050 need to be less than 49.1 MT (a
reduction of 73 % relative to the baseline value of 184.8 MT in Table 1-1). Table 1-1 shows that aircraft
technologies and operational measures alone will not deliver these objectives. Including alternative
fuels, however, allows the targetsto be met with a comfortable margin.

' The greatest reduction in energy consumption identified for an individual technology is 50% for the full-electric propeller-driven aircraft.
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The development of new technologies, the purchase of new aircraft with those technologies, and the
uptake of SAF will impose costs on the aviation industry. While the purchase of aircraft with new
technologies is expected to lead to additional costs (compared to aircraft with current technology)
of EUR 378 billion between 2020 and 20502, with the research and development (R&D) of those
technologies incurring costs of EUR 50 billion?, the increased efficiency of new aircraft is expected to
give fuel cost savings of EUR 395 billion (2020-2050). The overall costs of decarbonisation measures are
expected to be about EUR 33 billion between 2020 and 2050

EU role - legislation

The EU has and will continue to have animportantlegislative role in strengthening the decarbonisation
of aviation. The main areas of action have been:

e Market-based measures to support emissionsreduction;
e Aviationfuel;
e Financialincentives to promotemeasureson infrastructure.

Perhaps the most consequential EU action to date has been including aviation in the EU Emissions
Trading System (ETS), which requiresall airlines operating in the EU toverifyand report theiremissions.
However, its scope was limited by excluding flights to outside the EU and granting airlines a certain
number of free allowances. The EU ETS is expected to be amended, removing free allowances and
integrating it with the ICAO CORSIA scheme, which may improveits effectiveness.

Two proposals on aviation fuel are included in the ‘Fit for 55’ package. First, an amendment to the
Energy Taxation Directive will impose a tax on fossil kerosene used as jet fuel. Second, the ReFuelEU
Aviation Regulation will impose a blending mandate requiring the minimum proportion of SAF in
aviation fuel to increase from 2025 to 2050. Together, these two initiatives offer substantial potential
to shift demand from fossilfuel towards SAF.

The main EU tool on financialincentives is Regulation (EU) 2020/852, the Taxonomy Regulation, which
defines environmentally sustainable economicactivities and sets a framework to facilitate sustainable
investment in economicactivitiesassociated with major GHG emissions. The Regulation already covers
a number of activities that can support the decarbonisation of the aviation sector, such as the
production of hydrogen and biofuels, and the construction of low-carbonairportinfrastructure.

EU role - funding

Existing EU programmes have typically funded R&D for aircraft and ATM-related technologies, as well
as deployment of the technologies. While these are key areas in the pathway to decarbonisation, an
important share of future investments will need to cover the commercial availability of new fuels and
purchase of more efficient aircraft. The EU can play a role in creating the necessary regulatory
conditions for commercial products to be more widely available and providing financial support (loans
or grants) to spur investment in the low-carbon fuels market. For example, the EU could promote the

For context, some estimates put the costs of achieving the European Green Deal objective of carbon neutrality across the EU economy at
up to EUR 800 billion per year for the next 30 years (Consultancy.eu, 2021).

3 Estimated development costs here should be considered those supported through major European research programmes. The additional
costs to take a new technology through toa new aircraft type are borne by the manufacturerand are uncertain and significantly higher.
These latter costs are not considered in this study.

All values in the text are undiscounted. The application of discount rates changes the magnitude of these total net costs.

> TheEU is working on a revision of its climate, energy and transport-related legislation under the Fit for 55 package to align current law
with the 2030 and 2050 ambitions.
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uptake of lower emission aircraftand the shortening of the aircraft replacement cycle via the inclusion
ofthe sale or lease of more efficient aircraft in the Taxonomy Regulation.

Policy recommendations

The EU can accelerate progressin aviation decarbonisation by taking actionin a number of fields:

The EU should continue to pursue a multifaceted approach and act in all areas of aviation,
including deployment of new aircraft technologies, market-based measures and wider use of
SAF.

The EU can continue to play a key role in innovation through ongoing supportfor R&D of new
technologies for aircraft, ATM and SAF. Funding from the EU ETS for aviation and the
proposed taxon kerosene could be earmarkedfor research in these areas.

Increasing the production of SAF and hydrogen is crucial. Without large-scale production
of sustainable fuels, it will be impossibleto achieve the targeted emissions reductions. In its
funding and regulatory capacity, the EU can play a rolein this market to ensure that all types
of SAF are produced in the necessary volume.

EU action will be needed to certify SAF (in collaboration with othereconomic blocks), ensure
that feedstocksareprioritised foraviation (and othersectors where decarbonisation depends
on drop-in fuels), and create the conditions for investment in production capacity
(and potentially support that production capacity directly).

To incentivise investment in aviation decarbonisation, the Taxonomy Regulation should be
expanded to include activities such as the sale or lease of moreefficient/low-carbon emission
aircraft, aircraft manufacturing and technology development, and production, storage and
distribution of SAF.

20
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1. INTRODUCTION

This report presents the results of the research study commissioned by the European Parliament
Committee on Transport and Tourism (TRAN) on the ‘Investment scenario and roadmap for achieving
aviation Green Deal objectives by 2050'.

The overall objective of the study wasto analyse the technical, operational and innovative (new aircraft,
new fuel, regulatoryrequirements) elements neededfor the aviation sector toachieve the objective of
the European Green Deal by 2050, notably in the context of new and forthcoming European Union (EU)
legislation and policy initiatives. It also aimed to present investment scenarios, either from the sector
itself or with the help of publicand private funding, to support decarbonisation of aviation.

Thereportis structured as follows:

e Section 2 discusses the decarbonisation needs of the aviation sector by 2050, including
compared to the transport sector in general.

e Section 3 presents an overview of developing technologiesto reduce fuel consumption and
aircraft emissions. It covers aircraft technologies, operational measures and sustainable
aviation fuels (SAF)°.

e Section 4 discusses the investments needed in the aviation sector to achieve the
decarbonisationgoals’.

e Section 5 coverstheEUrole in supporting decarbonisation of the aviation sector, i.e. the EU
legal framework and potential EU funding support for aviation and related needs®.

e Section 6 discusses the main challenges the EU may face in decarbonising aviation, such as
competitivenessof EU carriers and airports, and connectivity.

e Section 7 presents three case studies highlighting global best practice in SAF, technologies
andassociated infrastructure, and air traffic management (ATM).

e Section 8 compares the major aviationmarkets worldwide (Brazil, Canada, China, Japan, and
the United States (US)) in thefields of policy and research.

e Section 9 presents conclusionsand a set of policy recommendations.

The study was primarily based ondesk research, with an in-depthreview of research reports,academic
literature, EU legislation, proposal for legislation and accompanying support studies. This was
complemented by a set of stakeholder interviews covering research institutes, aircraft design
consultancies, airports, and green finance specialists. These interviews were used to collect data, get
a better understanding of someissues (e.g.on green finance) and to discuss assumptions around the
forecast emissionsreductionand timeline forintroducing novel technologies. Inputs from stakeholders
informed the analysis whererelevant.

Supporting information in Annexes A1 and A2.
Supporting information in Annex A3.

8 Supporting information in Annex A4.
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2. THE CHALLENGE OF DECARBONISING AVIATION

KEY FINDINGS

e Based on the scenarios published by the European Commission, the study developed
estimates of the scale of emissions reductions required to meet the goals of the European
Green Deal.

e To meet those objectives, emissions from European aviation will need to be 89 % lower
than what they are projected to be in 2050 in the absence of any European Green Deal
related actions. This implies a need to reduce emissions by 646 million tonnes of carbon
dioxide (CO,) by 2050.

e Suchareduction would mean that,in 2050, emissionsfrom extra-EU flights will need to be

similar to those from 1990; however emissions from intra-EU flights will need to be about
56% below 1990 levels.

e Despitethesereductionsinaviation emissions, similar efforts to reduce emissionsin other
transport modes will see aviation’s share of total transport emissions rising from 12%
in 2015 to about 60% by 2050.

This study aims to identify the cost todecarbonise aviation by 2050, the technologiesto do so,and the
EU’s role in the process. Meeting the targets of a decarbonised European aviation system will require
significant reductions in emissions from aircraft, which must be understoodin the context of both
expectations of the aviation sector as part of the delivery of the European Green Deal and how
thereductions compare to those expected for othertransport modes.

The European Green Deal targets carbon neutrality (a reduction in net CO, emissions from the EU to
zero) by 2050. The expected contribution from the transport sectoris a 90 % reduction in emissions
compared to 1990 levels. The specific contributionfromaviation is not defined, but some expectations
were included in scenarios published recently by the European Commissionin support of the European
Green Deal and the ‘Fit for 55’ proposals.Data were analysed for two such scenarios:

1) 2020 Reference scenario provides a view of the future developments of the transport sector
emissions prior to the adoption of the European Green Deal and the ‘Fit for 55’ proposals to
accelerate decarbonisation of the EU economy;

2) MIX scenario (produced as part of the development of the Fit for 55 initiative) provides a view on
the development on emissions, assuming that the relevant policies described in the European
Green Deal will be adopted towards achieving the carbon neutral initiative’s objectives by 2050°
and, hence, indirectly setting targets for emission reductions from aviation. The total transport
emission projections published for the MIX scenario only extended to 2030 and were therefore
extrapolated to 2050 for the purposes of this study. The 2020 Reference scenario data already
extend to 2050.

Figure 2-1 compares the forecast emissions for the total transport sector (including all modes) under
the MIX and Reference 2020 scenarios. The forecast emissions from the aviationsector underthe MIX
scenario are shown as theamberarea within the blue area.

The MIX scenario includes the extension of carbon price signals to road transport and buildings and a strong intensification of energy
and transport policies. It uses a uniform carbon price and either an extended and fully integrated EU ETS, or the current EU ETS scope
(including extension to the maritime sector) with a new ETS for road transport and buildings, or an existing EU ETS and a new ETS for road
transport and buildings with emission caps set in line with cost-effective contributions of the respective sectors. It does not explicitly
include the proposed introduction of mandated minimum blends of alternative fuels, nor changes in the Energy Taxation Directive.
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Figure 2-1: Comparisons of transport CO. emissions under the MIX and Reference 2020 scenarios

EU Transport Emissions Forecasts under Reference Scenario 2020 and MIX
scenario
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Source: PRIMES/TREMOVE data (2020 Reference Scenario, MIX scenario, plus additional data for the MIX scenario provided by
the European Commission for this study).

From Figure 2-1, it is clear that the MIX scenario (extrapolated to achieve the European Green Deal
objectives) requiresa far greater reduction in total transportemissions to 2050 than the 2020 Reference
scenario. Both scenarios show peak emissions in 2025; the 2020 Reference scenario then declines by
8 % by 2030, then a further 17 % by 2050. The MIX scenario shows a greater reduction (13 %) to 2030,
then a further 79% by 2050. As a result, the total transportemissions from the MIX scenario are 89 %
lower in 2050 than those from the 2020 Reference scenario (a difference of 646 million tonnes of CO»).
Although some reductions are expected from the aviation sector, they are considerably smaller than
what is expected for other transport modes. Between 2030 and 2050, the emissions for the aviation
sector (the top of theamberareain Figure 2-1) reduce from 126.7 million tonnesto 49.1 million tonnes
(61 9%). This results in aviation’s contribution to total transport sector emissions growing from
approximately 12% in 2015 to approximately 60 % by 2050. This significant reduction in emissions
from aviation in the post-2030 period illustratesthataviation is expected tobe one of the last transport
modes to decarbonise. Thisis due to therequirementsfor a high specificenergy (energy per unit mass)
of fuels which, if aircraft where to be electric, would lead to the need for a substantial weight in
equivalent batteries, leading to substantial difficulties in electrifying aircraft for anything other than
very short flights.

The emissions projections from the MIX scenario were also compared with those published by the
European Environment Agency (EEA), distinguishing between emissions from intra-EU flights and
extra-EU flights.
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Figure 2-2: Comparisons of aviation emissions under the EU MIX scenario and the EEA forecasts

EU Aviation Emissions Forecasts
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Source: PRIMES/TREMOVE data (MIX scenario); EEA forecast: (EEA, 2021).
Note: The EEA forecasts only extend to 2040; the chart includes extrapolations to 2050 by the authors.

The analysis shows that the EEA forecasts (to 2040), developed without the inclusion of the European
Green Deal measures, include continuing increases in emissions for extra-EU flights, while those for
intra-EU flights level off after 2025. By contrast, the MIX scenario includes the effects of the updated
policy measures'® targeting the achievement of the European Green Deal objectives and shows
significant reductionsin emissions followingthe recovery from COVID-19. These lead toemission levels
similar to those of 1990 for extra-EU flights (34.4 million tonnes in 2050, compared to 33.3 million
tonnes in 1990) and about 56 % below 1990 levels for intra-EU flights (14.7 million tonnes in 2050
compared to 33.5 million tonnes in 1990). In 2050, the aviation emissions under the MIX scenario are
58 % (intra-EU flights) and 64 % (extra-EU flights) lower than under the respective EEA forecasts
(extrapolated to 2050). These values show the scale of reductions necessary fromthe aviation sector to
meet the objectives of the European Green Deal (20 million tonnes CO, reduction for intra-EU flights
and 60 million tonnes forextra-EU flights)and are the emissions trajectories against which the potential
reductions from the identified technologies and operational measures will be compared.

1% An extension of the carbon price signals under the EU ETS to additional sectors (road and maritime transport, and buildings) and a strong

intensification of energy and transport policies.
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3. TECHNOLOGIESTO DRIVE DECARBONISATION

KEY FINDINGS

e Unconventional aircraft configurations such as blended wing bodies (BWB) may offer
significant improvements in efficiency through reductions in fuel consumption (up to
30%). However, these technologies may not be available for several years. Similarly,
unconventional propulsionsystems such as the open rotor engine would deliver efficiency
improvements (up to 20%), but also face development and adoption challenges, and are
likely to be restricted to medium-haul operations (on single-aisle aircraft).

e Other aircraft and engine technologies, including composite structures, hybrid laminar
flow, increased engine bypass ratio (BPR) and pressure ratio, are in continuous
developmentand although they may not offer large reductions in emissions (up to 15%),
they are morelikely to be adopted in the short term.

e Replacing kerosene yields greater emission reductions. In the short to medium term,
sustainable aviation fuels produced on a small scale can provide significant reductions in
emissions on a well-to-wake (WTW) basis (up to 90%). The greatest challengesforsuchfuels
are scaling-up their production facilitiesand their higher cost relative to conventional fuels.
Long-term options for electric and hydrogen-fuelled aircraft may lead to zero-carbon
flights, but both energy carriers give poorer energy density than conventional kerosene in
an aircraft application, which will restrict their use to smaller aircraft, at leastinitially.

3.1. Introduction

Sincethe beginning of the jet age, the aviationindustry hasfocused on reducing the fuel consumption
of aircraft, as fuel costs represent a major portionof airline operating costs: at a global level, these were
about 19% of airline operating costsin 2021 (IATA, 2021c), compared to over30 %in 2008 (IATA, 2010).
Technological developments in aircraft and engines meant that aircraft types were over 70% more
efficient in 2000 than thefirst jet aircraft (Peeters, Middel, & Hoolhorst, 2005). Subsequent updates to
theanalyses ((Kharina &Rutherford, 2015),(Zheng &Rutherford, 2020)) show thatdevelopments have
continued, although at a less rapid pace (0.5% average reduction per annum 2000 to 2010, 1.5%
averagereduction perannum 2010to0 2019), so that newaircraftin 2019 were 17% more fuel efficient
than those in 2000 and over 75% more fuel efficient than the first jet aircraft''. As CO, emissions are
directly proportional tofuel consumed'?, this alsoimplies a 75% reduction in emissions (per passenger-
km). However, increased demand for flights has outpaced efficiency improvements, resulting
in continuous increasesin total emissions.

Calculated from 70% (first jet aircraft to 2000) plus ten years at 0.5% per annum and nine years at 1.5% per annum ( (1-0.7)x(1-0.005)"x(1-

0.015)° gives 0.249, or 75.1% reduction)

2 For tank-to-wake (TTW) emissions. For well-to-wake (WTW) emissions, the total emissions depend on the emissions produced during the
extraction (if appropriate), processing and delivery phases and are not necessarily directly proportional to the fuel burn (particularly if
alternative fuels are considered) (see Annex A2).

3 Some organisations argue that‘demand management (restricting the allowable growth of demand) will need to be considered as a tool

to support the aviation sector in reaching net zero emissions (Transport & Environment, 2022).
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In recent years, there has been an increased focus on reducing CO, emissions (and those of other
greenhouse gases (GHG)), beyond incremental efficiency developments, driven by the policy goals
described in Section 2. As a result, the technologies being investigated have widened to include
alternative fuels, which can give reduced emissions for the same fuel consumption. These alternative
fuels include drop-in liquid fuels (commonly referred to as SAF), as well as hydrogen and battery
electric'. For drop-in fuels, no additional technology developments are required in aircraft, engines
or fuel handling and storage. By contrast,hydrogenor battery electric (or a hybrid of conventional gas
turbine and battery electric) requires significant new aircraft andengine technology developments.

Reductions in energy consumption can be achieved through advances in engine efficiency,
aerodynamics or aircraft weight (or combinations of all three). Annex A1 describes how these three
technological areas contributeto improvementsin energy consumption.

The study undertooka review of thetechnologiesin developmentfor aircraft, engines, alternative fuels
and operational measures, including their expected reductions in GHG emissions. The analysis of the
financial investments required to deliver the technologies necessitated data on the exp