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1. FOREWORD

Following the path initiated in 2022, when COIAE published its report on the state of the art
of environmental sustainability in the aeronautical sector —which has been updated
annually— this addendum presents the progress made in 2024 towards sustainability.

The path towards sustainability in the aeronautical sector is marked by the undeniable
commitment of all stakeholders, which has materialised in ambitious pledges related to CO,
emission reductions. These commitments are demanding significant efforts from the
industry in terms of innovation and technology, as the vast majority of the levers required
for decarbonisation involve new technologies never used in aviation —such as the use of
sustainable aviation fuels (SAF), electric propulsion, or hydrogen.

Setting and assuming such commitments requires continuous monitoring of the progress
being made in order to provide credibility to the sector’s ability to meet its stated objectives.

The annual addendum to the original
report, prepared by COIAE, aim to
highlight and communicate this
progress to society, with the
intention of offering readers a
realistic view of the feasibility of
achieving the aviation sector’s
decarbonisation commitments.

Perhaps the most notable
developments of 2024 relate to the
natural consolidation of projects and
stakeholders, as well as a narrowing focus on specific technological areas for development.
These have occurred alongside insufficient political and financial momentum, and a growing
realisation that hydrogen propulsion will require a longer timeframe. Moreover, the
development of higher energy density batteries —essential for viable commercial electric
operations— does not appear likely to meet the initially forecast timelines.

On the other hand, significant progress has been made in the production and use of SAF,
which allows for optimism regarding compliance with the regulatory goals of the Fit for 55
package.

Likewise, there has been meaningful advancement in the implementation of regulatory and
compensatory mechanisms such as RefuelEU Aviation, the EU ETS, and CORSIA. In terms of
airport decarbonisation, Aena has brought forward its decarbonisation target by ten years.

The development efforts not related to new fuels are also clearly defined: aerodynamic
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improvements (more efficient wings); operational improvements (collaborative avionics and
the Single European Sky); and new engine designs (open rotor). Efforts also continue in
electric aviation, hybrid aviation, and fuel cells.

The roadmap toward decarbonisation appears well defined, and significant progress is being
made in key areas. The information presented in this addendum supports these conclusions
and offers readers a realistic perspective on where we stand and the distance still to be
covered.
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2. INTRODUCTION: SUSTAINABLE AVIATION IN CONTEXT

2.1. INTRODUCTION

2024 was a complex year on the path toward sustainable commercial aviation. On one hand,
regulatory!, technological, and industrial developments continued in pursuit of previously
established decarbonisation milestones (see [3]). On the other hand, there were setbacks,
such as the financial difficulties faced by several companies at the forefront of sustainable
aviation —such as Universal Hydrogen' and Lilium— or delays in certification plans, like that
of Deutsche Aircraft’s D328eco™.

Figure 1. Ecopulse hybrid-electric demonstrator by Daher/Safran/Airbus (AIRBUS)

Leaving aside efforts related to the production of Sustainable Aviation Fuel (SAF), in general
terms one could speak of a certain rationalisation of business initiatives aimed at aviation
decarbonisation through new technologies, with a reduction in active players and ongoing"
projects as the target for entry into service approaches. That said, and as this report will
show, new projects and initiatives continue to emerge in the quest for CO,-free commercial
aircraft.

Political and financial momentum to stay on the path toward sustainable aviation is now
more necessary than ever, particularly given the growing evidence of the effects of global
warming, which may even be directly impacting aviation through the increasing frequency
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and intensity of in-flight turbulence. In this regard, the European Union maintains a clear
leadership role”, which —as will be discussed later— involves promoting technological
projects, issuing mandates for the gradual introduction of sustainable fuels, enhancing air
traffic control efficiency, and, importantly, monitoring compliance with emissions offset
regulations in Europe and verifying the accuracy of sustainability claims made by aerospace
industry players‘.

At the national level, 2024 was also a year of progress in the field of aviation decarbonisation.
In addition to the numerous industrial projects presented here, there was also an expansion
of initiatives such as the Alliance for the Sustainability of Air Transport in Spain“, and
developments within the academic research sector™.

2.2. PATHWAYS TO DECARBONISATION

The roadmaps for decarbonising aviation —along with the planning of technological and
industrial developments to make it possible— have always featured a wide range of
proposals from numerous organisations and companies. These roadmaps generally converge
on the goal of achieving net-zero emissions by 2050 (see [2], p. 8). However, in contrast to
the optimism of recent years, 2024 brought some doubts regarding the feasibility of certain
intermediate milestones on the path to environmental sustainability.

One such example is the aspirational goal set by ICAO at the end of 2023, aiming for a 5%
reduction in the carbon intensity of aviation fuels by 2030.

Past June, the International Air Transport Association (IATA) pointed to the lack of decisive
political action to promote SAF production as a major barrier to achieving that target*.

In a subsequent report, IATA again highlighted the vast differences among the various
roadmaps —particularly in the projected role of SAF¥, which could range from as little as
24% to as much as 70%, the latter figure aligning closely with IATA’s own forecast (Figure 2).
Notably, IATA’s roadmap gives significant importance to carbon capture, which would allow
airlines to maintain their current business model. However, it makes no mention of demand
management —an increasingly prominent topic in the debate on aviation’s climate impact,
as will be discussed later.
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Figure 2. Distribution of CO, Reductions (in tonnes), by Type of Action, to Achieve Net-Zero Emissions in
Commercial Aviation by 2050 (IATA)

To complete the contributions made by the international airline association in 2024,
IATA also published a series of detailed action guides, broken down by area of responsibility,
which it considers essential to achieve the goal of decarbonisation by 2050 (Figure 3).
Similarly, the University of Cambridge published last year what it sees as the four urgent
measures necessary to reach that goal®. This action plan to reverse the current emissions
trend should be implemented before 2030 and would include the promotion of SAF,
efficiency improvements, investment in disruptive technologies, and addressing contrail
formation —this last issue having gained increasing prominence in the sustainable aviation
debate, and one that will be explored in the following section.

Reduce in-flight energy use

Change the fuel

Re-capture emitted CO,

Figure 3. Roadmaps by Area of Action Proposed to Achieve Net-Zero CO, Emissions in Commercial
Aviation by 2050 (IATA)
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Another example of this revision of forecasts and commitments regarding CO, emissions in
commercial aviation occurred in August of last year, when Air New Zealand withdrew its
2030 targets, citing slow progress in both the availability of new aircraft technologies and
the scaling up of SAF production. Nevertheless, the airline announced it is still collaborating
on the development of zero-emissions aircraft and remains committed to achieving carbon
neutrality by 2050,

Overall, however, efforts to advance toward sustainable aviation continued —and even
accelerated— over the past year. Notable examples include the reconfiguration of the UK
government’s Jet Zero Taskforce and the new plans and commitments announced by the
Australian government*'.

In this regard, and as already mentioned, the development of new technologies remains a
key pillar for aviation decarbonisation. The European Union has been financially supporting
the required innovation and development for many years, currently under the umbrella of
the Clean Aviation programme*"'. In December, the third call for proposals was launched,
with a budget of €305 million, to support high-impact projects in regional and short-to-
medium haul aviation, as well as to promote fast-track technology deployment (Figure 4).

CALL 3: LIST OF TOPICS

« Demonstration of a Hybrid- * Ground Test Demonstration * Design and Integration of a

Electric Propulsion System for and Preparation of Flight Test High-Performance Battery

Regional aircraft, including of an Ultra High Bypass Ratio System on a Hybrid-Electric

Pylon and Nacelle Integration Ducted Geared Turbofan Regional aircraft

and modification Engine « Crashworthiness of fuselage

* Demonstration of On-board * Flight Test Demonstration of integrated LH2 storage

Systems relevant for an Unducted Engine solutions

hybridisation of Regional Architecture

* Advanced Concepts for

aircraft

* Ground Test Demonstration Reliable Power Electronics

* Flight Test Demonstration of up to TRL5 of On-Board NPE Conversion and Distribution

Hybrid-Electric Propulsion for Systems Architecture in Aviation
Regional aircraft
€145 M €205 M €15 M

Total EU

€380M

Figure 4. Technological Focus Areas for the Third Clean Aviation Call for Proposals (EU)
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2.3. NON-CO2 IMPACT

Over the past year, the debate intensified regarding the negative impacts of aviation
emissions beyond carbon dioxide. Attention has increasingly focused on contrails ([2], p. 6).
Although the quantification of their contribution to global warming is not yet fully
established ([3], p. 7), there is no doubt about their significant relevance —on a scale
comparable to that of CO,.

DAY  NIGHT
A

Contrails form when a plane’s hot, humid exhaust mixes with

cool, humid air high in the atmosphere and creates ice

Figure 5. Climate Impact Mechanisms of Contrails During Day and Night (American Airlines)

In this context, the EU introduced in 2024 new regulations and tools for the monitoring,
reporting, and verification (MRV*") of all non-CO, emissions, which will become mandatory
for airlines operating within the European Union starting on 1 January 2025, The NEATS
system will enable simplified communication to comply with this requirement, which will not
be subject to any financial obligations under the EU ETS —at least until the next legislative
review scheduled for 2028.

In an April 2024 report, the International Air Transport Association (IATA) clearly opposed
the requirement, arguing that further research is needed to fully understand the climate
effects of contrails™. Furthermore, IATA warned of potential legal implications if the
obligation were to apply to all flights departing from or arriving in the EU, as originally
planned, since this would fall under the jurisdiction of CORSIA.

On the other side, an unusual alliance of environmental organisations and low-cost airlines
—mostly operating intra-European routes— argued that the success of the MRV system
would only be possible if it covered all flights, both short- and long-haul, to ensure a proper
understanding of the impact of each segment of commercial aviation*.
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Ultimately, in July 2024, the EU confirmed that the obligation to monitor and report non-CO,
emissions would remain but agreed to limit its scope to intra-European flights.

In addition, in December 2024, a group of 50 aviation and climate change scientists signed a
letter urging action to mitigate the global warming effects caused by contrails™'. According
to a study by the organisation Transport & Environment™i, this impact could be reduced by
up to 50% by 2040 if predictive and rerouting techniques were implemented on a very
limited number of flights —those responsible for 80% of the total effect (Figure 6).

To ensure a net positive global benefit, the additional fuel consumption— and therefore CO,
emissions —caused by these flight path changes must also be considered.

In fact, the technologies and systems needed to manage flight paths that avoid contrail
formation have been under development for some time, with promising results in various
trials conducted in Europe —led, for example, by the company SATAVIA®*'— and in the
United States in collaboration with Google®'. With minimal additional fuel consumption on
a small number of flights, and virtually no cost to passengers, the expected reductions in the
climate impact of contrails were confirmed.

Net climate benefits of rerouting the most warming flights can be huge

® CO, emissions @ Contrail warming impact

Regular route New route

-4
;

New route
00000000000000000 N
co, HEIMHEHE 5% or less extra CO,...
Contrail
impact
" ...and a big reduction of
contrail warming
Source: Teoh et al. (2024), Frias et al. (2024), T&E. Note: Simulation of the net climate impact of
contrail avoidance for a flight within the 5% of European flights that generate 80% of contrail warming
Assumptions: GWP100 used to compare the climate impact of CO2 and contrails. Contrail warming = T’%E
reduced by 80%. The 5% extra fuel burn is a conservative estimate - extra fuel burn in flight tests and T
simulations is 2% or lower

llustracion 1. Cambio de ruta para evitar la formacion de estelas de condensacion (T&E)
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Other initiatives launched last year in the field of non-CO, impact mitigation include a public
funding programme for research in the United Kingdom*",, as well as various flight testing
and data collection programmes in both the United States and Europe aimed at improving
the characterisation of contrails®i. Evaluations were also announced to assess the potential
of SAF to mitigate these effects, both through ground testing®™" and, more promisingly,
through flight trials®™,

Finally, it is worth highlighting the list of airlines committed to mitigating contrail effects,
published by the non-governmental organisation Blue Lines®*. The list includes up to 30
operators with varying levels of involvement, ranging from participation in test programmes
to the establishment of specific reduction targets.

-~

TR
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3. ACTIONS, INNOVATIONS AND TECHNOLOGY

3.1. EMISIONS OFFSETING AND ECONOMIC MEASURES

3.1.1. Offsetting

The ultimate goal of sustainable aviation is to emit neither carbon dioxide nor any other
pollutants or climate-altering substances. However, given the urgency of the current climate
crisis, the aviation industry as a whole must develop transitional solutions that reduce net
emissions along the path to full sustainability. This is where offsetting comes into play:
reliably and verifiably removing or avoiding the emission into the atmosphere of an amount

of CO, equivalent to that generated by commercial flights.

CAPTURE
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dozens of high-powered fans
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Figure 7. Carbon Capture and Storage Offset Offering (Airbus)

carbon dioxide from

ospheric molecules. The iso

sent through a series of processes

In addition to conventional
options —such as emission-
reduction projects in
established industrial
processes or carbon removal
through forestry— there is a
growing sector focused on
directly capturing carbon
dioxide from the
atmosphere and storing it in
various forms (DACCS™).
Airbus is promoting these
strategies through its carbon
capture offering®™, which
companies like  Easylet
joined in 2024.

The nature of CO, capture
and offsetting projects has
thus diversified significantly,
with providers developing
different lines of action. One
such example is CURS, with
which British Airways signed

an agreement last September for the offsetting rights corresponding to 33,000 tonnes of
carbon dioxide® i, Meanwhile, as an underlying trend, the conventional offset market has
recently experienced a decline in the availability of high-quality credits, leading to a degree
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of public mistrust in this emissions mitigation strategy. In response, organisations such as
the ICVCM™ " are promoting a set of basic principles for these types of projects (Figure 8),
to ensure the integrity and effectiveness of carbon credits.

GOVERNANCE

Effective governance
2. Tracking
3. Transparency
Robust independent third-party validation and verification

THE CORE CARBON EMISSIONS IMPACT

5. Additionality
PRINCIPLES 6. Permanence
7. Robust quantification of emission reductions and removals
8. No double counting

The CCPs set a global benchmark
to ensure integrity in the voluntary
carbon market.

SUSTAINABLE DEVELOPMENT

Sustainable development benefits and safeguards
Contribution to net zero transition

Figure 8. The 10 Core Principles of ICVCM for CO, Offsetting (ICVCM)

3.1.2. CORSIA and EU ETS

In 2024, Phase | of the international aviation emissions reduction and offsetting scheme,
CORSIA, was launched (see [2], p. 13). Like the previous pilot phase, it remains voluntary for
ICAO member states. Nevertheless, it is worth noting that 126 countries already participated
in this CO, offsetting system last year, covering a total of 670 aircraft operators™.

Although, as previously mentioned, the carbon credit market has experienced some recent
turbulence, a return to stability is expected in order to maximise CORSIA’s impact.
Additionally, it is important to highlight the regulations developed to qualify aviation fuels
as sustainable, thereby enabling them to contribute toward meeting airline offsetting
obligations. SAF, by definition, removes CO, from the atmosphere during its production,
which partially or fully compensates for the emissions produced during its use in aviation.

The EU ETS, also described in earlier documents ([1], p. 17), is a cap-and-trade system that
limits total emissions from several high-carbon sectors in Europe, including commercial
aviation. Under this system, airlines must trade emissions allowances with other entities to
cover their intra-European operations. Accordingly, 2024 was a key year for airlines

¥
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regarding their EU ETS®™ obligations, marked by a 25% reduction in free emissions
allowances for airlines —which will be fully phased out by 2026— and preparations for the
monitoring of non-CO, aviation effects, which became mandatory on 1 January 2025. As
previously noted, this reporting obligation will not apply to extra-European flights,
maintaining a provisional boundary with respect to CORSIA.

In April 2024, the sustainable transport NGO Transport & Environment (T&E) published an
analysis of the share of CO, emissions from European airlines that were actually subject to
charges under the EU ETS*Vi, This percentage drops significantly for carriers with a high
volume of extra-European flights —currently not covered by EU legislation— such as national
flag carriers (Figure 9). As a result, less than one third of those emissions represented a
financial burden for operators in 2023. However, this percentage will certainly rise in the
coming years, due to the progressive elimination of free emissions allowances already
mentioned.

How much airlines paid (or not) for their emissions in 2023

@ Revenues from priced emissions (M€) @ Lost revenues from unpriced emissions (M€)

ETS revenues from 2023 European departing emissions: actual vs. lost revenues

Europe. | INECEEC I T

OME€ 2000M€ 4000M€ 6000M€ 8000M€ 10000M€  12000M€  14000M€

ETS revenues from Europe's top 10 most polluting airlines in 2023: actual vs. lost revenues

ryanair | e
Lufthansa |IEECITE AT
British Airways
pir France
casyjet | INETIEE M1
KLV T T
emirates |ESUGNILITI
wizz i SN
iberia
United Airlines m
oOME€ 200M€ 400M€ 600M€ 800M€ 1000M€ 1200M€

“T= TRANSPORT &
Source: European Commission, OAG, Ember, Ice.com |: ENVIRONMENT

Figure 9. Analysis of the Share of CO; Emissions Taxed for European Airlines Under the EU ETS (T&E)
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3.1.3. Policy Measures and Demand Capacity

The introduction of CO, emissions offsetting obligations for airlines (EU ETS, CORSIA), along
with the SAF mandate in Europe —which will require a 2% share of sustainable aviation fuel
in all aircraft departing from EU territory starting in 2025— has sparked debate over the total
cost of these measures and whether they will be passed on to passengers.

In June 2024, in what could set a precedent for other airlines, the Lufthansa Group
announced the introduction of an environmental surcharge on all tickets departing from the
EU, Switzerland, the United Kingdom, and Norway, starting 1 January 2025. This additional
cost, ranging from €1 to €72 depending on the type of flight, will help cover the added
expenses associated with the use of sustainable fuels and compliance with emissions
regulations®ii,

This surcharge should not be confused with the voluntary contributions some airlines offer
passengers to offset the emissions from their flights. That practice prompted the EU last year
to send a letter to 20 airlines, urging them to ensure the accuracy of the information
provided to avoid misleading consumers, potentially constituting greenwashing™®, In line
with these efforts for greater transparency, the EU also approved in December 2024 the
implementation of an environmental label on European flight tickets, clearly indicating the
emissions associated with each flight*.

The underlying issue is how to finance the additional costs resulting from taxes and
regulations, and whether these might ultimately reduce demand for air travel. This is a
scenario the industry fears, but that environmental groups would welcome.

Air trafficis currently growing strongly again and is expected to return to pre-pandemic levels
by 2025. It should also be noted that increasing ticket prices could restrict access to air
transport for lower-income passengers, and therefore limit the associated socioeconomic
benefits, potentially returning aviation to its former status as an elitist mode of travel.

To avoid this outcome —while still reducing air traffic and thus greenhouse gas emissions—
a coalition of environmental organisations proposed in October 2024 the introduction of a
Frequent Flyer Levy (FFL™). This progressive tax would apply starting with a passenger’s third
flight of the year, beginning at €50 and increasing to €400 from the ninth flight onward, with
additional penalties for long-haul flights or premium classes.

The effectiveness of such a measure remains under discussion, as does its estimated
emissions reduction potential. Furthermore, it would require addressing several legal
implications, such as the hypothetical creation of a centralised passenger registry to make
implementation possible.

15
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Figure 10. Key Data from the Frequent Flyer Levy Proposal (Ecologistas en Accidn)

The direct imposition of a kerosene tax, which has historically been exempt, was also
debated at the European level during 2024. Such a tax would be easier to implement but
would have an indiscriminate effect on passengers, who would bear the cost, with significant
economic impact?’, These consequences, along with the lack of unanimity among EU
countries to introduce it, suggest that the exemption will likely remain in place, at least in
the short to medium term*ii,

To conclude the section on taxation measures in air transport, it is worth noting the 20%
increase in the German national air passenger tax, effective from May 2024. The surcharge
ranges from €15 to €71 depending on the destination*".

Another proposal to reduce air traffic —now from the political sphere in Spain— was
introduced last year: a ban on domestic flights where a viable rail alternative of less than two
and a half hours exists, with some notable exceptions. The legislative initiative, agreed by
the governing coalition in February 2024, still needs to undergo various stages of approval,
and it is unclear when —or if— it will be implemented. It has been criticised by various
sectors for its economic impact and environmental inefficiency. Nonetheless, in September,
a new legislative proposal was presented, which would directly ban flights of less than one
hour®,

16
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Figure 11. Maximum Potential CO, Emissions Reduction from Replacing Domestic Flights in Spain
with Rail Alternatives in Context (COIAE)

To assess the effectiveness of such measures, COIAE published an updated version of its
report on these types of proposals. The study estimated the maximum potential benefit at
less than 0.7% of aviation emissions in Spain, and around 0.13% of CO, emissions from the
national transport sector (see [4]). Given these figures—which do not even take into account
the considerable emissions associated with the construction of the alternative rail
infrastructure—one might question whether this is yet another case of greenwashing that

avoids addressing the truly necessary measures for achieving environmentally sustainable
aviation.

To provide context for the debate, Aena’s data for 2024 shows a 9.2% increase in the number
of passengers in Spain compared to the previous year, a figure consistent with the year-on-
year rise in aviation fuel (kerosene) consumption last August, which reached 13%*"'. There
is no doubt that aviation continues to expand following the pandemic, and managing this
surge in demand poses challenges on many fronts, including environmental sustainability.

17
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Figure 12. Map of Air Routes in 2022 (Adam Symington)

3.2. NAVIGATION, OPERATIONS AND AIRPORTS

3.2.1. Navigation

In October 2024, the European Parliament finally approved the reform of the Single
European Sky (SES™i). The goal is to improve flight management within the continent by
reducing costs, increasing capacity, and —more importantly— enabling more
environmentally efficient routes through reduced charges.

Launched in 1999, the Single European Sky initiative aims to rationalise air navigation within
a geographically small area containing many countries and their respective air traffic control
authorities. After many delays and resistance from some states, mainly due to concerns over
sovereignty, and despite not reaching the level of reform requested by some airlines, the
path is now open to achieving up to a 10% reduction in CO, emissions. Eurocontrol will play
a central role in this new framework®*. Route optimisation is, of course, a powerful tool to
reduce fuel consumption and emissions. One example is a test flight by SAS from
Copenhagen to Los Angeles, which achieved a 20% improvement in fuel efficiency, largely
due to the selection of a more northerly flight path'.

At the national level, ENAIRE, Spain’s air navigation service provider, has launched its Fly
Clean programme, which aims to rationalise traffic and airline routes to improve overall
efficiency'. In 2024, ENAIRE also participated in the 14th Air Navigation Conference of the
International Civil Aviation Organization (ICAQO), which promoted measures for more
environmentally efficient navigation, such as reducing longitudinal separation distances
between aircraft.

18
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This separation distance is also the cornerstone of the GEESE programme'’, the successor to
Airbus’s fello’fly project. Backed by EU funding, GEESE will conduct three years of trials with
various airlines, during which commercial aircraft will fly in formation —such as migrating
geese— to benefit from the wake energy of the lead aircraft and reduce fuel consumption
(Figure 13). While fello’fly demonstrated fuel savings of up to 10%, GEESE now aims to
develop the full set of operational procedures needed to efficiently and safely link
commercial aircraft on long-haul flights.

Follower

Smooth updraft

Figure 13. Wake Energy Retrieval Mechanism Targeted by the GEESE Programme (Airbus)

3.2.2. Operations

The operation of an aircraft —from the moment it leaves the airport terminal until its arrival
at the destination— offers numerous opportunities to optimise procedures, thereby
reducing fuel consumption and associated emissions. Airlines are increasingly working to
capitalise on these opportunities through the use of specialised equipment and software
that provides pilots with real-time guidance on the most efficient alternatives. One example
is Emirates' Green Ops procedures, which aim to optimise variables such as centre of gravity,
flap configuration, and braking technique to enhance efficiency' (Figure 14).

Among Spanish airlines, for example, Air Europa uses the OptiClimb system, which offers
similar functionalities. Volotea, for its part, signed an agreement in October 2024 to

19
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implement Airbus’s Descent Profile Optimization (DPO) system, which operates similarly but
focuses exclusively on the descent phase of flight"V. Fleet management also presents
opportunities for improving overall efficiency. Tools such as SkyBreathe use operational data
to reduce total fuel consumption by up to 5% in theory. In 2024", Air Nostrum adopted this
software, joining over 60 airlines worldwide already using the system.

OPTIMISED CENTRE OF GRAVITY

—

REDUCED ENGINE TAXI g

OPTIMISED FLAP SETTINGS

Figure 14. Parameters Monitored by Emirates’ Green Ops System to Reduce Fuel Consumption (A21)

3.2.3. Airports

Air traffic in Spain, following the disruption caused by the pandemic, has once again broken
records, pointing toward a projected 300 million passengers transiting through Spanish
airports in 2025", While these figures are economically positive, they also highlight the
urgent need to accelerate emission reduction efforts within the sector.

In this direction, the Spanish airport operator Aena announced in 2024 that it is bringing
forward its goal of achieving carbon-neutral airports by 10 years, now targeting 2030 in its
Strategic Plan. To this end, Aena is promoting the reduction of both direct emissions (Scopes
1 and 2) through actions such as the installation of photovoltaic power plants (e.g., in
Valencia) and the transition to LED lighting on airport aprons (e.g., in Reus), and third-party
emissions (Scope 3), for which it received an award last year™i,

One of the simplest strategies to improve the environmental sustainability of airports
involves decarbonising the airside vehicle fleet, which includes all the vehicles assisting
aircraft and maintaining runways"i.,

20
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Efforts to support more sustainable, hydrogen-based aviation also require airports to play a
key role, not only by ensuring hydrogen fuel availability but potentially becoming hubs for
its production and distribution. The first steps are already being taken, as demonstrated by
the acquisition of electrolysers at Lleida Airport, where the existing solar power plant will be
used to produce green hydrogen'™.

Many airports are exploring the introduction of hydrogen into their operations. Examples
include Brussels Airport as part of its Stargate® sustainability programme, and Bristol
Airport™, where pilot projects were launched last year to test procedures and refuelling
stations for ground support vehicles.

Airbus, a leading advocate of hydrogen’s role in future sustainable aviation, is also working
with airports and other stakeholders to ensure fuel availability and the operational readiness
of hydrogen refuelling systems. This is the objective of the GOLIAT project, launched in
2024%1 as well as the Hydrogen Hub at Airports™ programme (see Figure 15), which involves
agreements with airport authorities and other partners arond the world.
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Figure 15. Airports and Stakeholders Involved in Airbus Programmes for Hydrogen Introduction and
Availability at Airports (Airbus)
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3.3. GRADUAL IMPROVEMENTS IN EFFICIENCY AND DESIGN

The continuous progress in reducing emissions per passenger-kilometre in commercial
aviation—approximately 2% annually [1]—has been achieved largely through optimisations
in engine design, materials, and overall aerodynamics. This does not mean that reaching net-
zero emissions won’t require fundamental changes in aircraft design concepts or propulsion
systems and fuels. Rather, it highlights that all efforts, both major and incremental, must
move in the same direction.

The impact of these gradual improvements on emissions reduction is evident in fleet
renewal, through the introduction of modern aircraft. In a study conducted by the analytics
company Cirium, comparing specific emissions per seat-kilometre on departing flights from
Adolfo Sudrez Madrid-Barajas Airport in the first quarters of 2019 and 2024, it was found
that the average value dropped by 10%, reaching 73 gCO,/seat-km™".

Figure 16 presents the data grouped by aircraft type, number of flights, and specific
emissions. As shown, the complete replacement of A340-600s with new A350-900s, along
with the emerging substitution of older A320s with their upgraded versions (A320/A321neo),
significantly reduced specific CO, emissions.

Q12019 Q12024

Proportion of CO, emissions

AININ 767400

767300 ¢
£195 62 AR

Figure 16. Comparison of Emissions by Aircraft Type on Flights from Madrid-Barajas
in Q1 2019 and 2024 (Cirium)
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In absolute terms, the number of
operations at Madrid-Barajas in
2024 was still below 2019 levels,
although the airport handled
7.2% more passengers™. This
highlights the growing need for
continuous improvements in the
environmental efficiency of air
transport. One example of such
initiative is the TaxiBot system —
a sustainable solution for towing
aircraft during taxiing between
the runway and the terminal. It
consists of a semi-robotic hybrid
tow vehicle that eliminates the
need to use the aircraft’s engines
during ground movement,
thereby reducing fuel
consumption, emissions, and noise. As of 2024, it is undergoing testing at Brussels Airport™“.
Among these types of gradual improvements is the AeroShark coating system, applied to
aircraft fuselages, which reduces fuel consumption —and therefore emissions— by around
1% on long-haul flights. After being approved a year earlier, its application was expanded in
2024 to airlines such as LATAM and ANA.

Figure 17. TaxiBot System Towing an Aircraft During
Taxiing (Brussels Airport)

On the other hand, the
ambition to achieve much
greater emissions reductions is
driving the design of the X-66
experimental aircraft,
developed by NASA and
Boeing among other partners.
Launched in early 2024 with
U.S. government support, this
demonstrator will be built
from an MD-90 airframe and
will incorporate a series of
features aimed at reducing

fuel consumption. In particular,

its extra-long truss-braced Figure 18. Wind Tunnel Tests of the X-66 Featuring
Truss-Braced Wings (NASA)

wing design could reduce
emissions by up to 10%™i.
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Wind tunnel tests completed last year (see Figure 18) appear to confirm this potential. The
potential of this wing configuration is also being explored in the European HERWINGT
project, funded under the Clean Aviation programme. This project includes additional
modifications to wing design and aims for even greater improvements —up to 15%— by
optimising structure, systems, and aerodynamics™ . In 2024, the project entered the
construction phase for several technological demonstrators.

An even more radical design change is proposed by the U.S.-based company JetZero, which
moves beyond the traditional cylindrical fuselage and wing configuration to explore a more
integrated concept: the Blended-Wing Body (see Figure 19). In this case, fuel savings
compared to a current 200-passenger aircraft could reach an impressive 50%"*. The
possibility of using hydrogen as the propulsion fuel is also under consideration™.

This type of design has been studied in the past, including for military aircraft and by
manufacturers like Airbus, but its development must overcome major technical challenges,
such as designing a pressurised cabin without the structural advantages of a circular cross-
section. Nevertheless, JetZero’s proposal is attracting growing interest from both airlines and
investors. In April 2024, the company received authorisation from the U.S. Federal Aviation
Administration (FAA) to conduct experimental flights with a scaled model™.

Figure 19. JetZero’s Proposed Design Featuring an Integrated Wing and Wide Fuselage
Configuration (JetZero)

At the far end of emission reduction through alternative designs lies the proposal to
reintroduce airships as a viable option for air transport. While not intended to replace
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conventional aircraft —given their obvious limitations in speed— several companies are
advancing with airship projects, some of which even conducted flight tests over the past
year.

3.4. SUSTAINABLE FUELS

In 2024, the sustainable aviation fuel (SAF) sector experienced significant growth due to
increasing pressure to reduce the carbon footprint of the aviation industry. The RefuelEU
Aviation regulation, which enters into force in 2025, will play a crucial role in this growth.
This regulation requires airlines to use a minimum percentage of SAF in their operations
within the European Union.

RefuelEU Aviation is a key component of the European Union’s Fit for 55 package, designed
to help meet the EU’s 2030 climate targets. Its main goal is to promote the gradual adoption
of sustainable aviation fuels at EU airports, thereby reducing CO, emissions from aviation.
The regulation sets the following minimum SAF blending targets:

e Starting in 2025, aviation fuel suppliers must ensure that fuel available to aircraft
operators at EU airports contains at least 2% SAF, increasing progressively to reach
70% by 2050.

e Additionally, from 2030, at least 0.7% of that SAF must be synthetic aviation fuel, with
the share rising to 35% by 2050.

The aviation industry is preparing to meet these new requirements by investing in SAF
production technologies and optimising operations to lower greenhouse gas emissions. New
feedstocks —such as biomass and agricultural waste— are also being explored to ensure a
sustainable and sufficient SAF supply.

At the end of 2024, EASA published its report “Status of the SAF Market in the EU in 2023”
[5], which included the following key points:

e Reference prices for the different types of fuels eligible under Regulation (EU)
2023/2405.

e An assessment of SAF production capacity in the EU.
e An analysis of emerging trends in the SAF production market.

In summary, EASA concludes that the announced production capacity is expected to meet
the 6% minimum required for 2030. However, it emphasises the urgency of taking action to
meet the 0.7% minimum for synthetic sustainable fuel by that same year.

25




&5 colaE

Mandatory minimum proportion of
Sustainable Aviation Fuel (SAF)

Sustainable Aviation Fuel

B Synthetic Sustainable Aviation Fuel

2025 2030 2032 2035 2040 2045 2050

»EASA

European Union Aviation Safety Agency

Figure 20. SAF Mandate under RefuelEU Aviation (EASA)

To conclude this brief introduction, and regarding the current state of SAF in Spain, it is worth
highlighting the initiative led by the British Embassy and the Spanish Association of
Aeronautical Engineers, which in June 2024 published a detailed report on potential
collaborations —both in production and regulatory frameworks— between the two
countries [6].

3.4.1. Key Agreements and Partnerships

To achieve the mandated blending targets and broader decarbonisation goals, coordination
among the various stakeholders is essential. Below are some examples of such alignment,
with commercial agreements reached in 2024 between airlines and SAF producers:

Sustainable Aviation Buyers Alliance (SABA)

In April 2024, SABA announced a landmark agreement™ to purchase SAF certificates,
involving companies such as Deloitte, JetBlue, and World Energy. These multi-year contracts
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—covering nearly 850,000 gallons of SAF— support the financing of new production plants
and send a strong signal to the industry, paving the way for further agreements.

IAG and Twelve

In February 2024, IAG (International Airlines Group, parent company of Iberia and British
Airways) signed an agreement to acquire 980 million litres of eSAF from Twelve™i,
achieving one-third of its 2030 target.

3.4.2. Production

On the other hand, despite existing uncertainties, the industry continues to invest in the
construction of new plants. At the national level, Repsol began large-scale production of
renewable fuels at its facility in Cartagena™¥, the first plant of its kind on the Iberian
Peninsula. The new refinery has the capacity to produce 250,000 tonnes of renewable fuels
per year from waste materials such as used cooking oil. These fuels can be used in aircraft,
ships, buses, trucks, and cars, helping to avoid up to 900,000 tonnes of CO, emissions
annually.

Figure 21. SAF Production Plant in Cartagena (Repsol)

At the international level, the United States is home to the Phillips 66 industrial facility in
Rodeo, California. This plant emerged from the conversion of a conventional refinery into a
site for renewable fuel production, including SAF. The facility has already begun processing
exclusively renewable feedstocks and is currently producing approximately 30,000 barrels
per day of renewable diesel. By the end of Q2 2024, the plan was to increase production to
over 50,000 barrels per day of renewable fuels, including SAF™,

This case serves as an example of the significant progress in SAF production planning in the
U.S., positioning the country to meet its goal of more than 11 billion litres of SAF by 2030,
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as set outin the U.S. SAF Grand Challenge. However, the change in government in early 2025
has created substantial uncertainty regarding the continuity of environmental sustainability
policies.

The consequences of an uncertain regulatory future, and therefore uncertain market
conditions, may help explain decisions such as that of oil company Shell, which in July 2024
paused construction of its SAF and renewable diesel plant in the Netherlands. Despite the
project being well advanced, with production scheduled to begin later that year, the
company opted to revise the timeline to “control costs and optimise project sequencing,”
resulting in delays™i. This serves as a strong example of the challenges and barriers that still
exist today in achieving industrial-scale SAF production.

3.4.3. Data and Projections

To conclude this section, the following SAF production data and future projections are taken
from the IATA press release Disappointingly Slow Growth in SAF Production™Vii:

e In 2024, SAF production reached 1 million tonnes (1.3 billion litres), doubling the
2023 output.

e SAF accounted for 0.3% of global aviation fuel production and 11% of total global
renewable fuel capacity.

e |n 2025, SAF production is expected to reach 2.1 million tonnes (2.7 billion litres),
representing 0.7% of total aviation fuel production and 13% of global renewable fuel
capacity.

The main future challenges include:

e Establishing greater governmental clarity. The lack of a clear stance on potential
support, penalties, incentives, etc., is hindering oil companies from investing in new
production plants.

e Reducing subsidies for fossil fuels and increasing incentives for renewable energy
production.

e Scaling up co-processing in existing refineries ([2], p. 26).
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e Refineries also produce other types of sustainable fuels (e.g. gasoline or diesel).
Restrictions on internal combustion engines in other transport sectors may have
knock-on effects for aviation.

e Diversifying SAF production through multiple certified methods and researching
new production pathways.

e Creating a global accounting framework for SAF: the existence of multiple registries
and sustainability chains causes confusion.

3.5. ELECTRIC AVIATION

Electric aviation continues to advance in the small aircraft segment and in the development
of hybrid propulsion technologies. In 2024, there was significant activity, both in product
development and commercial efforts, to accelerate the maturity of the most viable solutions
and secure funding for the completion of key projects. The main area of development in
electric aviation is currently focused on vertical take-off and landing vehicles, known as
eVTOLs™*, designed for urban air mobility applications on short-distance routes (with
ranges up to 100 km). To date, global investment in this emerging aviation segment has
exceeded €12 billion.

3.5.1. Electrified Aircraft Propulsion

Electric-powered aircraft continue to make slow but steady progress, with practical
applications primarily in the sectors of urban air mobility and general aviation, particularly
for training and instructional operations, which have relatively low range requirements.
Given the current limitations in battery energy density, small aircraft designed for short-
duration flights and limited range are the most suitable candidates for the introduction of
this new technology. Some
recent milestones achieved in
this  still-emerging  sector

include:
A) Joby has continued
the development and

certification of its S4 model, a
vehicle designed for air taxi
services with capacity for one
pilot and four passengers. The
aircraft is equipped with six
Figure 22. Joby eVTOL Prototype electrically powered rotors,
two of them fixed and four
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tilting. The company claims design targets of a 240 km range and a 450 kg payload. It is
currently undergoing FAA type certification, with the goal of receiving approval before the
end of 2026. Joby has also announced the start of pre-commercial operations in the United
Arab Emirates in 2026.

B) In December 2024, Archer Aviation announced it had reached the capacity to begin the
pre-production phase of its Midnight model at its Covington facility in Georgia (USA). The
Midnight is an air taxi designed to carry five people, including the pilot. Like Joby, Archer
plans to begin pre-commercial operations in the United Arab Emirates in 2026.

Figure 23. Midnight Model by Archer Aviation

C) Beta Technologies continues the parallel development of its two electric aircraft models:
a conventional take-off airplane (ALIA CX300) and a vertical take-off eVTOL (ALIA 250). Both
models share a high degree of commonality. The ALIA 250 completed its first crewed
transition flight in April 2024. Meanwhile, the CX300 conducted its first flight in November
2024. The company aims to obtain FAA certification for the ALIA CX300 by 2025 and states
on its website that it has an order backlog of 600 units, with clients including the USAF, US
Army, Amazon, UPS, and Air New Zealand. In November, Beta announced the addition of
$318 million in funding from various investors.

Figure 24. ALIA CX300 and ALIA 250 by Beta Technologies
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D) Vertical Aerospace, based in the United Kingdom, has continued test flights of its VX4
prototype over the past few months.

Figure 25. VX4 Prototype by Vertical Aerospace

E) Volocopter conducted demonstration flights in Paris during the Olympic period, albeit in
a limited capacity, which nonetheless showcased the potential use of this type of aircraft in
urban environments.

[y HHR01 oy [T

Figure 26. Test Flight of the VoloCity Model in Versailles (Volocopter)
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Figure 28. Prosperity Model by AutoFlight

e F—

Figure 27. Flight of eHang’s Remotely Piloted eVTOL Model

elIALD

Figure 29. eDA-40 Model by Diamond

F) In China, eHang continues
to lead the practical application
of eVTOL models—specifically
with  an unmanned aircraft
designed for two passengers, of
which more than 200 units have
already been produced.

G) Also in China, AutoFlight
has expanded its portfolio with
two electric aircraft models: the
Prosperity, with capacity for four
passengers and one pilot, and
the Carry All, an autonomous
cargo aircraft. AutoFlight
obtained type certification for
the Carry All from the Civil
Aviation Administration of China
(CAAC) in March 2024 and
announced production
certification for the Prosperity in
December 2024. The company
also announced the sale of 12
units (including both types) to
the United Arab Emirates, with a
unit price of $1.8 million.

H) Diamond announced that it
expects to certify its electric
aircraft, the eDA-40, with EASA
in 2025. Last year, the model was

evaluated by Lufthansa Aviation Training and AirBaltic Airlines, the latter having signed a
letter of intent to purchase three units.

1) The company Dufour is using its fully electric Aero 1 aircraft as a test platform for
technologies that will be incorporated into its future hybrid propulsion models, Aero 2 and

Aero 3.
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Figure 30. Aero 1 Aerobatic Aircraft by Dufour

J) The Integral E aircraft developed by Aura Aero completed its first flight on 3 December
2024 from Toulouse, powered by a 100 kW ENGINeUS electric motor supplied by Safran.
This is a two-seat trainer aircraft intended for flying clubs and pilot training schools, with
some aerobatic capability. It is equipped with a lithium-ion battery offering an expected

llustracion 2. Modelo Integral E de Aura Aero
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endurance of one hour, with

a 30-minute recharge
time. The motor
features integrated
control electronics and
its own cooling system.
The aircraft is also
equipped with Safran’s
GENeUSGRID power
distribution and
protection system,
which manages energy
supply to the motor
based on operational
needs.
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3.5.2. Hybrid Aircraft Propulsion

As previously mentioned, the Swiss company Dufour is developing two hybrid-propulsion
aircraft: the Aero 2, an unmanned cargo transport aircraft, and the Aero 3, designed for
passenger transport. Both aircraft share a similar eVTOL configuration with convertible
wings. The announced specifications for the Aero 2 include a maximum take-off weight of
208 kg, a payload of 40 kg, and a range of 400 km. For the Aero 3, the maximum take-off
weight will be 2,800 kg, with a maximum payload of 700 kg and a range of up to 1,000 km.
Aero 2 prototypes have undergone various flight tests, including transition flights and sensor
integration demonstrations, while the Aero 3 is currently in the preliminary design phase.

Figure 32. Aero 2 (left) and Aero 3 (right) Designs by Dufour

The Electra EL9 is a STOL™ (Short Take-Off and Landing) aircraft model designed for nine
passengers, based on the technology developed with the two-seat demonstrator prototype
EL2 Goldfinch. The aircraft is powered by eight electric motors and includes a battery system
composed of four battery packs, as
well as a conventional turbine-
driven electric generator. It is
expected to offer a range of 330
miles at full payload and a
maximum range of 1,100 miles
when empty. Certification under
FAA Part 23 regulations is targeted
for 2029, with a first flight planned
in 2027. The company reports a
total of 2,100 orders from 52

operators, with a combined value
Figure 33. EL9 STOL Design by Electra of $8 billion.

The Swedish company Heart Aerospace is continuing the development of its 30-seat
commercial aircraft, the ES-30. The company claims a range of 400 km with hybrid
propulsion, extendable to 800 km when passenger capacity is reduced to 25, and a range of
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200 km in fully electric mode. Heart Aerospace reports 250 firm orders, along with 120
purchase options and 190 letters of intent for this model.

. L

Figure 34. ES-30 Model by Heart Aerospace

The manufacturer has developed an experimental model called X-1, which began ground
testing in November 2024 and is scheduled for its first flight in mid-2025. Heart Aerospace
will operate the aircraft from Plattsburgh International Airport in Champlain Valley, New
York.

Figure 35. X-1 Prototype by Heart Aerospace

Additionally, the Swedish company plans to introduce a second prototype, the X-2, by 2026
with hybrid propulsion. The development of the X-1 has been partially funded through grants
provided by the Swedish innovation agency Vinnova. Heart Aerospace aims to achieve
certification for the ES-30 by 2029. The company is also leading a research project in Sweden
called ELISE, in collaboration with Braathens Regional Airlines, SAS, and the national airport
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operator, focused on developing the infrastructure required to support electric aviation in
the airports of the future. Trials conducted at Sdve Airport in Gothenburg included
verification and testing of electric charging procedures, evaluation of turnaround processes,
passenger and cargo handling procedures, and experience in ground support and
maintenance guidelines.

The company has submitted two design applications in the EU, as well as a patent application
for a new engine nacelle integration concept, which, according to Heart, will significantly
improve the flight characteristics of the ES-30 and allow it to operate from shorter runways.

VoltAero, based in France (Saint-Agnant), near Rochefort Airport, has announced the
development of three versions of its Cassio model, as well as the completion of its local
facility, which will be capable of producing 150 aircraft per year.

Figure 36. Cassio 600 Design by VoltAero

The Cassio models will have a passenger capacity ranging from 5 to 12. The Cassio 330 will
offer 5 seats and 330 kW of power; the Cassio 480 will have 6 seats; and the Cassio 600 will
accommodate 12 passengers with 600 kW of power. These aircraft are intended for regional
commercial transport, air taxi services, charter operations, and private or utility flights. Their
ranges will vary between 200 and 1,200 km depending on payload and configuration.

The propulsion system is based on Safran ENGINeUS electric motors combined with
combustion engines from Kawasaki Motors. The aircraft will be certified under EASA CS23 as
single-engine aircraft, although no specific certification date has been confirmed.
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ATR has announced the launch of the feasibility study phase for its new EVO model, with the
goal of achieving a 20% reduction in fuel consumption and an entry into service by 2030. The
design concept is based on the use of a new, efficient conventional thermal engine combined
with an electric motor powered by batteries. The aim is to optimise the sizing of the thermal
engine core by using supplemental electric power, thereby maximising the overall energy
efficiency of the propulsion system. As previously mentioned, in early 2025 ATR announced
a five-year delay in the development timeline for the ATR EVO.

Figure 3. ATR’s EVO Design

In November of last year, General Electric (GE) confirmed the successful testing of a hybrid
powerplant under the Turboshaft Electrification Project, delivering one megawatt of power.
The project is part of a $5.1 million research and development contract promoted by the
United States Army. It involves combining a conventional CT7 turboshaft engine with an
electric motor designed by GE, along with the necessary power electronics. This project is
part of the broader set of initiatives promoted by NASA under the Electrified Powertrain
Flight Demonstration program, which aims to develop a hybrid propulsion system for
regional commercial aviation by the end of this decade.
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lllustration 38. DHC Dash 7 modified by Magnix for the Electrified Powertrain Flight
Demonstration program (NASA)

3.6. HYDROGEN

3.6.1. Supply and Promotion

The introduction of hydrogen as a fuel is one of the most direct paths toward sustainable
aviation; provided, of course, that its production is also sustainable, which is referred to as
green hydrogen. This color-coding system (see Ref. [1], p. 66) helps identify its origin and
production process, although what truly matters, which is also captured in the EU hydrogen
taxonomy™™ is the total emissions associated with the fuel’s entire life cycle.

This regulatory framework, which includes concepts such as low-carbon hydrogen, is
covered in an April 2024 article (Ref. [7]), where the inclusion of additional options like
turquoise hydrogen, produced via methane pyrolysis, is also advocated, precisely on the
basis of its full life-cycle emissions (Illustration 39).
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llustracion 4. Proceso de generacion de hidrégeno turquesa para minimizar su impacto
medioambiental (Fastech)

Last year also saw progress in another pathway to obtain this fuel with no emissions impact,
identified as white hydrogen™. This approach focuses on the discovery and exploitation of
naturally occurring underground hydrogen deposits formed through geological processes.
One such commercial extraction project currently under study is located in the town of
Monzén, in Aragdn, Spain™ii,

Achieving a hydrogen-powered air transport model based on clean hydrogen will, in any
case, require significant financial and institutional support to ensure its availability. In this
regard, 2024 saw the first grants awarded by the European Hydrogen Bank™" to seven
green hydrogen projects (two of which are located in Spain®™®) through the initial call of its
Innovation Fund™. Notably, this fund is financed through revenues from the EU ETS
(Emissions Trading System) and aims to bridge the gap between the cost of sustainable
hydrogen production and its current market price. A second call, with a total of €1.2 billion,
was launched in December. This type of government support is not limited to Europe. Other
countries such as the United Kingdom™*i and Japan are also firmly committed to hydrogen-
powered aviation, supporting the entire cycle, from hydrogen supply infrastructure at
airports to the development of aircraft specifically designed for hydrogen propulsion™*ii,

In Spain, the CDTI (Centre for the Development of Industrial Technology), through its
Aeronautical Technology Programme (PTA), funded projects such as CLAH2RENH3CE, aimed
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at developing hydrogen storage and distribution technologies. In addition, a consortium of
energy and airport operators signed an agreement with Airbus in July 2024 to explore the
creation of the first hydrogen hub in Spain™* (see lllustration 40), as part of the Hydrogen
Hub at Airports programme previously mentioned.

Also worth highlighting is the work of the Spanish Alliance for the Use of Green Hydrogen in
Aviation, which brings together the sector’s key players under four working groups:
hydrogen production, its supply to airports, contribution to the manufacture of synthetic
aviation fuels, and hydrogen-based aircraft technologies*“.

Hydrogen Hub at Airports by Airbus

This concept involves collaborating with airports to develop a stepped approach to
decarbonise airport facilities, ground operations and transportation using hydrogen

H, producti
o S s

& liquefaction
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Hlustration 40. Airbus’ Hydrogen Hub at Airports program, aimed at creating integrated hydrogen
production and distribution centers at airports (Airbus)

Lastly, it is important to highlight the enormous effort that will be required to establish the
regulatory framework and ensure compliance with it for the certification of both ground
supply infrastructure and, above all, hydrogen-powered aircraft. This aspect, which is
sometimes overlooked, will be key to developing a sustainable aviation sector that inspires
confidence and does not compromise the safety standards of commercial aviation. EASA, the
main aviation regulatory authority in Europe, held its first dedicated meeting on the
certification of hydrogen-powered aircraft at the end of last year™.
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3.6.2. Fuel Cells

ZeroAvia has continued to make progress with its demonstrator aircraft based on the Dornier
228, completing 14 test flights throughout 2024. In parallel, the company has established its
powerplant product line based on three categories:

On the other hand, the company has established its powerplant product line based on three
categories: ZA600, for aircraft carrying 10 to 20 passengers with 600 kW of power; ZA2000,
for regional aircraft carrying 40 to 80 passengers with a power output of 2 to 5 MW; and
ZA2000RJ, for regional aircraft with 90 passengers. The company has also set a product
availability timeline with the following targets: ZA600 available in 2026, ZA2000 in 2028, and
ZA2000RJ in 2030. The company stated that in 2024, it initiated the certification process for
the ZA600 with both the U.S. FAA*" and the UK CAA.

It has also defined a timeline for the availability of these products: ZA600 by 2026, ZA2000
by 2028, and ZA2000RJ by 2030. The company announced that in 2024 it began the
certification process for the ZA600 with both the U.S. FAA and the UK CAA. In 2024, ZeroAvia
published a report titled Scaling Hydrogen—Electric Propulsion for Large Aircraft [8], outlining
its vision for powering large commercial aircraft using hydrogen fuel cells.

Finally, in July last year, U.S. airline American Airlines signed a conditional purchase
agreement with ZeroAvia for 100 hydrogen-electric engines to power regional aircraft*,
American Airlines has been funding ZeroAvia since 2022.

Figure 41. Dornier 228 modified by ZeroAvia for testing hydrogen fuel cell electric propulsion

Universal Hydrogen, following its historic 2023 flight with a modified Dash 8 powered by
hydrogen fuel cells, and the first ground test of its one-megawatt fuel cell propulsion system
on its lron Bird in February 2024xciv, Universal Hydrogen shut down and liquidated its
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commercial activities after depleting available cash and failing to secure additional financial
supportxcv. Its dual objective, to develop an H, container system for directly refueling
aircraft and an onboard propulsion system, appears to have exceeded its capabilities.
Universal Hydrogen's business model was based on the premise that there was insufficient
hydrogen refueling infrastructure at airports, and that existing technology was too slow to
refuel aircraft efficiently. The company presented itself as a plug-and-play solution requiring
minimal airport adaptation, targeting 2026 for product entry into service. It raised around
$100 million in funding from high-profile partners such as Airbus Ventures, American
Airlines, JetBlue Ventures, GE Aviation, and Toyota Ventures, but these funds proved
insufficient to meet its goals.

Joby Aviation is a pioneering company in the eVTOL sector which has modified one of its S4
prototypes to install a 40 kg hydrogen tank and a fuel cell from its German subsidiary, H2Fly.
In July 2024, the company announced that the prototype completed a 523-mile flight. This
hydrogen fuel project is funded by the USAF’s Agility Prime program.

AIRBUS reported having
completed the first phase of
hydrogen fuel cell testing at its
Ottobrunn facilities, achieving a
maximum output of 1.2 MW.
The fuel cell is being developed
by an Airbus subsidiary,
Aerostack GmbH, which is also
partially owned by the German
company ElringKlinger AG.

Meanwhile, UpNext, Airbus’s

Illustration 42. Cryoprop superconducting electric propulsion fully owned subsidiary, has

system by Airbus UpNext (Airbus) launched a new demonstrator

named Cryoprop to accelerate

the development of superconducting technologies for use in hydrogen-powered electric

propulsion systems*. The demonstrator will integrate and develop a two-megawatt

superconducting system cooled by liquid hydrogen through a helium recirculation circuit. To

this end, a collaboration agreement has been signed with Toshiba Energy Systems &
Solutions Corporation i,

H3 Dynamics. As part of the European Union’s Clean Aviation initiative, the Hypotrade
project, led by Honeywell and Pipistrel, aims to develop a hydrogen-powered electric
propulsion system for regional aircraft. For this purpose, H3 Dynamics has been selected as
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the fuel cell supplier for the technology demonstrator. The project’s goal is to design and
build a 500 kW propulsion system intended for EASA CS-23 category aircraft. The plan
foresees ground tests beginning in 2026, followed by flight tests in 2030. Pipistrel (a
subsidiary of Textron eAviation) will provide a 19-seat demonstration aircraft, conceptually
named Miniliner, for the flight testing phase*i, Additionally, H3 is collaborating with AIRBUS
on the development of a 500 kW APU** intended for wide-body aircraft such as the A330°.

Illustration 43. Miniliner concept for 19 passengers by Pipistrel (AIN)

Sirius Aviation. This Swiss company unveiled the design of the Sirius Jet in January 2024, a
hydrogen-electric powered VTOL business aircraft®. The company aims to certify and bring
the aircraft into service by 2028, offering two variants: one intended for private use and
another for commercial air-taxi services.

The Sirius Business Jet, for private use, will seat one pilot and up to three passengers, with
a projected flight range of 1,850 km. The Sirius Millennium Jet, for commercial services, will
accommodate five passengers and reach up to 1,050 km. Both versions will feature a service
ceiling of 9,000 meters and a cruising speed of 520 km/h.

The propulsion system includes 28 ducted electric propeller engines —20 mounted on the
aircraft’s main wing and eight on the canard. Another notable feature of this aircraft is its
low noise level: 60 decibels at a distance of 100 meters®'.
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llustration 44. Hydrogen-powered VTOL concept by Sirius Jet (now Stellarjet)

Cranfield Aerospace Solutions. This company, primarily focused on aircraft modification,
announced a project to retrofit a Britten-Norman Islander to be powered by hydrogen fuel
cells®’. The modified Islander will incorporate two integrated propulsion systems housed
within the original engine nacelles. Each propulsion system includes a 240 kW fuel cell, an
electric motor, and the corresponding power electronics and control systems. The company
has begun modifying the left nacelle of a prototype to carry out an initial series of ground
tests. Its goal is to certify the Islander modification via STC®" (Supplemental Type Certificate)
by 2027. The modified aircraft will have a capacity for 9 passengers and a range of 400 km.

lllustration 45. Retrofitting project with H; fuel cells on a Britten-Norman Islander by
Cranfield Aerospace

Piasecki Aircraft Corp is specialized in the design and construction of experimental aircraft,
announced last year its plans to commercialize a hydrogen-powered PA-890 helicopter by
the end of this decade®. The helicopter will be capable of carrying one pilot and up to seven
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passengers over distances exceeding 375 km. It will have a payload capacity of 850 kg and a
maximum takeoff weight of 3,300 kg.

The PA-890 will feature a four-blade main rotor, a variable-incidence wing that rotates up to
90 degrees during hover flight, and a pivoting tail rotor that provides anti-torque and yaw
control. When transitioning to forward flight, the wing rotates to a horizontal position,
providing lift to offload the main rotor, while the tail rotor pivots to provide horizontal
propulsion. By alleviating lift and thrust demands from the main rotor, its rotation speed will
be reduced.

The company is currently developing a 660 kW "iron bird" ground test rig for the propulsion
system. The development work carried out to date has been supported by the U.S. Air Force
through collaboration with DARPA. Piasecki aims for the PA-890 prototype to begin flight
testing in 2028.
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Illustration 46. Slow-rotor hydrogen-powered PA-890 helicopter model by Piasecki.

3.6.3. Direct Combustion

The operation of an aviation turbine engine, such as those powering nearly all medium- and
long-haul commercial aircraft, is based on the combustion of hydrocarbons or similar
substances. It is this combustion of kerosene that produces, among other emissions, carbon
dioxide (CO,), which contributes to global warming (see Ref. [1], p. 10).

Replacing hydrocarbons with hydrogen in the combustion chamber is a well-known solution,
tested in flight on several occasions. This would result primarily in water vapor emissions
instead of CO,. Although there are other potential emission-related issues associated with
hydrogen combustion (such as NOx and contrail formation), it would represent a major step
forward toward sustainable aviation by directly addressing the main contributor to climate
change (Ref. [1], p. 70).

In November 2024, Pratt & Whitney Canada, one of the world’s leading aircraft engine
manufacturers, announced a series of hydrogen combustion tests on its PW127XT engine as
part of the HyAdes project, funded by the Canadian government®”.
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In addition to ongoing
initiatives  such  as
Airbus’ Zeroe
program® (see [1], p.
71), which continued
to advance last year
with the inauguration
of a dedicated
technology center,
new  projects are
exploring hydrogen
propulsion®i, such as
Illustration 47. Combustion chamber of the PW127XT engine (Pratt & the Fokker Next Gen
Whitney) announced in 2024.
The renowned Dutch
manufacturer returns after decades without new designs, proposing an aircraft for between
120 and 150 passengers, with a range of 2,500 km, and entry into service expected by 2035.
Illustration 48 shows the proposed location for the liquid hydrogen tanks, a key element
given the large volume required for this type of fuel.

Illustration 48. Fokker F100 with liquid hydrogen tanks in the rear fuselage (GreenAir®)

A key element in Fokker's proposal is the announced compatibility of its design with different
types of fuel, allowing it to operate on standard aviation kerosene as used today, including
its sustainable version (SAF). This capability would grant the aircraft significant operational
flexibility, especially in cases where hydrogen supply is unavailable at certain airports, one
of the major challenges for the introduction of hydrogen in aviation.
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Another fundamental development for hydrogen-based aviation is the handling and
distribution of hydrogen in its liquid form, which requires cryogenic temperatures. In this
regard, Rolls-Royce, committed to developing hydrogen combustion engines for aviation,
conducted tests at the beginning of last year with a pump capable of operating under such
demanding conditions™ (lllustration 49).

lllustration 49. Cryogenic hydrogen pump during testing (Rolls-Royce)

Finally, regarding the collateral issue of increased NOx emissions from hydrogen combustion
already mentioned, in October 2024 a research team from the University of California
published results demonstrating the effectiveness of zeolites in substantially improving the
reduction of nitrogen oxides in post-combustion catalysts for hydrogen combustion®,
Although the initial target of this project is internal combustion engines in the automotive
sector, it exemplifies the mitigation potential in a hydrogen technology that is still under
active development.
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