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Abstract

The European Union air transport sector has been repeatedly exposed to major disruptions
such as the 2008 financial crisis, the COVID-19 pandemic, the war in Ukraine, and volatile
energy prices. Strengthening resilience has, therefore, become a strategic priority. This
study examines how strategic energy investments—covering renewable energy, sustainable
aviation fuels (SAFs), electrification, hydrogen technologies, and advanced infrastructure—
contribute to the resilience of the EU air transport system. The methodology integrates
both primary and secondary data from EU policy documents, ICAO and IATA databases,
Eurostat, and national statistics. A multi-criteria evaluation was applied using four key
performance indicators: emission reduction efficiency (ER), annual exposure index (AEI),
investment performance index (IPI), and net present value (NPV). Projects were assessed
through Simple Additive Weighting (SAW) and the Technique for Order Preference by
Similarity to Ideal Solution (TOPSIS), complemented by sensitivity analysis. The results
show that the Pioneer project delivers the strongest environmental and financial outcomes,
ranking first in ER, AEI, and NPV. Hermes performs best in job creation and social impact,
while BioOstrand achieves substantial absolute CO2 reductions but lower cost efficiency.
TULIPS shows limited effectiveness across all indicators. Sensitivity analysis confirmed that
rankings remain robust under alternative weighting scenarios. The findings underscore that
project design and alignment with resilience objectives matter more than investment size.
Strategic energy investments should, therefore, be prioritized not only for decarbonization
but also for their ability to reinforce both technological and socio-economic resilience,
providing a reliable foundation for a sustainable and crisis-resistant EU air transport sector.

Keywords: resilience; fossil fuels; energy investments; sustainability; European Union

1. Introduction
The air transport sector—one of the most dynamic and global branches of the

economy—is highly sensitive to economic shocks.
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History shows that various crises—financial downturns, pandemics, and military
conflicts—have a direct and often long-term impact on the stability and development
of this sector. Traditionally, aviation is a capital-intensive industry. Therefore, when
financing air transport companies, the main focus is on aircraft financing, and there are
many different financing options available. In this context, the importance of individual
sources of financing may increase or decrease over time, as demonstrated by recurring
economic crises. In the aviation sector, capital has become a key determinant of supply
structures, as restricted financial availability poses a major obstacle to entry [1]. Research
on economic crises often spans multiple sectors, yet aviation receives comparatively little
focus. Existing work tends to concentrate on stable environments, thereby failing to capture
the industry’s unique responses to recessions [2–5]. This is particularly evident when
assessing the most significant crises of recent decades: the 2008 financial crisis, the COVID-
19 pandemic, and Russia’s war against Ukraine. These crises have triggered substantial
fluctuations in energy prices, disrupted routes, restricted passenger and cargo flows, and
increased the vulnerability of the sector.

Compared to other modes of transport, air transport is exceptionally sensitive to
changes and external factors. It is, therefore, essential not only to understand the impact
of each crisis but also to seek ways to strengthen the resilience of the air transport sector.
Different crises generate new challenges to the air transport sector’s ability to operate
efficiently in a crisis environment [6,7].

Policymakers, when formulating responses to major recent macroeconomic shocks—
whether a financial crisis, a pandemic, or now the war in Europe—must remember that
although conditions generally improve after a catastrophic shock, they can also deteriorate
significantly. Therefore, fiscal policy planning should prioritize resilience rather than the
recently popular maximalist approaches [8].

Research findings confirm that the air transport sector has a substantial positive impact
on economic growth, particularly because its positive effects significantly increase under
normal economic conditions and diminish during economic crises. Therefore, a successful
recovery of the air transport sector following economic downturns is likely to stimulate
long-term economic growth [9].

In the current context, the resilience of the air transport sector is closely linked to
energy independence. Greater integration between energy production, transmission, and
consumption sectors can significantly enhance the operational flexibility of the air transport
industry [10–12].

The role of energy investments is indeed becoming increasingly important for the
economic resilience of the air transport sector. This is also closely linked to the impacts of
climate change and the strengthening of environmental regulations, which compel the air
transport industry to modify its operational practices and adapt to new rules established by
both the EU and global institutions. Although significant progress has been made over the
past decades, the aviation industry continues to invest in further improving flight efficiency,
particularly regarding energy efficiency [13]. A review of scientific research reveals that
environmental regulations are now perceived as an inherent operational environment
for the air transport sector, to which adaptation is essential. When assessing economic
crises through this lens, it becomes evident that sustainability objectives and climate policy
requirements determine the sector’s ability to adapt and maintain long-term economic
resilience. During economic downturns, various market regulations and government
policy measures are implemented not only to stabilize the sector but also to advance climate
change mitigation goals [14–17].

The air transport sector—one of the most dynamic and global industries—is highly sen-
sitive to economic shocks. Historical evidence demonstrates that various crises—financial
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downturns, pandemics, and military conflicts—have direct and often long-lasting impacts
on the sector’s stability and growth. This is particularly evident when examining some of
the most significant crises of recent decades: the 2008 financial crisis, the COVID-19 pan-
demic, and the Russia–Ukraine war. These events have triggered substantial fluctuations in
energy prices, disrupted flight routes, restricted passenger and cargo flows, and increased
the sector’s vulnerability [18–20].

The losses caused by the pandemic—particularly in Europe, North America, and Asia—
highlighted how closely the aviation sector is linked to a country’s economic development.
At the same time, the necessity of developing more flexible business models capable of
surviving even a complete operational shutdown became evident. The scientific literature
distinguishes two stages in the pandemic’s progression: the shock (decline) phase and
the recovery phase, during which significant changes in passenger behavior and market
structure were observed [21,22].

Meanwhile, the war in Ukraine triggered another major shock. The closure of airspace
over Ukraine and Russia resulted in extended flight routes, increased airfare prices, and
additional pressure on logistics chains [6,7,23]. Geopolitical crises have underscored that
air transport infrastructure is not only an economic but also a strategic factor. In response
to such challenges, increasing attention is being paid to systemic preparedness and the
capacity to operate during crises.

In the face of macroeconomic shocks, policymakers increasingly recognize resilience
as a key objective of strategic planning [24–26]. Short-term fiscal or financial measures
alone are insufficient—there is a need for a long-term strategy that includes sustainable
energy policies and investments in infrastructure [8,27–30].

Scientific studies show that the recovery of the air transport sector after a crisis often
acts as a catalyst for the recovery of the entire economy [9]. However, this process is
not possible without strategic decisions related to energy transformation. Today, the
resilience of the air transport sector is increasingly linked to energy independence and
efficiency [10]. Investments in renewable energy sources, the implementation of advanced
technologies, and the synergy between production, transmission, and consumption are not
only becoming climate policy objectives but also key factors of economic stability.

From this perspective, energy investments acquire a new significance as a resilience
tool: they help reduce dependence on fossil fuels and geopolitical fluctuations, while
enhancing the sector’s capacity to adapt to a constantly changing market and environmental
regulations. This also implies the necessity to view economic crises not only as threats
but as catalysts for systemic changes—centered on sustainability, innovation, and energy
efficiency [13,14,31,32].

While EU policies and projects in sustainable aviation have been widely discussed,
existing studies remain largely descriptive and lack systematic, multi-criteria assess-
ments of resilience. Prior research does not provide an integrated framework that evalu-
ates how energy-related investments simultaneously affect financial, environmental, and
social dimensions.

This study addresses that gap by applying key performance indicators (ER, AEI,
IPI, and NPV) in combination with multi-criteria methods (SAW, TOPSIS). The novelty
of the research lies in moving beyond policy summaries to deliver an evidence-based,
comparative evaluation of investment options. By ranking and testing alternative scenarios,
the study generates insights unavailable in EU reports or prior academic work, thus offering
policymakers and industry stakeholders a robust tool for strengthening the resilience of
the EU air transport sector during crises. Therefore, the aim of this article is to analyze the
role that strategic energy investments can play in strengthening the resilience of the EU
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air transport sector to economic crises, considering not only the financial and geopolitical
contexts but also the demands posed by climate change.

2. Literature Review
Aviation plays a very important role in supporting world economic activity through

employment generation, trade facilitation, tourism promotion, and infrastructure invest-
ment. According to the 2024 Aviation: Benefits Beyond Borders report, the sector directly
employs 11.6 million people worldwide and supports a total of 86.5 million jobs, including
indirect and induced employment across the global economy. In 2023 alone, air transport
contributed approximately USD 4.1 trillion to global GDP, representing 3.9% of the total
global economic output. Beyond these macroeconomic indicators, aviation is essential
for ensuring global connectivity, with airlines serving 21,000 unique city pairs, enabling
business, tourism, education, healthcare access, and cultural exchange. Air transport also
underpins global trade: 33% of global trade by value—equivalent to USD 8 trillion in
goods—was transported by air in 2023, particularly high-value or time-sensitive items
such as medical equipment and vaccines. Moreover, 58% of global tourists travel by air,
further amplifying aviation’s contribution to sectors such as hospitality, retail, and services.
The aviation sector also attracts significant capital investment; for instance, in 2022, USD
49.2 billion was invested in airport infrastructure, primarily funded by industry stakehold-
ers. Given this scale of influence, air transport is not merely a mode of transportation—it is
a strategic enabler of economic growth, resilience, and sustainable development [33].

Aviation is a major contributor to Europe’s economy, with over 100 scheduled air-
lines, more than 400 airports, and 60 air navigation service providers. It directly employs
1.4–2 million individuals and directly or indirectly backs 4.7–5.5 million jobs [34]. The im-
portance of the air transport sector in today’s global economy increasingly extends beyond
traditional economic boundaries and is emerging as a strategic factor in international rela-
tions and geopolitical stability. The large-scale flows of passengers and cargo—dependent
on unrestricted access to airspace, stable fuel prices, and reliable supply chains—make
the aviation industry particularly sensitive to geopolitical shocks. In the current period,
the main geopolitical challenges affecting this sector are directly related to energy policy,
including both the availability and volatility of traditional energy sources and the need to
develop sustainable energy systems and enhance energy independence.

The war in Ukraine and the resulting airspace restrictions have demonstrated how
geopolitical decisions directly shape the operating conditions of air transport—routes
have lengthened, costs have increased, and logistical connections have been disrupted.
At the same time, the availability of energy resources has become even more dependent
on the dynamics of international relations. These developments underscore the necessity
of viewing the air transport sector not only as an economic actor but also as a strategic
infrastructure component closely tied to national energy security. Accordingly, energy
investments aimed at developing alternative fuels, modernizing infrastructure, and im-
proving energy efficiency are becoming instruments not only of climate policy but also of
geopolitical resilience. Thus, the ability of the air transport sector to adapt to geopolitical
challenges increasingly depends on strategic energy-related decisions that determine the
sector’s flexibility, competitiveness, and long-term resilience to external shocks.

Since the beginning of the jet age, the aviation industry has focused on reducing the
fuel consumption of aircraft, as fuel costs represent a major portion of airline operating
costs: at a global level, these were about 19% of airline operating costs in 2021 [35].

It is essential for the air transport industry to acknowledge the opportunities and
risks linked to sustainability and energy changes to secure its long-term endurance [36].
Strategic energy investments in the air transport sector are focused on sustainable aviation
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fuel (SAF). SAF requires no significant modifications to current systems, making adoption
easier. Its use is set to rise toward 2050, with leading carriers already planning around 10%
usage by 2030 [37]. The energy resilience of the air transport sector is inextricably linked to
SAF, which is why most companies link their strategic energy investments to SAF.

Aviation has one of the highest energy demands per passenger or cargo unit, and
unlike other sectors, it lacks feasible electrification options. Net-zero goals rely mainly
on sustainable biofuels, alongside policy support for SAF and emerging technologies like
hydrogen [38].

The global air transport sector is constantly affected by various economic crises, which
have a significant impact on the sector. In the European Union, the main economic crises
that have had the most significant impact on the sector are the 2008 financial crisis, the
COVID-19 pandemic, and the war in Ukraine (Table 1).

Table 1. Major crises and impacts on EU air transport sector [1,23,39–60].

Crisis Period Key Impacts on Air Transport Main Lessons for Resilience

Global Financial
Crisis 2008–2010

Sharp decline in passenger demand; airline
bankruptcies; reduced investments
in infrastructure.

Need for financial buffers and diversification of
revenue sources.

COVID-19 Pandemic 2020–2022
Border closures; near-total collapse of passenger
traffic; increased reliance on cargo; large-scale
government support.

Importance of flexible operations, digitalization,
and emergency support mechanisms.

Russia–Ukraine War
and Energy Crisis 2022–present

Rising fuel prices, disruption of flight routes over
conflict zones, and increased energy
dependency risks.

Necessity of energy diversification, investment in
alternative fuels, and geopolitical
risk preparedness.

Source: Authors’ elaboration.

Aviation must reduce its fossil fuel dependence to strengthen resilience and cut emis-
sions. Progress toward net-zero by 2050 hinges on efficiency measures, next-generation
aircraft, and large-scale SAF adoption, backed by stable policies [58].

Various economic crises and their impact on the air transport sector have shown that
it is important for this sector to be as prepared as possible for various changes. Economic
resilience is a necessity, and energy investments play a very important role in achieving
this necessity. The Air Transport Network (ATN) is a key pillar of global connectivity, sup-
porting trade and passenger movement. Scholars highlight its resilience and adaptability
in the face of risks such as terrorism and financial crises [61]. The concept of resilience is
defined differently in the scientific literature, but most often, resilience is associated with
economic recovery after shocks [62]. Economic resilience is the spontaneous recovery and
adaptation of the economy after external shocks. Greater economic resilience can help the
economy quickly return to its previous growth trajectory or reallocate resources to expand
new growth areas [62]. The concept of resilience is one of the fundamental concepts used
in both natural, social, and economic sciences to assess the ability of systems to withstand
shocks and adapt to changing conditions. The concept of resilience—an interdisciplinary
concept with roots in engineering and materials science—originally referred to the ability
of a system or individual to recover to its original state after an external shock or distur-
bance. In the 1970s, Holling was the first to use the term “ecological resilience,” integrating
ecological thinking based on the complexity and non-linearity of systems and arguing that
ecosystems are inherently sustainable [63]. Resilience is also divided into internal and
external resilience [64–67]. Internal resilience involves the effective management of internal
resources, processes, and relationships to maintain operational efficiency and stability in
the face of internal pressures. External resilience is critical to economic stability and pros-
perity, but it is threatened by global shocks and pressures, including global financial stress,
commodity price fluctuations, geopolitical events, pandemics, and climate change. Re-
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silience also depends on sound policy-making and implementation, supported by credible
institutions [68]. In the contemporary resilience literature, two theoretical approaches are
of particular importance—Holling’s concept of ecological resilience and Martin’s concept
of economic resilience. Holling defines ecological resilience as the capacity of a system to
persist and function when subjected to significant disturbances, without crossing thresholds
that would alter its structure and functions [1]. This perspective emphasizes long-term
functional stability, adaptation to unexpected large-scale disruptions, and the ability to
operate across multiple equilibrium states. In contrast, Martin’s concept of economic re-
silience focuses on the ability of regions or sectors to absorb economic shocks, adapt, and
recover while maintaining competitiveness and a growth trajectory. It highlights absorp-
tive capacity, structural change, the adoption of innovations, and the speed of recovery
following a crisis [2].

Both concepts are closely linked to the characteristics of the aviation sector—high
capital intensity, global interconnectedness, and vulnerability to external shocks. From
Holling’s perspective, the assessment of aviation resilience should encompass the diversifi-
cation of supply chains, infrastructure adaptability, and operational flexibility—for instance,
diversifying fuel supply sources (including SAF or hydrogen) to ensure operational conti-
nuity even during crises. Martin’s perspective stresses the importance of rapid recovery
after a shock by adapting business models, optimizing route networks, and accelerating
technological innovation. For example, during the COVID-19 pandemic, some airlines
converted passenger aircraft for cargo transport, thereby mitigating revenue losses and
strengthening their resilience.

Integrating these two theoretical perspectives provides a comprehensive approach to
strengthening resilience in the aviation sector, encompassing both long-term adaptation to
uncertainty and the capacity to rapidly restore operations and maintain competitiveness
after crises.

An analysis of resilience in the air transport sector reveals that one of the key factors
in the sector’s ability to adapt and recover is energy security. Therefore, the importance of
energy for air transport operations and its resilience in crisis situations is examined further.
The aviation sector is highly dependent on fossil fuels and continues to grow. Carbon
dioxide (CO2) emissions from air transport are projected to triple by 2050, while the EU is
expected to achieve net-zero emissions across the economy by that time. Studies show that,
in addition to technological innovations related to zero-emission electric and hydrogen
engines, the transition must include policy measures such as polluter pays, investment in
research and development, subsidies, and promotion of alternatives to flying [69].

McKinsey’s analysis indicates that power-to-fuel technologies face substantial eco-
nomic barriers to scaling, with costs of USD 1550–5600 per ton. These levels remain
well above conventional jet fuel prices, generally situated between USD 500 and USD
1125 per ton [70,71]. The steady growth in global air traffic [72], combined with the techni-
cal challenges inherent in decarbonizing a sector where emissions are particularly difficult
to reduce, has placed aviation at the top of the climate agenda in many countries [73].

The lack of technologically feasible solutions is the biggest challenge for aviation
in achieving climate neutrality [74,75]. In a sector where electrification faces significant
technical constraints in all but the smallest aircraft [76], all major scenario projections foresee
significant use of SAF. As a result, SAF plays a key role in the air transport sector policies
of many countries [73]. As a global leader in climate governance, the European Union (EU)
has adopted three major measures to curb domestic aviation emissions. Aviation GHG
emissions are incorporated into the EU ETS to apply carbon pricing, while renewable fuel
blending has been made compulsory across the sector [77].
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Given the close link between the air transport sector and energy consumption and
its dependence on fossil fuels, it is particularly important to analyze the role of strategic
energy investments in strengthening the resilience of this sector.

Airports are among the most energy-intensive infrastructure facilities, requiring large
amounts of electricity and fuel to meet various operational needs, such as lighting, heating,
cooling, and ventilation systems, airport management, baggage handling, and ground
support equipment. Energy costs account for approximately 10–15% of airport operating
costs, which puts significant financial pressure on airports. With increasing energy demand
and growing environmental concerns, the use of sustainable energy in airport infrastructure
has become a strategic necessity. In 2023, global investment in clean energy reached a record
high of USD 1.7 trillion. However, the challenge for airport operators is to balance energy
efficiency and cost savings with the sector’s stringent safety, reliability, and uninterrupted
service requirements [78]. Most scientific studies have shown that it is precisely the
investments in sustainable aviation energy that ensure greater resilience of the air transport
sector to various economic shocks.

While the existing literature is very useful for certain components of sustainable
aviation, such as the development of SAF, aircraft electrification, and emissions trading
systems, it is fragmented and lacks a comprehensive cross-sectoral synthesis. For example,
studies on SAF often do not consider policy alignment and economic feasibility, while
technological assessments may not consider social acceptability or regulatory challenges.
Furthermore, few studies provide comparative insights across different regions [79] and
the ability to adapt to necessary energy transitions.

Strategic industrial investors, such as airlines and OEMs (Original Equipment Man-
ufacturers), are investors with motives other than purely financial gain. Many of them
probably consider SAF to be a “license to fly”. SAF is essential for these industrial investors,
who are seeking to maintain the legitimacy of their operations and meet the expectations of
regulators and stakeholders regarding sustainability. These investors want to accelerate the
commercialization of projects with high growth potential while maintaining their overall
risk profile. Strategic industrial investors are as follows: Airlines: Airlines consider SAF
to be (one of) the most important levers for decarbonization. Although often criticized
for “insufficient action”, several airlines have made greater efforts by investing directly
in SAF producers and assuming part of the risk. Through these investments, in addition
to reducing carbon emissions, airlines hope to gain preferential access to future SAF pro-
duction to meet voluntary and government commitments and potentially secure attractive
market prices. OEMs: Currently, aircraft are certified to fly with up to a 50% SAF blend.
Ensuring a sufficient and accessible supply of SAF will make it easier to order traditional
aircraft and align with emerging green aviation taxonomies until zero-carbon propulsion
is developed. Airports: Airports are under increasing pressure from airlines to secure
physical SAF supplies. This may lead them to invest in SAF infrastructure and possibly
even in projects to attract airlines committed to sustainability, providing incentives for an
increasingly environmentally conscious industry. Energy and oil companies: SAF offers a
solution for moving away from fossil fuels, especially once blending restrictions are lifted.
By being the first to adopt SAF, energy companies and fuel suppliers can protect their
market share in the aviation fuel market as demand for green alternatives grows, while
reducing the impact of their operations. Raw material suppliers: SAF can open new sources
of income and strong demand signals for raw materials. These companies could opt for
vertical integration, ensuring that their agricultural or waste products are used in SAF
production [80].
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Scientific studies indicate that the impact of strategic investments on the resilience
of the air transport sector can be assessed through key indicators such as the volume of
investment, the reduction in CO2 emissions, and economic factors, including job creation.

To ensure the effectiveness of renewable energy projects, it is essential to make sector-
specific investment decisions, particularly in the air transport sector, which has unique
energy demands and infrastructure. Precisely selected energy sources that meet technologi-
cal requirements are crucial for both operational sustainability and economic resilience [81].
Strategic investments in sustainable aviation fuels, electrification, or hydrogen technologies
can reduce costs and enhance financial efficiency [82]. Furthermore, sector-appropriate
projects help mitigate environmental impacts by contributing to the reduction in green-
house gas emissions. Such targeted investments strengthen the resilience of the air transport
sector to economic crises and support the implementation of the European Green Deal [83].

Several major projects are currently underway in the EU air transport sector, demon-
strating how investments in energy infrastructure can fundamentally strengthen the sector.
Through joint efforts by the EU, individual member states, and private capital, the aviation
sector is becoming not only more energy efficient but also more resilient to various crises.

CINEA has overseen EU co-financing of aviation projects amounting to EUR 4.5 billion
since 2014, delivered through programs, including the Connecting Europe Facility, Horizon
Europe, and the Innovation Fund [84].

One of the largest projects currently underway in the EU is TULIPS. TULIPS is a
consortium led by Schiphol that aims to develop innovations that facilitate the transition to
low-carbon transport and increase the sustainability of airports over the next four years.
The TULIPS project, which has received EUR 25 million in EU funding and a total funding
of nearly EUR 32 million [85], started in January 2022 and will continue until December 2025
and beyond. The consortium aims to accelerate the deployment of sustainable technologies
in aviation, thereby contributing significantly to zero-emission and zero-waste airports by
2030 and a climate-neutral aviation sector by 2050. Amsterdam Schiphol Airport is a model
airport and will be the testing ground for 17 demonstration projects to be implemented in
collaboration with this consortium [86].

A particularly significant initiative is the BioOstrand project, which is constructing
the world’s first commercial-scale biorefinery in Sweden to produce sustainable aviation
fuel and naphtha from solid forest residues. The project has received EUR 166 million in
funding from the European Union [87]. During the first ten years of operation, cumulative
GHG (Greenhouse gas) emissions savings are expected to reach 8.7 million tons of CO2

equivalent. For comparison, this is twice as much as the annual emissions from all domestic
flights in Sweden. It should be noted that the Östrand project directly contributes to the SAF
targets set out in the ReFuelEU Aviation initiative, as well as to the renewable hydrogen and
autonomy targets set out in the REPowerEU action plan and the EU hydrogen strategy. The
project strengthens the European value chain for advanced biofuels, from forest industry
residues and local renewable electricity to the end user’s fuel tank filled with sustainable
fuel. This ensures both sustainability and resilience for Europe’s most important transport
economy sector, while delivering a technology and business model that can be replicated
across Europe and beyond. The project is expected to create 60 direct and 660 indirect
full-time equivalent green jobs per year, which will also have a positive impact on the local
economy [88].

One more huge project—The Hermes project, led by the French start-up Aura Aero,
aims to develop, certify, and produce a hybrid-electric 19-seat regional aircraft. The ini-
tiative has received EUR 95 million in funding from the European Union [89]. Hermes is
expected to achieve an estimated total absolute GHG emission avoidance of 10 million tons of
CO2 equivalent over its first ten years of operation, supporting the European Green Deal’s
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objectives. The project will contribute to decarbonization and the development of Europe’s
aviation sector. It will also contribute to more sustainable regional air travel. Hermes is
expected to create 1600 direct jobs by 2036 and up to 1600 indirect jobs later [90].

Investments in energy increase the resilience of the air transport sector, as shown in
Figure 1.

 
Figure 1. The impact of investments in energy on the resilience of the air transport sector. Source:
Authors‘ elaboration.

These investments enhanced resilience by simultaneously reducing exposure to fossil
fuel price volatility, lowering operational costs during demand shocks, and generating
social co-benefits through job creation and innovation capacity. In this sense, resilience
emerges not as a static outcome but as a dynamic capacity to absorb and adapt to cross-
sectoral disruptions.

The rest of this article is based on research conducted on EU-funded projects.

3. Methodology
This study relies on both primary and secondary data collected from the follow-

ing authoritative sources: the European Commission reports, including ReFuelEU Avia-
tion, REPowerEU, and TEN-T (Trans-European Transport Network) program documents.
Databases of the International Civil Aviation Organization (ICAO) and the International
Air Transport Association (IATA). National statistical offices and Eurostat indicators related
to employment, investments, and air traffic. Data from EU funding instruments (e.g.,
Connecting Europe Facility and Horizon Europe) concerning project investment volumes,
emission reduction potential, and employment impact. The scientific literature and expert
studies evaluating the effectiveness of SAF and other decarbonization technologies

The assessment of the impact of strategic investments on the air transport sector’s
resilience is based on the following key indicators:

Investment volume—total financial input allocated to the project (in EUR).
CO2 emission reduction—expressed in tons of CO2 equivalent over a defined period.

Economic impact, including the following: Job creation, both direct and indirect, calculated
based on the multiplier effect.

The main EU projects examined in the study—TULIPS, BioOstrand, Hermes, and
Pioneer (see Table 2). CO2 reduction values represent the total projected reduction over the
full project duration.
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Table 2. EU projects examined in the study [91].

Project CO2 Reduction (t) Investments (EUR) Duration

TULIPS 800,000 32,000,000 4
BioOstrand 8,700,000 166,000,000 3

Hermes 10,000,000 95,000,000 5
Pioneer 16,000,000 8,000,000 3

Source: Authors‘ elaboration.

Four EU flagship projects (TULIPS, BioOstrand, Hermes, and Pioneer) were selected
because they represent distinct technological pathways: SAF production, electrification,
hybrid energy systems, and solar-based circular solutions. Together, they provide typical
cases for analyzing structural transformation in the aviation sector. Major projects related
to strategic energy investments in the air transport sector not only contribute to the decar-
bonization and resilience of aviation but also play a significant role in fostering broader
economic growth within the European Union. By promoting innovation, enhancing energy
efficiency, and stimulating high-value industrial activity, these initiatives generate positive
spillover effects across multiple sectors, thereby strengthening the EU’s overall economic
competitiveness and sustainability (see Table 3).

Table 3. Economic indicators [91].

Project Jobs Created

TULIPS 0
BioOstrand 720

Hermes 1600
Source: Authors‘ elaboration.

Emission reduction efficiency (ER):

ER =
CO2 t

I
. (1)

CO2t—CO2 reduction in tons after project implementation.
I—project investments in EUR.
These metrics indicate how many tons of CO2 emissions are reduced per euro invested.

It helps assess the cost-effectiveness of emission reduction [92].
Annual exposure index formula:

AEI =
CO2 t

Y
. (2)

CO2t—CO2 reduction in tons after project implementation.
Y—project duration in years.
The AEI shows the average annual CO2 emission reduction. It helps evaluate how

much impact is achieved annually.
Investment performance index:

IPI =
W
I

. (3)

W—jobs created.
I—investment.
This index reflects the number of jobs created per million euros invested, illustrating

the social return of investment [93].
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Net present value (NPV):

NPV =∑n
t=1

Bene f itt

(1 + r)t − Investment (4)

r—discount rate, which reflects the time value of money and risk. A discount rate of
5% is often used in public sector analyses.

NPV—shows how much value the project will generate in today’s money, taking into
account future benefit flows [94].

Simple regression analysis formula:

Y = β0 + β1X1 + e (5)

Y—dependent variable (e.g., CO2 reduction, number of jobs);
X—independent variables (Investments);
β0—constant;
β1—regression coefficient indicating how changes in X affect Y;
e—error term (residual).
Pearson Correlation Coefficient:
The Pearson correlation coefficient measures the linear relationship between

two variables:

r =
Σ
(
Xi − X

)(
Yi − Y

)√
∑(Xi − X

)2·∑
(
Yi − Y

)2
(6)

Xi—individual values of the independent variable (investment);
Yi—individual values of the dependent variable (CO2 reduction);
X and Y—means of the respective variables.

3.1. SAW Method

SAW method calculates the sum Sj of the weighted normalized values of all indicators
for each j-th object (alternative):

Sj = ∑m
i=1 wirij, (7)

wi is the weight of the of the i − th indicator;
rij−s the normalized value of the i-th indicator for the j-th object. The initial data, if

the criterion is minimizing, is normalized according to the following formula:

rij =

min
j

rij

rij
. (8)

rij—the value of the i-th criterion for the j-th alternative.
If the criterion is maximizing, it is normalized according to the following formula:

rij =
rij

max
j

rij
. (9)

3.2. TOPSIS Method

TOPSIS evaluates alternatives by measuring their proximity to ideal positive and
negative solutions. Given equal weighting of criteria, the first stage requires normalization
of the matrix using the following specified formula:

nij =
xij√

∑m
i=1 x2

ij

. (10)
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Next, we calculate the weighted matrix using the following formula:

νij = wj nij f or i = 1, . . . , m; j = 1, . . . , n, (11)

wj−is the weight of criterion j.
The next step is to calculate the ideal positive and ideal negative solutions using the

following formula:

V+ =
(
ν+1 , ν+2 , . . . , ν+n

)
=

((
max

i
νij

∣∣∣∣j ∈ I
)

,
(

min
i

νij

∣∣∣∣j ∈ J
))

; (12)

V− =
(
ν−1 , ν−2 , . . . , ν−n

)
=

((
min

i
νij

∣∣∣∣j ∈ I
)

,
(

max
i

νij

∣∣∣∣j ∈ J
))

, (13)

where I is identified with the maximizing criterion and J with the minimizing criterion;
i = 1, . . . m; j = 1, . . ., n.

The distances between the ideal positive and ideal negative solutions are then calcu-
lated using the following formula:

S+
i =

√
∑n

j=1

(
νij − ν+i

)2, i = 1, 2, . . . , m; (14)

S−
i =

√
∑n

j=1

(
νij − ν−i

)2, i = 1, 2, . . . , m. (15)

The relative closeness to the ideal positive solution is then calculated using the follow-
ing formula:

Pi =
S−

i
S−

i + S+
i

. (16)

The final step involves ranking the objects under investigation.
The objective of the multi-criteria assessment is to develop a coherent framework of

indicators and apply it in practice to evaluate how strategic energy investments contribute
to strengthening the resilience of the European Union’s air transport sector in the context
of economic crises.

In this study, all four indicators—emission reduction efficiency (ER), annual exposure
index (AEI), investment performance index (IPI), and net present value (NPV)—were
assigned equal weights (0.25) in both the SAW and TOPSIS methods. This decision was
made for two main reasons. First, the scientific literature [1,2] as well as more recent studies
on aviation energy transitions) often recommends equal weighting when the indicators
represent distinct but equally relevant sustainability dimensions (environmental, economic,
and social). Second, equal weighting eliminates the subjectivity of expert judgment, which
was not applied in this study, thus ensuring transparency and comparability of the results.

To enhance the interpretability and reliability of the data, the study also spec-
ifies the monitoring methodologies used for CO2 reduction assessment across the
evaluated projects.

Pioneer—the reported 16,000 t CO2 reduction was monitored using the EU MRV
(monitoring, reporting, and verification) system, based on actual fuel consumption data,
independent audits, and ICAO CORSIA emission factors.

BioOstrand—the applied life cycle covers the entire value chain impact of SAF pro-
duction from forest residues.

TULIPS—relied on the Airport Carbon Accreditation (ACA) scheme, which standard-
izes airport emission accounting based on energy consumption data.
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Hermes—CO2 reduction estimates were derived from EU funding reporting guide-
lines, integrating projected efficiency gains of hybrid-electric aviation technologies.

These clarifications ensure that the multi-criteria analysis conducted through SAW
and TOPSIS is grounded in robust and transparent data sources, while the equal weighting
approach provides a balanced evaluation framework. This strengthens both the readability
and interpretability of the results, offering a scientifically consistent basis for policy and
investment recommendations in the air transport sector.

Workflow:

1. Project Selection—Identification of four major EU strategic energy investment projects
in the air transport sector (TULIPS, BioOstrand, Hermes, and Pioneer).

2. Indicator Calculation—Computation of four key performance indicators: Emission
reduction efficiency (ER), annual exposure index (AEI), investment performance index
(IPI), and net present value (NPV).

3. Normalization—Standardization of indicator values to enable comparability across projects.
4. Application of SAW/TOPSIS—Use of multi-criteria decision-making techniques (Sim-

ple Additive Weighting and Technique for Order Preference by Similarity to Ideal
Solution) to derive project rankings.

5. Sensitivity analysis performed.
6. Results Interpretation—Comparative analysis and interpretation of rankings, linking

findings to resilience enhancement in the EU air transport sector.

4. Results
To evaluate the effectiveness of strategic energy investments in the EU air transport

sector, this section applies a multi-criteria analysis using key performance indicators that
capture environmental, economic, and social dimensions. Specifically, the assessment
focuses on emission reduction efficiency (ER), annual exposure index (AEI), investment
performance index (IPI), and net present value (NPV). By comparing four major projects—
TULIPS, BioOstrand, Hermes, and Pioneer—across these indicators, the analysis aims to
identify which investments yield the most substantial contributions to decarbonization,
economic return, and job creation. Supplementary evaluation through SAW and TOPSIS
methodologies provides a holistic perspective on the overall ranking of the projects.

The emission reduction efficiency (ER) indicator shows how many tons of CO2 are
reduced per euro invested (see Table 4).

Table 4. Emission reduction efficiency.

Project CO2 Are Reduced

TULIPS 0.025 t/EUR
BioOstrand 0.0524 t/EUR

Hermes 0.1053 t/EUR
Pioneer 2.0000 t/EUR

Source: Authors’ elaboration.

Pioneer is the most cost-effective in terms of emissions reduced per euro invested,
while TULIPS has the lowest efficiency.

The annual exposure index (AEI) indicates the average annual CO2 emissions reduced
by the project (see Table 5).

Pioneer again leads with the highest average annual impact, followed by BioOstrand
and Hermes.
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Table 5. Annual exposure index.

Project CO2 Reduced

TULIPS 200,000 t/year
BioOstrand 2,900,000 t/year

Hermes 2,000,000 t/year
Pioneer 5,333,333 t/year

Source: Authors’ elaboration.

The investment performance index (IPI) reflects the number of direct jobs created per
EUR 1 million invested (see Table 6).

Table 6. Investment performance index.

Project CO2 Reduced

TULIPS 0 jobs/million EUR
BioOstrand 4.34 jobs/million EUR

Hermes 16.84 jobs/million EUR
Pioneer 0 jobs/million EUR

Source: Authors’ elaboration.

Hermes demonstrates the strongest social return in job creation.
Net present value (NPV) calculated using a 5% discount rate and assuming EUR

100/year benefit per ton of CO2 saved (see Table 7).

Table 7. Net present value.

Project CO2 Reduced

TULIPS EUR 251.7 million
BioOstrand EUR 2.20 billion

Hermes EUR 4.23 billion
Pioneer EUR 4.35 billion

Source: Authors’ elaboration.

Pioneer has the highest NPV, indicating the largest overall value creation from emission
reductions, followed closely by Hermes.

The net present value (NPV) was calculated using a 5% discount rate and the assump-
tion of EUR 100 per ton of CO2 savings, reflecting a conservative estimate of the monetary
value of avoided emissions. Job creation effects, measured through the Investment in
People Indicator (IPI), are based exclusively on direct employment figures reported in
project documentation.

The following results were obtained using the Pearson correlation method.
Investment vs. CO2 reduction: r = −0.093, a very weak negative correlation.
These results suggest no strong linear relationship between investment size and either

CO2 reduction, possibly due to project-specific differences.
Best performer in cost-effectiveness and overall impact: Pioneer excels in ER, AEI,

and NPV. Best performer in job creation per investment: Hermes shows the strongest
employment impact. BioOstrand shows high emission reductions, but with lower job
creation and economic impact compared to Hermes and Pioneer. TULIPS shows a rela-
tively low performance across all indicators. The analysis highlights how strategic energy
investments vary in their effectiveness, with implications for future funding prioritization
in strengthening air transport resilience and sustainability.

SAW (Simple Additive Weighting) and TOPSIS (Technique for Order Preference by
Similarity to Ideal Solution) were applied to evaluate four strategic EU air transport projects
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using four indicators: Emission reduction efficiency (ER); annual exposure index (AEI);
investment performance index (IPI); and net present value (NPV).

All criteria were treated as benefit criteria (the higher the value, the better), and each
was assigned an equal weight (0.25).

The SAW method calculates the weighted sum of normalized values. The higher the
SAW score, the better the project performs (see Table 8).

Table 8. The SAW method.

Project SAW Score SAW Rank

Pioneer Highest 1st
Hermes Medium 2nd

BioOstrand Lower 3rd
TULIPS Lowest 4th

Source: Authors’ elaboration.

Pioneer stands out due to its excellent ER, AEI, and NPV scores. Hermes benefits
from strong job creation (IPI) and high NPV. TULIPS received low scores across all metrics.
TOPSIS evaluates projects based on their distance from the ideal and anti-ideal solutions,
providing a close score between 0 and 1 (see Table 9).

Table 9. The TOPSIS method.

Project TOPSIS Score TOPSIS Rank

Pioneer Highest 1st
Hermes Close second 2nd

BioOstrand Moderate 3rd
TULIPS Lowest 4th

Source: Authors’ elaboration.

Pioneer again ranks first for its overall balanced performance.
Hermes is a close second, and it was particularly strong in social (job) and financial

(NPV) benefits. BioOstrand performs reasonably well but falls short in job creation and
cost efficiency. TULIPS again ranks lowest, consistent with previous findings. Both the
SAW and TOPSIS methods consistently identify Pioneer as the top-performing strategic
investment in terms of environmental, economic, and social indicators. Hermes also ranks
highly due to its strong social impact and economic returns. These results can support
funding prioritization, policy alignment, and resilience-building strategies in the EU air
transport sector.

The Pioneer project, which ranks highest in this study in terms of emission reduction ef-
ficiency (ER), annual exposure index (AEI), and net present value (NPV), demonstrates that
investments in advanced, circular-economy-based energy systems significantly enhance
the resilience of the air transport sector. The integration of solar energy and second-life
EV batteries not only reduces CO2 emissions but also strengthens energy independence
and infrastructure flexibility. These findings confirm that the most effective solutions are
those addressing environmental, economic, and technological challenges simultaneously.
Pioneer serves as a model for sectoral transformation and a strong rationale for prioritizing
similar investments in the future.

The comparative evaluation reveals that Pioneer consistently outperforms other
projects, ranking highest in emission reduction efficiency, annual exposure index, and
net present value, and securing the top position in both SAW and TOPSIS rankings. Her-
mes emerges as a strong performer in social and economic terms, particularly in job creation
per investment unit. BioOstrand, while achieving high absolute CO2 reductions, shows
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relatively moderate returns in other dimensions. In contrast, TULIPS ranks lowest across all
indicators, suggesting limited effectiveness. These findings underscore the importance of
integrated performance assessments for guiding funding priorities, with Pioneer and Her-
mes representing models of balanced investment impact in strengthening the sustainability
and resilience of the air transport sector.

To verify the robustness of the multi-criteria evaluation, a sensitivity analysis was
conducted by adjusting the weights assigned to the indicators. In the baseline scenario, all
four criteria (emission reduction efficiency, annual exposure index, investment performance
index, and net present value) were weighted equally at 0.25. In the alternative scenario,
greater emphasis was placed on the investment performance index (IPI) by assigning it a
weight of 0.40, while the remaining criteria were weighted at 0.20 each.

The results (see Figure 2) indicate that the overall project ranking remains stable, with
Pioneer consistently ranked first and Hermes remaining a strong second. Although the
relative scores of projects change slightly, no major shifts occur in the ranking order. This
demonstrates that the findings are not overly sensitive to the choice of weighting scheme.

Figure 2. Comparative radar chart of project performance. Source: Authors’ elaboration.

The radar chart further illustrates the multidimensional performance of each project,
showing that Pioneer excels in environmental and financial criteria, while Hermes stands
out in job creation. The robustness of the rankings under different weighting scenarios pro-
vides confidence that the evaluation approach yields reliable insights into the effectiveness
of strategic energy investments in enhancing the resilience of the EU air transport sector
(Figure 2).

Performance index—IPI and net present value—NPV were normalized to a common
scale between 0 and 1 using the min–max method. This normalization eliminates differences
in magnitude between indicators (e.g., tons of CO2 vs. monetary values) and highlights
the relative strengths and weaknesses of each project. The bar chart shows that Pioneer
achieves the highest overall normalized performance, particularly in ER and NPV, while
Hermes stands out in IPI (job creation). BioOstrand demonstrates strong AEI performance,
whereas TULIPS consistently underperforms across most indicators (Figure 3).
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Figure 3. Comparison of EU strategic energy projects. Source: Authors’ elaboration.

5. Discussion
This study shows that strategic energy investments enhance the resilience of the EU

air transport sector not only by supporting climate policy goals but also by strengthening
its capacity to withstand shocks. The findings reveal two complementary dimensions of
resilience: internal resilience, driven by technological renewal, energy independence, and
infrastructure flexibility; and external resilience, linked to adaptability to market, social,
and geopolitical disruptions (Table 10).

Table 10. Project contributions to internal and external resilience.

Project Resilience Dimension Main Contribution Overall Outcome

Pioneer Internal Solar integration and second-life EV batteries Strong environmental and financial results
BioOstrand Internal Biomass-based SAF Positive environmental impact, lower economic gains

Hermes External Job creation and social capital Strong socio-economic and environmental returns
TULIPS External Symbolic sustainability initiatives Limited alignment with resilience goals

Source: Authors’ elaboration.

The use of SAW and TOPSIS confirmed the robustness of rankings, while sensi-
tivity analysis demonstrated stability across alternative weighting scenarios. This indi-
cates that project design and strategic alignment—rather than investment size—determine
resilience outcomes.

Overall, the results highlight that Pioneer strengthens internal technological resilience,
Hermes enhances external socio-economic resilience, and both align with the EU Green
Deal and energy transition strategies. Strategic energy investments should, therefore, be
prioritized not only for their decarbonization benefits but also for their role in reinforcing
resilience at multiple levels.

This study demonstrates that different types of strategic energy investment affect
distinct dimensions of resilience. Investments in renewable energy generation (e.g., solar
and wind infrastructure) primarily enhance environmental resilience, reducing dependence
on fossil fuels and exposure to external price shocks. Electrification and hybrid-energy
solutions strengthen operational resilience by increasing flexibility in energy use, improving
efficiency, and reducing vulnerability to supply chain disruptions. Meanwhile, investments
in SAF and hydrogen technologies have a strong impact on economic resilience, as they
diversify fuel portfolios and mitigate the financial risks of volatile global energy markets.
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The interplay between internal and external resilience provides an integrated frame-
work for guiding EU policy and investment decisions [65,66,68]. This ensures that techno-
logical innovation and socio-economic benefits jointly reinforce the long-term sustainability
of the air transport sector.

Internal resilience—the sector’s ability to absorb and adapt to internal shocks—is
reinforced by technological renewal and energy efficiency gains [64–67], as illustrated
by the Pioneer project’s integration of solar energy and second-life batteries. External
resilience—the capacity to withstand external macroeconomic, social, or geopolitical dis-
ruptions [68]—is most visible in projects such as Hermes, where job creation and so-
cial capital provide buffers against wider systemic shocks. In contrast, projects with
limited alignment to resilience objectives, such as TULIPS, highlight the risks of sym-
bolic sustainability initiatives that fail to deliver robust responses to either internal or
external vulnerabilities.

6. Conclusions
This study examined whether strategic investments in energy strengthen the re-

silience of the EU air transport sector. The hypothesis was that projects that integrate
environmental, economic, and social objectives ensure greater resilience than projects with
narrower objectives.

The results confirm this hypothesis. Using a multidimensional indicator system (ER,
AEI, IPI, and NPV), the analysis shows that Pioneer delivers exceptional environmental
and economic value, while Hermes leads in terms of social impact. The BioOstrand project
shows a significant reduction in emissions but limited financial returns, while the TULIPS
project illustrates the weaker contribution of symbolic flagship projects. These models
emphasize that resilience arises from the complementarity of different types of investments.

By distinguishing between internal resilience (driven by technological innovation,
energy diversification, and operational flexibility) and external resilience (social and geopo-
litical adaptation), the study shows that a balanced energy investment portfolio is needed.
Sensitivity analysis has reconfirmed that the ratings remain stable across various weighted
scenarios, which reinforces the reliability of the results.

Taking into account EU strategies (European Green Deal, REPowerEU, and Horizon
Europe), the study results show that resilience not only depends on financial resources but
also on governance and stakeholder cooperation.

In summary, the study confirms the hypothesis that strategic energy investments,
assessed using a multifaceted and rigorously tested model, play a key role in strengthening
the resilience of the EU air transport sector, combining climate action with economic and
social stability.
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Abbreviations
The following abbreviations are used in this manuscript:

ER Emission reduction efficiency
AEI Annual exposure index
IPI Performance index
NPV Net present value
EU European union
SAF Sustainable aviation fuel
ICAO International Civil Aviation Organization
IATA International Air Transport Association
SAW Simple Additive Weighting
TOPSIS Technique for Order Preference by Similarity to Ideal Solution
GHG Greenhouse gasses
OEMs Original equipment manufacturer
TEN-T Trans-European Transport Network
GDP Gross domestic product
ATN Air Transport Network
LCA Life Cycle Assessment
MRV Monitoring, Reporting and Verification system
ACA Airport Carbon Accreditation
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