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Preface

Aviation has transformed the way humanity connects, travels, conducts business,
and exchanges knowledge. Over the past century, remarkable advances in aerody-
namics, materials, propulsion systems, manufacturing technologies, and operational
strategies have enabled unprecedented levels of mobility and global accessibility.
However, alongside these achievements, the aviation sector faces growing challenges
related to environmental sustainability, energy consumption, resource utilization,
and climate impact. Addressing these challenges requires a multidisciplinary per-
spective that integrates engineering innovation, operational efficiency, environ-
mental responsibility, and strategic planning.

The edited volume Sustainable Aviation — Multidisciplinary Approaches, Technologies,
and Strategies has been prepared to contribute to the ongoing global dialogue on the
future of sustainable air transportation. The objective of this book is to present

a comprehensive overview of contemporary developments, emerging technologies,
and innovative approaches that support the transition toward a more sustainable
aviation industry.

Sustainability in aviation should not be viewed merely as an environmental obliga-
tion but as a fundamental design driver influencing every stage of an aircraft’s
lifecycle. From conceptual design and material selection to manufacturing, opera-
tion, maintenance, and end-of-life management, sustainability considerations
increasingly shape engineering decisions and strategic policies. Consequently,
achieving meaningful progress requires collaboration among researchers, engineers,
policymakers, industry professionals, and academic institutions.

The chapters included in this volume address a wide spectrum of topics related to
sustainable aviation. They explore advancements in aerospace materials, lightweight
structures, alternative propulsion concepts, energy-efficient technologies, manu-
facturing processes, maintenance strategies, operational improvements, environ-
mental assessment methods, and emerging technological solutions. Together, these
contributions illustrate how multidisciplinary research can support the aviation
sector in reducing its environmental footprint while maintaining safety, reliability,
and economic viability.

The diversity of perspectives represented in this book reflects the inherently inter-
disciplinary nature of sustainable aviation. The contributing authors bring expertise
from various fields and geographical regions, providing valuable insights into both
current challenges and future opportunities. Their collective efforts demonstrate
that sustainability is not a single technological solution but rather a comprehensive
framework requiring continuous innovation and collaboration.

As the editor of this volume, I hope that this book will serve as a useful resource for
researchers, graduate students, industry professionals, policymakers, and all readers



interested in the future of aviation. The discussions presented herein highlight the
importance of integrating technological advancement with environmental steward-
ship and responsible decision-making.

I would like to express my sincere gratitude to all contributing authors for sharing
their expertise and research perspectives. I also extend my appreciation to the
reviewers and editorial staff whose efforts have contributed significantly to the
development and completion of this volume. Their dedication and professionalism
have been essential in bringing this project to fruition.

It is my hope that the ideas and discussions presented in this book will inspire further
research, foster interdisciplinary collaboration, and support the development of
innovative solutions for a more sustainable aviation future.

Melih Cemal Kushan

Department of Aircraft Engineering,
Eskisehir Osmangazi University,
Eskisehir, Turkiye



Chapter 1

Introductory Chapter: Sustainable
Aviation — Materials, Technologies
and System-Level Transformation

Melih Cemal Kushan

1. Introduction

Aviation represents one of the most influential engineering domains, historically
shaped by performance-driven design priorities. For decades, efficiency, safety, and
operational capability have guided technological advancements, often outweighing
environmental considerations. Today, however, this paradigm is undergoing
a fundamental transformation.

By enabling rapid global mobility, economic integration, and cultural exchange,
aviation has become an indispensable component of modern society. At the same
time, its environmental footprint, arising from both CO2 and non-CO2 emissions
such as nitrogen oxides and contrail formation, has positioned sustainability as
a defining challenge for the future of aeroplane systems [1].

In response to increasing regulatory pressure, societal expectations, and global
net-zero commitments, the aviation sector is transitioning beyond incremental
improvements toward a more comprehensive and multidisciplinary transformation.
This shift encompasses not only technological innovation but also the integration of
materials science, manufacturing processes, system architectures, and lifecycle
management strategies.

From an editorial standpoint, sustainability in aviation should be interpreted
not merely as a constraint, but as a primary design driver that fundamentally
reshapes engineering priorities across materials, manufacturing, and system-level
integration.

2. The sustainability challenge in aviation

The sustainability challenge in aviation is inherently multi-dimensional, requiring
a balance between environmental responsibility, safety, economic viability, and
operational performance. Unlike many other transportation sectors, aviation
systems operate under stringent certification requirements and extreme design
constraints, where even minor weight increases can have significant operational
consequences.

In addition to carbon emissions, non-CO2 effects, particularly contrail formation
and nitrogen oxide emissions, play a critical role in atmospheric warming. These
combined effects highlight the necessity of adopting a systems-level approach,
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where sustainability is embedded into the design process rather than treated as an
external constraint.

Furthermore, the long operational lifespan of aeroplane platforms introduces
additional complexity. Sustainable transformation must therefore address both the
development of next-generation technologies and the optimization of existing fleets
through maintenance, repair, and operational strategies.

3. Materials and manufacturing transformation

The evolution of materials and manufacturing technologies represents one of the
most significant drivers of sustainability in aviation. The transition from
conventional metallic structures to advanced composite systems has enabled
substantial reductions in structural weight, directly contributing to improved fuel
efficiency and reduced emissions.

Recent developments in multifunctional composite materials further extend
these benefits. For example, eco-friendly cork-based composites offer enhanced
vibration damping and thermal insulation while reducing environmental impact [2].
Similarly, composite systems enhanced with shear thickening fluids provide
improved impact resistance and energy absorption, demonstrating how material
systems can simultaneously address performance, safety, and sustainability
requirements [3, 4].

In parallel, additive manufacturing technologies have evolved from prototyping
tools into key enablers of structural optimization in aerospace applications. Their
ability to produce complex geometries with reduced material waste makes them
particularly suitable for lightweight design strategies, which are essential for
minimizing fuel consumption and environmental impact [5, 6].

As illustrated in Figure 1, sustainable aviation requires integrated interactions
between materials, manufacturing technologies, system-level engineering, and
lifecycle management approaches.

Advanced post-processing techniques, such as hot isostatic pressing, further
enhance material integrity and mechanical performance, extending component life
and contributing to lifecycle sustainability [7].

Materials '

(omes}—| U on-- [—E==

| Lifecycle |

Figure 1.
Conceptual framework illustrating the interaction between materials, manufacturing, system-level design, and
lifecycle considerations in sustainable aviation?.
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4. System-level transformation in aviation

While material and manufacturing innovations are critical, sustainable aviation
cannot be achieved without a broader system-level transformation. This includes
advancements in propulsion technologies, aerodynamic design, and digital
engineering methodologies.

Electric and hybrid-electric propulsion systems are emerging as promising
solutions for reducing emissions, particularly in short — and medium-range
applications [8, 9]. At the same time, improvements in aerodynamic efficiency,
enabled by advanced computational tools, continue to reduce energy consumption
during flight operations.

Digitalization plays a central role in this transformation. Technologies such as
digital twins, data-driven maintenance strategies, and advanced simulation
frameworks enable more efficient design, operation, and lifecycle management of
aeroplane systems [10].

5. Lifecycle perspective and future outlook

Sustainability in aviation must ultimately be evaluated from a lifecycle
perspective, encompassing material extraction, manufacturing, operation,
maintenance, and end-of-life processes. This holistic approach requires
interdisciplinary collaboration across materials science, structural engineering,
manufacturing technologies, and environmental assessment [11].

Looking forward, sustainable aviation will likely be shaped by the convergence of
multiple technological domains rather than a single breakthrough innovation.
Lightweight and multifunctional materials, advanced manufacturing techniques,
cleaner propulsion systems, and intelligent operational strategies will collectively
define the next generation of aeroplane systems.

From an editorial perspective, sustainable aviation can only be effectively
addressed through a multidisciplinary framework that integrates materials
innovation, advanced manufacturing, system-level design, and lifecycle
considerations. Such an approach highlights the necessity of moving beyond isolated
technological solutions toward a more holistic engineering paradigm capable of
addressing the complex environmental challenges of modern aviation.

Al tools disclosure

Artificial intelligence (AlI)-assisted tools were used only for limited language
editing, grammar improvement, and formatting support during the preparation of
this chapter. All scientific interpretations, technical evaluations, conceptual
development, and editorial decisions were conducted solely by the author. The
author takes full responsibility for the accuracy, originality, and integrity of the
content presented in this work.
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Chapter 2

Propelling Sustainability:
Green and Alternative Fuels
for Space Missions

Abdul Hai, Djamal Darfilal, Fatima AlHammadi,
Salma S. Syed, Hamed Alhashmi, Abderrahim Nabi and

Sean Shan Min Swei

Abstract

The quest for green space exploration has accelerated interest in green
propulsion and alternative fuel systems. Conventional chemical propellants, such as
hydrazine, have high performance but cause adverse environmental and safety
impacts. Less toxic and more environmentally friendly are the green propellants
(e.g., hydroxylammonium nitrate (HAN), ammonium dinitramide (ADN),
hydrogen peroxide (high-test peroxide [HTP]), and liquid oxygen-liquid methane
(LOX-CHy,)) for sufficient propulsion capability with relatively safe handling. This
chapter presents the principal physicochemical properties, performance metrics
(e.g., specific impulse and density impulse), and material compatibility of these
emerging propellants. Their use in monopropellant, bipropellant, and hybrid
propulsion systems is assessed for next-generation spacecraft design. In the context
of long-stay and return missions, the possibility of in situ resource utilization
(ISRU), specifically the production of propellants from lunar and Martian
materials, is presented. Finally, electric and hybrid propulsion systems are
discussed as potential complementary options for low-thrust, long-time-of-flight
missions. Key challenges, including material degradation, complexity and
scalability of storage, and technology readiness, are presented with future research
directions being outlined. By combining environmental and regulatory dimensions,
the chapter presents a comprehensive summary of the factors and considerations
that could affect green propulsion technologies.

Keywords: green propellants, alternative fuels, sustainable space mission, electric
and hybrid propulsion, in situ resource utilization (ISRU), environmental impact

1. Introduction

The rapid expansion of space activities has brought increased attention to the
environmental effects of propulsion systems, as these systems have historically
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emphasized performance over sustainability [1]. Green and alternative propellants
are becoming more popular solutions for meeting efficiency requirements and
ecological responsibility standards due to rising climate concerns, as well as evolving
industry expectations and regulations. An important aspect of green propellants
(e.g., high-test peroxide “HTP”) is their safer handling compared to conventional
propellants, such as hydrazine [1]. The main components of conventional space
propulsion systems consist of hypergolic propellants, which include hydrazine, along
with monomethylhydrazine (MMH) and nitrogen tetroxide (NTO) [2]. These
substances provide high energy density and storability but are toxic and carcinogenic
while persisting in the environment. The use of traditional chemical propellants
demands elaborate handling procedures and specific safety protocols, while
producing exhaust gases that pollute the atmosphere and deplete the ozone layer;
these problems worsen with increasing launch rates [3]. An additional advantage of
green propellants is that they make propulsion technology accessible to academic
institutions and emerging countries, whereas conventional systems require heavy
investment and a strong industrial base. The expansion of reusable launch systems,
together with satellite constellations and deep-space missions, requires
environmental impact reduction to match performance and reliability standards [4].
The Environmental, Social, and Governance (ESG) frameworks now shape
aerospace operations by requiring public and private sectors to incorporate
sustainability principles into their mission planning and execution. The European
Space Agency (ESA), along with the National Aeronautics and Space Administration
(NASA) and other stakeholders, now includes environmental assessments as

a mandatory component of their propulsion technology roadmaps [5, 6]. The
development of new propulsion alternatives is essential, as environmental
regulations now affect manufacturing operations, fuel handling, and atmospheric
emissions.

The growing environmental awareness has led to increased adoption of green
propulsion technologies for sustainable space exploration [7]. The range of
alternative propulsion systems includes HTP and liquid oxygen (LOX)-based
systems, together with advanced hybrid propulsion models that use less hazardous
oxidizers and fuels [8, 9]. The propellants present dual advantages of environmental
protection and enhanced safety during handling, as well as lower lifecycle expenses,
while enabling in situ resource utilization (ISRU) strategies, which prove essential
for extended lunar and Martian missions. The LOX/methane (LOX-CH,) propulsion
system provides environmentally friendly combustion while allowing for the
extraction of fuel components from extraterrestrial resources, which supports
closed-loop life support and logistics in off-world habitats [10]. Green and
alternative propulsion systems face essential technical and logistical challenges that
need resolution before being deployed on a large scale.

This chapter presents green and alternative propulsion technologies for
sustainable space exploration. It discusses traditional chemical propulsion systems
alongside emerging green alternatives through an analysis of scientific principles and
the benefits and limitations of different propellant types. The chapter investigates
the role of green propellants within monopropellant, bipropellant, and hybrid
propulsion systems to determine their applicability for future spacecraft designs. It
also examines the role of ISRU, as well as electric and hybrid propulsion working
together to support deep-space return missions and long-duration missions. The
evaluation of green propellants through technical performance analysis,
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environmental impact assessment, and regulatory framework examination
establishes a multidisciplinary base for understanding their application in future
mission planning. The research aims to educate engineers, policymakers, and
researchers about the trade-offs and opportunities in adopting cleaner propulsion
systems to develop sustainable space operations.

2. Overview of conventional propulsion systems

Spaceflight operations rely on chemical propulsion, enabling launch and orbital
transfer, as well as deep-space operations using solid, liquid, and hybrid propellant
systems. Solid propellants serve multiple applications in boosters and missiles because
of their simple systems and high thrust levels. After ignition, solid propellants exhibit
limited control capabilities, while their energetic mixtures create environmental and
safety issues [11]. Liquid bipropellant systems using hydrazine with NTO provide
better specific impulse and improved thrust control, making them perfect for upper-
stage propulsion and in-space maneuvering applications. The operational benefits of
liquid systems come with requirements for extensive ground infrastructure and
dangerous handling practices due to their toxic nature [12]. The integration of liquid
oxidizers with solid fuel in hybrid propulsion systems shows theoretical advantages for
throttle control and safety, yet their development and flight experience remain
constrained. The chemical propellant family of hydrazine and its derivatives, MMH
and unsymmetrical dimethylhydrazine (UDMH), has gained widespread adoption
because of its storage capabilities and reliable ignition when working with existing
spacecraft equipment [13]. These substances have served as power sources for satellite
attitude control systems, orbital adjustments, and planetary probes throughout
history. The hazardous chemical properties of these substances require extensive
safety precautions due to their toxic, carcinogenic nature and instability. Hydrazine-
based systems need complete personal protective equipment for full-body protection,
as well as specialized fueling equipment and remote handling facilities for safety
reasons. The combustion process of these substances generates hazardous byproducts,
including nitrogen oxides and volatile organic compounds (VOCs), leading to
atmospheric deterioration and possible long-term ecological damage [14]. Traditional
propellant usage results in growing health and safety risks and environmental
problems, which have led to tighter regulatory requirements. The United Nations
Recommendations on the Transport of Dangerous Goods, the Occupational Safety and
Health Administration (OSHA; USA), and the European Union Registration,
Evaluation, Authorisation and Restriction of Chemicals (EU REACH) framework
classify hydrazine, MMH, UDMH, and NTO as hazardous materials under
international and national regulations [15]. The regulatory requirements establish
detailed procedures for storage, handling, transportation, and disposal operations. It is
worth noting that mission operators experience increasing operational expenses
together with administrative complexities due to performing detailed safety
evaluations and environmental impact assessments, employing certified personnel,
and creating contingency plans. The advancing regulatory environment drives the
space industry to adopt “green” propellants as its primary choice. New propellant
technologies aim to match traditional performance characteristics while reducing
toxicity levels and simplifying handling procedures, all while fulfilling worldwide
sustainability standards. NASA and the ESA conduct official programs to eliminate
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hydrazine through research funding and flight testing of environmentally friendly
propellants [16]. The existing mission architectures rely on legacy propulsion systems,
yet their prolonged use becomes increasingly uncertain because of growing
environmental risks, rising regulatory pressures, and increasing operational expenses.
Space missions of the next generation require green propulsion technologies because
regulatory compliance, operational efficiency, and environmental stewardship have
become essential strategic priorities. It is worth highlighting the latest UNOOSA
assembly report, which, in 2025, stressed the importance of promoting
environmentally sustainable green propulsion technologies.

3. Green propellants: Definitions and criteria
3.1 What qualifies as a green propellant?

The green propellants include chemical substances and formulations that serve
spacecraft propulsion while protecting the environment through safe operations and
non-toxic properties without losing performance capabilities. Green propellants differ
from traditional hydrazine propellants due to lower toxicity levels to humans and
ecosystems, simpler handling procedures, and reduced regulatory requirements [17].
A green propellant must fulfill four essential criteria, which include non-carcinogenic
and non-corrosive properties, together with low vapor pressure for inhalation safety
and minimal hazardous exhaust emissions [18]. Green propellants need to maintain
their properties over extended storage periods under standard conditions while being
compatible with standard or slightly modified propulsion equipment for affordable
implementation. The sustainability goals of green propellants are achieved through
renewable feedstocks and ISRU compatibility for long-duration missions. The main
green propellant examples include hydroxylammonium nitrate (HAN)-based
monopropellants (e.g., AF-M315E), ammonium dinitramide (ADN)-based
formulations (e.g., LMP-103S), and hydrogen peroxide (HTP) at high concentrations
[19]. These alternatives provide multiple benefits, including safer handling procedures,
reduced launch-site infrastructure requirements, and better compliance with modern
environmental and occupational standards [19]. The evaluation process for green
propellant status requires equal consideration of environmental aspects alongside
operational and technical factors, while sustainability frameworks in aerospace
engineering are becoming increasingly important for full life-cycle assessment.

3.2 Performance metrics: Isp, density impulse, storability

The performance of the propellants was assessed in terms of specific impulse
(Isp), density impulse, and storability [20]. These terms are discussed in detail as
follows:
3.2.1 Specific impulse (Isp)

Specific impulse (denoted as Isp) is the primary metric for evaluating the
efficiency of a propellant in generating thrust. It represents the impulse

(thrust x time) delivered per unit mass of propellant and is typically expressed
in seconds. A higher Isp indicates a more efficient propulsion system.
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F
% g,

Ip =

where F is the thrust (N), 7 represents the propellant mass flow rate (kg/s), and
2 is the standard gravity (9.80665 m/s”).

Conventional propellants like hydrazine offer Isp values around 220-235 seconds
in monopropellant systems, while sustainable alternatives, such as MMH/N,0,4 and
new rocket green propellant (NRGP), typically achieve Isp values of 341 and 328
seconds, respectively, demonstrating comparable or superior efficiency [14].

3.2.2 Density impulse

The volumetric performance of a propellant can be determined by the density
impulse, which combines specific impulse (Isp: seconds) with density (p: kg/m?).
This metric is especially important for space missions where tank volume is a critical
constraint. Some green propellants have higher densities than hydrazine; for
example, AF-M315E exhibits a density of around 1.47 g/cm? compared to hydrazine’s
1.01 g/cm? [21], resulting in a higher density impulse and thus more compact
propulsion system designs with increased total impulse for a given tank volume.

3.2.3 Storability

The storability of a propellant describes its capability to preserve chemical
stability along with performance characteristics when stored in space or on Earth for
long durations. Some green propellants were previously discarded because of their
unstable storage characteristics. With recent advances in materials, especially the
emergence of highly compatible composites (e.g., HTP), interest in these propellants
has been revitalized. The factors that affect storability include boiling point, vapor
pressure, and chemical reactivity. The storability evaluation of green propellants
requires assessment of thermal stability, material compatibility, low vapor pressure,
and operational stability across different mission durations and thermal conditions
[15]. The green propellants LMP-103S and AF-M315E demonstrate extended storage
capabilities and stable thermal and chemical properties, which make them suitable
for long-term space missions with simplified ground operations. The evaluation of
green propellants through these performance metrics provides a complete
understanding of their operational readiness [19]. The advantages of density impulse
and storability in certain alternatives surpass their slightly lower Isp performance,
especially when safety requirements, compactness, and regulatory compliance are
essential mission factors.

3.3 Environmental and operational benefits

Green propellants offer multiple advantages, solving various problems associated
with traditional chemical propulsion systems in terms of environmental
performance and operational capabilities. From an environmental perspective, one
of the most significant benefits is the reduction in toxicity and ecological risk. The
environmental risk and ecological toxicity of traditional hydrazine derivatives stand
in stark contrast to AF-M315E, LMP-103S, and high-concentration hydrogen
peroxide (HTP), which demonstrate low environmental stability while producing
cleaner combustion waste [22]. The low environmental persistence rates, combined
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with the safe combustion of these propellants, create both lower risks of soil and
groundwater contamination and reduced dangerous nitrogen oxide emissions. Some
green propellants can support ISRU operations by working with local or renewable
oxidizers and fuels in extraterrestrial settings to establish closed-loop life support
systems and extend mission duration [23]. The operational advantages of these
systems match their environmental advantages. Some of the green propellants
possess greater density levels than hydrazine, which leads to better volumetric
efficiency and increased volume-specific impulse for more compact propulsion
system designs. The operational benefits from these alternatives include superior
handling properties because they exhibit lower vapor pressure, better thermal
stability, and reduced corrosiveness, which simplifies ground support operations and
improves safety during fueling and maintenance. The use of green propellants
enables missions to benefit from enhanced logistics simplicity while also achieving
shorter launch preparation periods and enhanced crew protection, which becomes
crucial for crewed space missions and missions near sensitive payloads [24]. The
reduced hazard classification of green propellants leads to easier regulatory
compliance since they require fewer safety precautions during storage and
transportation, thus simplifying REACH compliance in Europe and OSHA
compliance in the United States [25, 26]. These propellants support the ESG criteria
that aerospace industry operators increasingly adopt because of their ability to
reduce both environmental harm and toxic risks. NASA, together with the ESA, has
executed successful spaceflight tests of green propulsion systems, which proved both
their operational feasibility and their environmental benefits in practical space
missions [4]. The implementation of green propellants in mission architecture leads
to improved space exploration through more sustainable and cost-effective
operations. The increasing need for reusable launch systems, alongside responsive
space access and lunar and Mars exploration, requires green propulsion systems,
providing effective solutions that balance performance requirements and
environmental protection for Earth and space.

4. Key green propulsion technologies
4.1 HAN systems

HAN was first investigated in the mid-twentieth century because of its potential
as an energetic oxidizer and monopropellant ingredient, offering safer chlorine-free
alternatives to hydrazine-based propellants. Research on HAN for military and
aerospace propulsion continued at US and European research facilities because it
dissolves well and forms ionic liquid blends with fuels. HAN-based propellants
gained popularity as green propellants during the last several decades due to their
environmental advantages and reduced toxicity. It represents a leading class of green
monopropellants, replacing toxic legacy substances such as hydrazine. HAN is
a water-soluble, ionic compound that acts as an oxidizer in energetic formulations
and is often blended with fuel components, stabilizers, and combustion enhancers
[8]. The most widely studied HAN-based formulation is AF-M315E, which was
developed under NASA’s Green Propellant Infusion Mission (GPIM) [27]. This
propellant offers several operational, safety, and performance advantages over
hydrazine, making it a viable alternative for satellite propulsion, orbital
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maneuvering, and spacecraft attitude control. In terms of performance, HAN-based
propellants typically achieve a higher specific impulse (Isp) of 257 seconds and
density impulse (~1.47 g/cm®) than hydrazine, that is, 235 seconds and ~1.01 g/cm?,
respectively [27]. This results in a higher total impulse per unit volume, enabling
more compact tank designs and increased mission payload capacity. From a safety
perspective, HAN systems are substantially less toxic than hydrazine, reducing
health hazards for ground personnel and eliminating the need for extensive
protective equipment and complex fueling procedures. HAN has a much higher
decomposition temperature and is less volatile, which enhances storage stability and
reduces unintentional ignition risks. These characteristics simplify handling logistics
and can lower overall mission costs through reduced infrastructure and compliance
burdens. Operationally, HAN-based systems support longer mission durations and
are compatible with electrically heated catalytic thrusters, offering precise thrust
modulation and reliable on-orbit performance. The successful demonstration of AF-
M315E on NASA’s GPIM mission in 2019 confirmed its readiness for flight and
opened the path for broader adoption across government and commercial platforms
[73]. Overall, HAN-based propulsion systems present a balanced solution that
improves performance while addressing the critical environmental, safety, and
regulatory challenges posed by traditional chemical propellants. As demand for
green, high-efficiency alternatives grows, HAN formulations are expected to play

a central role in the next generation of spacecraft propulsion.

4.2 ADN formulations

ADN was discovered in the late 1970s by Soviet researchers and later developed in
Sweden during the 1990s as a high-energy, chlorine-free oxidizer for propellants.
ADN-based propellants constitute a crucial development in green propulsion
technology as an environmentally friendly substitute for traditional hydrazine-based
systems. The high-energy oxidizer ADN creates a liquid monopropellant through its
combination with appropriate fuel components and stabilizers, demonstrating
favorable performance, safety features, and handling characteristics [28]. The
Swedish Space Corporation, together with ESA, developed LMP-103S, which
represents the most recognized ADN-based formulation that successfully flew on
Prisma and SkySat missions [29]. Performance data show that ADN-based
propellants generate Isp between 230 and 250 seconds, which exceeds or matches the
performance of hydrazine. The high density of LMP-103S at 1.24 g/cm? enables
dense impulse production, resulting in more compact and efficient propulsion
system designs [29]. The benefits of compactness and efficiency directly improve
satellite platform performance because small satellite platforms have limited space
availability. The safety profile and environmental impact of ADN-based propellants
exceed those of hydrazine because they possess lower toxic and volatile
characteristics. The propellant shows minimal vapor emission; is non-carcinogenic;
and poses minimal risks during storage, transportation, and handling operations
[30]. The absence of protective equipment, ventilation systems, and hazardous
materials protocols in ground operations using ADN systems leads to faster
turnaround times and reduced operational costs. These advantages align with
current environmental regulations and aerospace safety standards. The operation of
ADN formulations in monopropellant thrusters requires minimal modifications
because they work well with existing propulsion architectures. The propellant
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maintains reliable long-term stability and performance consistency during space
missions that operate in Earth orbit and beyond [31]. The elevated combustion
temperature, together with superior thermal characteristics, allows for better energy
conversion and thrust management. The combination of competitive performance
with environmental compliance, operational safety, and system integration
flexibility makes ADN-based propellants, including LMP-103S, an optimal green
replacement for traditional fuels [32]. ADN formulations have become essential
components for future propulsion systems because sustainable spaceflight has
become a strategic focus of the industry.

4.3 Liquid oxygen—-methane

LOX-CH, propulsion has been studied since the 1960s but only gained significant
momentum in the early 2000s with the rise of reusable launch systems. Traditional
kerosene (RP-1) or hypergolic propellant systems find an alternative in the
combination of LOX and liquid methane (CH,4) as oxidizer and fuel, respectively.
The LOX-CH, engine combination provides excellent performance alongside
environmentally friendly characteristics and ISRU capabilities, which make it
suitable for Earth-independent space missions [33]. Future space missions that
require long-duration exploration of lunar and Martian terrain are increasingly using
LOX-CH, engines because of their sustainable, high-performance propulsion [33].
Vacuum-specific impulse (Isp) for LOX-CH, engines falls between 360 and 380
seconds, thus placing them between LOX-hydrogen and LOX-kerosene engines
[34]. LOX-CH, demonstrates superior propellant density compared to LOX~
hydrogen, which leads to better volumetric performance while requiring simpler
cryogenic storage solutions. The boiling point of CH,4 exceeds that of hydrogen by
91°C, which results in simpler insulation and tank requirements and superior long-
term storage capabilities that are crucial for space and reusable launch vehicles. The
combustion of LOX and CH, produces primarily water vapor and carbon dioxide,
with no toxic or corrosive exhaust emissions. LOX-CH, engines provide a safer
operational environment than hydrazine-based systems because they produce
benign byproducts. CH, production from Martian CO, and water through the
Sabatier reaction enables future on-site propellant synthesis for return missions and
sustainable off-Earth operations [35]. The LOX-CH, system provides better engine
reusability because it produces less coking and soot accumulation compared to RP-1
systems. Space companies SpaceX, Blue Origin, and ESA have funded LOX-CH,
engine development to support crewed and robotic space missions with enhanced
sustainability and reusability capabilities [74]. The strategic evolution of propulsion
technology includes LOX-CH, engines, which provide favorable thermophysical
properties with environmental responsibility and ISRU potential to support human
and robotic exploration beyond Earth orbit into the future.

4.4 Hydrogen peroxide-based systems

The use of hydrogen peroxide (H,0,) or HTP as a monopropellant and
oxidizer began in the 1930s when German rocket programs employed it during
World War II. The early launch vehicles of Britain and the Soviet Union, along
with experimental aircraft and torpedoes, utilized H,0, as a propellant. Although its
use declined with the rise of hydrazine and ammonium perchlorate systems,
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high-concentration H,0O, has regained attention as a “green propellant” due to its
storability, catalytic decomposition into non-toxic byproducts (steam and oxygen),
and potential for modern space propulsion. HTP-based propulsion systems represent
one of the earliest and most versatile green propellant technologies, offering a viable
alternative to toxic monopropellants such as hydrazine [36]. HTP serves as

a monopropellant or as an oxidizer in bipropellant engines when combined with
fuels like kerosene, alcohols, or hydrocarbons at high concentrations of 85%-98% by
weight. Upon catalytic decomposition, HTP yields superheated steam and oxygen,
which can generate thrust either directly or by combusting with a compatible fuel in
a bipropellant configuration. In monopropellant applications, HTP is decomposed
through contact with a catalyst bed, commonly silver or platinum, releasing gas at
temperatures exceeding 600°C. Its moderate Isp in monopropellant form (150-180
seconds), together with its simplicity, rapid ignition, and low toxicity, makes it
suitable for satellite attitude control, reaction control systems (RCS), and upper-
stage operations [37]. In bipropellant systems, where HTP acts as an oxidizer, Isp can
exceed 300 seconds depending on the fuel pairing, offering performance competitive
with traditional chemical propulsion while significantly improving safety and
environmental compliance [38]. HTP presents minimal risk to personnel and the
environment because it is non-carcinogenic, non-persistent, and decomposes into
benign byproducts, that is, water and oxygen. It also has relatively low vapor
pressure and is easier to store and transport than many hypergolic propellants [39].
Concentrated HTP must be handled with care since it is chemically reactive and will
decompose in the presence of contaminants, heat, or incompatible materials. The
stability of storage and material compatibility remain essential factors in both design
and operational procedures. Several space agencies and commercial entities have
revisited HTP systems because of their green credentials and flight heritage [40].
Applications range from launch vehicle roll control systems to deep-space propulsion
in monopropellant or bipropellant systems. Figure 1a presents a monopropellant
system that decomposes a propellant through a catalyst bed to produce hot gases,
generating thrust through a nozzle. In contrast, Figure 1b demonstrates

a bipropellant system that uses separate fuel and oxidizer tanks to supply propellants
into a combustion chamber for high-temperature gas generation and nozzle exhaust.
The dual-use flexibility (monopropellant or bipropellant) and non-toxic profile of
HTP, along with its simplicity, make HTP-based systems an attractive option for
cost-effective and environmentally compliant propulsion architectures, particularly

Figure 1.

Schematics of (a) monopropellant propulsion system and (b) bipropellant propulsion system; modified with
permission from Alnaqbi et al. [20].
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in small satellite platforms and responsive launch systems. In conclusion, HTP-based
propulsion strikes a balance between heritage, environmental responsibility, and
operational simplicity, positioning it as a practical green solution for both current
and future aerospace applications.

5. Electric and hybrid propulsion as sustainable alternatives

Electric and hybrid propulsion systems serve as sustainable alternatives to
traditional chemical propulsion because they provide better efficiency and reduced
environmental impact, together with enhanced mission flexibility. Electric
propulsion operates by using solar panels or onboard power system electrical energy
to accelerate propellant at high velocities, which produces both higher specific
impulse and better fuel efficiency compared to chemical engines [41]. The three
main electric propulsion systems consist of ion thrusters, Hall-effect thrusters, and
electrospray engines, which serve different mission requirements, including satellite
station-keeping, orbital transfers, and deep-space exploration [42]. Hybrid
propulsion systems unite chemical and electric propulsion elements to achieve
optimal thrust performance together with extended operational duration. These
technologies provide major operational and environmental benefits through their
ability to reduce propellant weight and launch stresses and produce minimal toxic
waste. Electric and hybrid propulsion systems will lead the development of next-
generation spacecraft because space missions now focus on reusable systems,
extended operational periods, and environmental sustainability.

5.1 Ion and hall-effect thrusters

The space industry depends on electric propulsion systems, including ion and
Hall-effect thrusters, because these systems deliver high efficiency alongside
extended operational lifespans for space missions involving orbit maintenance,
deep-space exploration, and interplanetary transfers [43]. The principle behind
these technologies involves electric or electromagnetic fields, which accelerate
ionized propellant to achieve specific impulse levels beyond chemical propulsion
systems, ranging from 1,500 to 3,000 seconds [44]. Ion thrusters use electrostatic
acceleration to propel ions, usually xenon, through grids charged at high voltages.
The spacecraft uses a neutralizer while accelerating ions to speeds greater than 30
km/s. This method delivers minimal thrust but maintains outstanding fuel
efficiency, which suits space missions requiring prolonged, gradual acceleration,
such as NASA’s Vesta and Ceres exploration. Figure 2a presents the basic
operational layout of the cathode in ion acceleration through structured grids in the
gridded-ion system. The cathode maintains ion flow while establishing the base of
this propulsion system, whereas the gridded-ion system, under high-power
excitation, demonstrates its improved performance capabilities (see Figure 2b). It
shows the role of energy input affecting thrust capability for advanced propulsion
needs. Furthermore, the Hall thruster utilizes electric and magnetic fields to convert
xenon propellant into ions, which then experience acceleration. The operation of
Hall thrusters differs from ion thrusters since Hall thrusters do not need grids to
function; instead, they use magnetic fields to confine electrons, which generates
a Hall current that produces ionized propellant for electric field acceleration [44].

16



Propelling Sustainability: Green and Alternative Fuels for Space Missions

DOI: http://dx.doi.org/10.5772/intechopen.1013180

‘[oz] ‘v 32 1qbrury
woaf uorsstutaad yum parfipous uopandLfuod wmasds praqly (p) puv uorspndoad jyvy fo s1puiayds (2) 224mos uorwirxa saomod ysiy puv apoyivs Fuisn wiaishs uol-pappLio) (q puv v)
¢ 2mSiy

17



Sustainable Aviation — Multidisciplinary Approaches, Technologies, and Strategies

Figure 2c schematically demonstrates the Hall propulsion system’s ion acceleration
through electric fields while using magnetic fields, achieving efficient continuous
thrust operation through their basic system structure. The operation of Hall thrusters
produces thrust densities that are higher than ion engines but have simpler
mechanical designs and lower Isp performance, ranging from 1,500 to 2,000
seconds, which makes them suitable for commercial satellites and missions requiring
moderate thrust levels. Both thruster types demonstrate significant propellant
reduction capabilities compared to chemical systems, which leads to reduced launch
mass together with lower emissions. The use of inert, non-toxic gas xenon enhances
both environmental safety and compliance during storage and handling procedures.
The rising need for sustainable space propulsion solutions drives the increasing
adoption of ion and Hall-effect thrusters in both government and commercial space
industries, supporting sustainable spacecraft design and mission planning.

5.2 Solar-electric and nuclear-electric options

Solar-electric propulsion (SEP) systems and nuclear-electric propulsion (NEP)
systems operate as innovative space mission propulsion systems, providing
sustained, efficient thrust for extended space missions through improved propellant
efficiency and extended mission capabilities. The main difference between these
technologies emerges from their method of power generation, as both use electrical
thrusters such as ion and Hall-effect systems. SEP generates electrical power by using
photovoltaic arrays to convert solar energy before driving electric thrusters [45]. SEP
technology has established itself in satellite and interplanetary space missions
operating within the inner solar system because of its ability to generate reliable
power through solar irradiance. The specific impulse of SEP propulsion reaches
1,500-3,000 seconds, which leads to substantial propellant mass reductions,
enabling improved payload delivery. BepiColombo, a joint ESA and Japanese
Aerospace Exploration Agency (JAXA) mission to Mercury, and NASA’s DART
mission represent notable missions that use SEP technology [46]. SEP systems face
two main limitations: their operation depends on sunlight, which stops functioning
past the asteroid belt, and they require extensive and complex solar array
deployment in space. The key difference between NEP and SEP is that NEP uses
a miniaturized nuclear reactor to produce electricity, which provides power
regardless of the Sun’s distance (Mason). NEP systems offer major benefits to deep
space and crewed missions that aim to reach outer planets because they operate
without Sun-related limitations and sustain power for extensive periods. The
combination of a robust high-power energy source with efficient electric propulsion
technology within NEP systems allows for faster flight times and adaptable mission
trajectories with decreased propellant weight (Mason). The development of NEP
technology remains promising, yet scientists need to solve problems related to
reactor miniaturization, radiation shielding requirements, safety protocols, and
nuclear launch regulatory compliance. The implementation of SEP and NEP systems
leads to sustainable space exploration through their capability to reduce propellant
usage while decreasing launch weight and extending mission durations. Their
scalable and modular architecture features make them ideal candidates for upcoming
exploration missions, including Mars transport, asteroid rendezvous, and lunar
logistics operations, because of their evolving propulsion requirements for
efficiency, safety, and environmental responsibility.
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5.3 Hybrid concepts and combined propulsion strategies

The development of spacecraft design focuses on hybrid propulsion concepts,
which merge multiple propulsion technologies to fulfill various mission
requirements. These systems use chemical propulsion together with electric and
solar or nuclear energy sources to enhance performance during different mission
phases, starting from launch and extending to orbital transfer and deep space
maneuvering, with a focus on sustainability, operational flexibility, and efficiency.
The hybrid system utilizes chemical propulsion with high thrust capability for initial
orbit insertion and quick trajectory changes, followed by electric propulsion through
ion or Hall-effect thrusters for precise orbit adjustments and deep space cruising
[47]. Through staged propulsion methods, spacecraft gain the powerful capabilities
of chemical systems together with electric propulsion efficiency, which decreases
total propellant mass and makes missions more cost-effective. Figure 2d presents
a hybrid system configuration, combining elements of gridded-ion and Hall
propulsion technologies. The integration emphasizes a balance between efficiency
and power density, showcasing the role of hybrid systems in addressing the
limitations of standalone propulsion methods. The Psyche mission operated by
NASA uses chemical propulsion for initial movement, yet relies on SEP to travel
through interplanetary space. Advanced hybrid propulsion systems combine solar-
thermal power with high-efficiency electric thrusters and nuclear-electric power
generation to enable long-duration missions [48]. These systems function best for
crewed exploration, cargo transport, and planetary surface access because they fulfill
variable thrust requirements with reduced resupply needs. Government agencies,
together with commercial providers, are actively developing satellite servicing
capabilities using SEP systems with chemical kick stages and hybrid chemical-
electric tugs. From a sustainability standpoint, hybrid systems offer significant
advantages by reducing the dependence on high-toxicity propellants and minimizing
the environmental footprint associated with launch mass and fuel consumption.
These systems enable increased mission independence while providing reusability
and adaptability features essential for developing modern space infrastructure
networks. Hybrid propulsion methods aid sustainable space operations through
practical solutions by merging various technologies to deliver high performance and
environmental advantages.

5.4 Comparative analysis

Table 1 demonstrates a diverse range of chemical, electric, and hybrid advanced
propulsion technologies currently used by developers and operators for their
unique performance characteristics, operational advantages, and limitations. The
less toxic green monopropellants HAN and ADN offer performance equivalent to
hydrazine while providing 250-265-second specific impulse values and denser
characteristics, leading to superior density impulse [49]. The storability and
efficiency of AF-M315E and glycol blends as HAN-based formulations are good, but
their thermal stability, ignition delays, and catalyst degradation pose operational
challenges. The performance of ADN systems like LMP-103S and ADN-HAN
mixtures is enhanced and less toxic, but their reduced storability and minimal flight
history act as barriers to increased adoption [50]. LOX-CH, propulsion operates at
high theoretical specific impulse values of 360-375 seconds because it burns fuel

19



Sustainable Aviation — Multidisciplinary Approaches, Technologies, and Strategies

1omod 65000~

y3ry saxmbax aoeds deap 103 une uorsyndoxd

[29] asniyy mop £19 A Juan1yga ‘dsp Y3y Apuranxy 00S4—-000°€ V/N V/N 1® sen UOT O1JBISOIIDA[Y  (UOUDY) I9ISNIY] UO]
Ayanisuss uon souewioyiad
[ed] -1sodwodap y3ry ojerspowt fuonmust apdurng SZE-00€ ovL~ w~ 0TT-S0°T juepedoxdrg auasoId)] + CO°H
(suasora
unjoo 1s4erE0 u2a13 A[pAne[aI fweals +  YIM 1q) 00€-08T juefedoxdiq (Y“O%H %06)
[19] :sprezey Surppuey  ¢Q 01 sasodwooap :Ajpqerolg  ‘(ouour) 08I-09T o/~ w~ o¥'1T Jaueqadordouopy oprxorad uadorpAy
T-dy sns12A (o) Ts (¢ o~

sanssI Jjo-T1oq UONISNqUIOd I9UBID {SIB]A (“0) ST ‘(*HD) YHD Y11~ juepadoxdiq

[16] fa3e103s o1uad0£1) uo [enuaiod NYST ‘dsT YSIH 0v€-00€ ‘("HD) 06T 9 XOT) T'0 oradof1) SUBYIN-XO'T
a3uayreyd
[09] Aypiqers reurray g, souewrioyrad pasueyuy G97-09¢ 00/~ /[~ 0€'T jueqpdordouoly  sarmixiw NVH + NAV
agejLoy spua[q [oueyIq
[65] 1yt paywr]  Orxol ssaf fourwiograd poon GSC—0ST 0T~ L~ STT-0TT juefpdoxdouoy /IOURYIdIN + NAY
SEOT-dIN'T — Uon
s3sATered pajrul] surzeIpAy -njos (NQV) aprut
[0s] <A31[1qBI01S 19MOT] uey) dsy 19y31y 1x03-UON 097-0SZ 0T~ /[~ Y1 juefodoxdouoiy -eIIUIP WNIUOWUIY
sansst
Kepop uonrudt UOTIedJ11ID SUOIB[NULIOJ
[8s] ‘a3eyuroy payrury w2218 ‘Guippuey 193eg 0S¢~ 0¥9~ L~ YT juejpdosdouoiy poseq-[024[D + NVH
$S9138 L1 (dSTEN-AV)
-o1ew ‘arnjeraduroy surzeapAy uey L1010} pus[q suruy
[£6] uonsnquiod 1ySiy  1amof faspndurr Ansusp-ySig 857-CST 049~ 8~ Vi juefadoxdouoy /IOUBRYIDN + NVH
surou0d Ay aspnduur Lyrsuap
-Iqe)s [euLIay} ‘uon hﬁwE &Eﬂﬂo“m mw:ﬁﬂﬁ\f I9ISTNLIY} ucm:vm (NVH) @1enu
[6%] -epexdop 1sA1ere) 0 2AnIEUI)E AJIDIX0)-MO] 097-0ST 059~ G/~ 9T -oxdouow usain umruowrure[AXoIpAH
D (edIN) D05

(spuodas)  aumjeraduay amssaxd @ AmEo\wv urays4s

aoudIajy saSejueapesiq saSejueapy dsy [esnaaoay g, [esnu)n [eonu)n Aysuaq uorsndoxg juepadoxg

20



Green and Alternative Fuels for Space Missions

//dx.doi.org/10.5772/intechopen.1013180

Propelling Sustainability

: hitp:

DOI

“sua1s€s uorspndoad puv syuvgjadoasd snorava Jo saamiwaf o11s14030040Yy")

‘TolqeL
[res o3xe[ e saxmbax ySuns  ajruIyul :res ‘000Y uorsyndoxd pLqAy
[96] sniyy mof Ao woxy Ay payrunun A[reniup —000¢ ro9[g V/N V/N V/N puqdy OLII[Y + [reg-1e[0S
sauaeyd (o11309[9) uorspndoxd
uoneidajur SITLID JUSIOLJJD + SISANUBUI 000¥-000C + 1ye1da0eds SLI303[Y +
[ss] ‘Ayxordurod/ssepy 105 3snay3 Y3y ANIqIxa[] (wayo) OGe~ SaLIe A SaLIep SsaLIe A spow-feng [ed1WIdYD) pauIquIoy)
Ayqqessur (ureid uoqresoipAy
[+9] uonsnquo)  [enuajod souemtrozred Y3y ogE~ ¥ST XOT TS XOT 0160 123001 prqdH +XO0T) PUgdH
sansst (6°0~) (urexd
Kouatoyga sy aqqissod (‘o xrut probyy [0 13qqny + 20
[¥s] 27e1 UOISSAITDY doys/aproxy :Aymordung 07e-08¢ 0¥/~ H) Tt~ +Pros 33001 puqdy  °H) uepedoiq prgdy
SSEeW I10]108al SansSI souempu? Y3y 9ouelsIp uorsindoxd  (uousay ‘ggN) uorsind
(1] K101em3ax/eonijod  Iejos puoaq 1omod Jueisuo) 000°S—000¢ V/N V/N 6500°0~ omoag  -0id o1110a[a-Ied[ONN
sfeire
Ie[OS JO SSBUI ‘XN[J sy uorsyndoxd (uoudy ‘ggS) uols
[e9] Tejos £q payrurr]  wonemp-suoy :1omod a[qeredsg 0004000 V/N V/N 65000~ ouparg  -[ndoxd ormoospe-rejog
¥€00°0~
ox uey) "uUousX une uorsyndoxd 191NIY)
[€S] souewroyrad romo  uweyy juefadoid jo 3500 1omoOT 0081-00Z°T V/N V/N 1® sen euIse[J 109359-[eH uoadAxy
K13uny syes 6500°0~
-1omod fsjem OFD uo 93eILIay (SI9ISNIYY une uorsindoxd (uouay)
[zs] [uueyDd Jo UoIsOIy  wor ueyl A}SuSp Isnayy Y3 0002-00S°T V/N V/N 1® sen PUISE[] I2)SNIY) 102§§9-[[BH
on (edIN) 2.5
(spuoodas)  amjeraduway amssaxd @ AmEo\wv urays4s
ERLEREN CM | sagejueapesiq sadejueapy dsy reonaaoay g, [eonLp [eonLpn Ansua(g uorsndoig jueppadoig

21



Sustainable Aviation — Multidisciplinary Approaches, Technologies, and Strategies

cleanly while allowing Mars ISRU capabilities [51]. The storage problems, along with
boil-off losses and complex ground operations, affect these cryogenic propellants
even when densified. Hydrogen peroxide systems act as both monopropellants and
bipropellants while providing moderate performance (160-325 seconds) and
storability advantages because of their density of 1.40 g/cm?, but operational safety
risks stem from decomposition sensitivity and catalyst degradation. Xenon [52] and
krypton-based [53] ion thrusters and Hall-effect thrusters achieve extremely high Isp
values between 1,200 and 4,000 seconds through their efficient operation. These
systems excel for deep space missions and station-keeping duties, yet they face
limitations from minimal thrust output, erosion problems, and high-power
requirements, with krypton providing cost-effective operation at reduced
performance levels. SEP extends efficiency for inner solar system missions, yet it
faces restrictions from solar flux and array mass requirements, and NEP extends
capability beyond solar distance with high endurance but encounters regulatory and
mass-related challenges. The Isp range for hybrid propulsion systems that use liquid
oxidizers with solid hydrocarbon-based fuels extends from 280 to 320 seconds [54].
The system design simplicity and throttle ability of these systems make them
appealing, but regression rate constraints, efficiency problems, and combustion
instabilities limit their effectiveness. The development of integrated propulsion
concepts includes dual-mode chemical-electric systems, which use chemical
propulsion for fast maneuvers and electric propulsion for cruising to achieve mission
flexibility at the expense of additional weight and complexity [55]. The combination
of solar sail technology with electric propulsion allows for unlimited v capability
from solar power but requires massive sail structures while providing precise
trajectory control through electric thrust [56]. The table demonstrates that
propulsion systems lack universal application because each system requires different
efficiency levels, thrust capabilities, storage capabilities, operational risk tolerance,
complexity levels, mission requirements, and exploration sustainability goals.

The assessment of spacecraft propulsion systems requires evaluation of specific
impulse (Isp) against thrust-to-power ratio, as this relationship demonstrates
propellant efficiency against thrust generation ability. The three fundamental
propulsion technologies —namely, electric, kinetic, and chemical systems — exist as
separate domains within the performance spectrum, as shown in Figure 3a. The Isp
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Figure 3.

(a) Thrust-to-power ratio and (b) Isp performance of different propulsion technologies; with permission from
Alnagbi et al. [20].
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range of electric propulsion systems extends from about 1,000 seconds to almost
10,000 seconds across their technologies, including gridded-ion thrusters, Hall-
effect thrusters, electrospray devices, field emission electric propulsion (FEEP), arc-
jets, and pulsed plasma thrusters. These systems provide remarkable efficiency
because they conserve propellant, which is essential for extended space missions,
interplanetary transfers, and situations requiring minimal propellant mass. Electric
propulsion systems achieve high efficiency but generate low thrust due to their
thrust-to-power ratio (below 1 mN/W) and total thrust output, which reaches only 1
N [20]. Their inherent limitations prevent them from being used for fast orbital
maneuvers, launch operations, or missions requiring quick payload repositioning.
The specific impulse values of kinetic propulsion systems, which include cold-gas
and resistojet thrusters, range between 50 and 200 seconds, while their thrust-to-
power ratios exceed those of electric systems. These systems offer advantages due to
their straightforward design, reliable operation, and fast response characteristics,
making them ideal for attitude control, small satellite maneuvers, and missions
requiring adaptability and robustness rather than fuel efficiency. Chemical
propulsion systems, which include monopropellant and bipropellant thrusters, are
positioned in the middle of the spectrum because they achieve 200-500 seconds of
specific impulse and produce thrust-to-power ratios exceeding 1 mN/W [20]. These
systems generate thrust levels ranging from tens to thousands of millinewtons,
making them vital for orbital insertion, rapid trajectory corrections, and launch
vehicle operations that require both strong thrust and acceptable efficiency.

Figure 3b illustrates the spacecraft propulsion system performance characteristics,
linking Isp measurements of propellant efficiency with thrust force generation. The
three propulsion domains create distinct areas in the thrust-to-Isp map, which shows
electric systems in the high-Isp but low-thrust sector, chemical systems between
moderate efficiency and substantial thrust, and kinetic systems in the low-to-
moderate Isp segment with better thrust responsiveness than electric thrusters. The
design trade-offs of propulsion systems are evident as electric systems optimize
efficiency but reduce thrust output; chemical systems strike a balance between
efficiency and thrust performance for mission versatility; and kinetic systems
prioritize reliability and responsiveness over performance efficiency. The selection
of propulsion systems requires matching mission needs with payload restrictions and
operational requirements. Current developments focus on creating hybrid
propulsion systems that combine beneficial aspects from different domains, utilizing
electric propulsion for efficient cruise phases and chemical propulsion for high-
thrust maneuvers. The integration of different propulsion systems enables enhanced
mission adaptability and offers better prospects for sustainable space exploration
through improved resource management and optimized system operation.

6. ISRU and green fuel production

The combination of ISRU with green fuel production enables sustainable space
exploration through the direct extraction of propellants and life-support resources
from extraterrestrial environments. The main objective of ISRU technologies
involves extracting water ice, carbon dioxide, and regolith from lunar, Martian, or
asteroidal environments to create usable propellants, including LOX, CH,4, and
hydrogen [65]. The technology decreases mission expenses and launch weight while
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enabling extended space missions with crew members through improved self-
sufficiency and operational stability. The implementation of ISRU for green fuel
production supports environmental sustainability and creates closed-loop systems,
making planetary colonization more feasible. Space agencies, together with
commercial ventures, are making sustainability and extended Earth presence

a priority through ISRU, which enables propulsion strategies when combined with
green engines that use non-toxic, regenerative propellants from local resources.

6.1 Propellant production on Mars and the Moon

The production of propellants on Mars and the Moon serves as a fundamental part
of ISRU because it enables both sustainable and cost-effective space exploration. The
two celestial bodies provide distinct opportunities to produce essential propellants,
including oxygen, hydrogen, and CH,4 through local material processing, which
reduces Earth-based resupply needs and decreases mission expenses [24]. The
Sabatier reaction enables the conversion of carbon dioxide (CO,) in the Mars
atmosphere into CH4 and oxygen (O,) when hydrogen is present [66]. The
extraction of Martian water ice through heating or chemical processing of regolith
provides the necessary hydrogen for this process. NASA’s MOXIE (Mars Oxygen
ISRU Experiment) validated the CH,~oxygen fuel combination, which works
perfectly for liquid bipropellant engines, by successfully producing oxygen from CO,
on Mars [66]. The Moon lacks an atmosphere, which creates different opportunities
for ISRU. The oxygen content in lunar regolith reaches 45% by weight in oxide form.
Modern technologies include ilmenite reduction through FeTiO; processing as well
as molten electrolysis to extract oxygen [67]. The Moon lacks native CH,4 deposits,
but local oxygen production could be used to combine imported or synthesized fuels
like hydrogen or CH,4 for hybrid chemical propulsion systems. The production of
propellants on-site provides enhanced mission flexibility and enables both return
missions and extended surface operations. These advancements, together with green
propulsion systems, create the foundation for a sustainable interplanetary
infrastructure.

6.2 Integration with mission architecture

The implementation of green propellant technologies, together with ISRU
systems, enables sustainable mission architectures that support extended space
exploration. Modern mission planning has moved beyond independent propulsion
system design to create integrated architectures that unite payload restrictions with
launch strategies, environmental standards, risk reduction methods, and extended
operational goals [68]. Figure 4 illustrates the role of ISRU in enabling sustainable
propellant production for lunar and Martian missions. Figure 4(a) presents the ISRU
propellant production flow, beginning with local feedstocks such as water ice,
carbon dioxide, and regolith. Through extraction, electrolysis, and Sabatier
reactions, these raw materials are converted into usable propellants, including LOX,
CH,, and hydrogen (Hz). Green propulsion systems simplify satellite servicing
operations and repositioning activities, as well as deorbiting procedures, while
decreasing the logistical challenges that come with dangerous propellants in both
LEO and GEO orbit regions [69]. Figure 4(b) demonstrates the embedment of
ISRU-derived propellants within a broader mission architecture. Green propellants,
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Figure 4.

In situ resource utilization (ISRU) for the Moon and Mars enables conversion of local feedstocks (H,O ice, CO,
regolith) into propellants such as LOX, CHy, and H,. (a) Propellant production flow showing feedstock,
conversion processes, and outputs; and (b) integration with mission architecture, where ISRU-derived
propellants support ascent vehicles, orbital depots, and reduce Earth vesupply needs.

including LOX and CHy, serve as standard propulsion elements for deep-space
missions aiming to reach the Moon and Mars because they work well with ISRU
capabilities. Propellant generated at the surface of the ISRU base is transferred to
storage tanks containing LOX/CH,4 and can then be supplied to orbital depots or
ascent vehicles. This architecture illustrates the operational flexibility of ISRU,
ensuring that local production surface missions are less dependent on Earth-based
resupply while simultaneously enabling orbital logistics, vehicle refueling, and long-
duration exploration campaigns. The integration of electric propulsion systems,
using solar or nuclear power, becomes natural for mission architectures focusing on
high-efficiency transfer orbits, station-keeping operations, and multi-target
exploration. The combination of chemical and electric systems through hybrid
approaches powers space tugs, orbital transfer vehicles, and landers to meet their
high-thrust needs while maintaining long-duration efficiency [70]. Together, the
two panels highlight the linkages of ISRU resource extraction, chemical conversion,
and mission integration, positioning it as a cornerstone of sustainable lunar and
Martian exploration strategies. The integration of this conversion process directly
supports multiple mission requirements, such as ascent vehicle fueling, orbital depot
refilling, and reduction of Earth-supplied propellant mass, thereby decreasing
launch costs and logistics complexity. The current mission design approach
incorporates sustainability metrics that evaluate propellant life-cycle impact along
with launch mass optimization and reusability features. The environmental
advantages of green propellants enable faster launch facility operations and
expanded mission authorizations through environmental regulations. Green
propulsion, together with ISRU-based technology, has evolved from innovation to
standard practice for designing satellite constellations and crewed interplanetary
missions, resulting in safer operations with cleaner methods and autonomous control
of the developing space economy.
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6.3 Technical and economic feasibility

The implementation of green propulsion systems and ISRU technologies depends
on their technical maturity, combined with operational reliability and cost-
effectiveness relative to conventional propellants and infrastructure. The technical
maturity of green propellants AF-M315E, LMP-103S, and HTP is high because
multiple successful in-orbit tests have proven their operational safety. These
alternative propulsion systems match or surpass the performance of hydrazine-based
systems while providing reduced handling risks and toxicities. The reduced need for
expensive safety infrastructure and specialized personnel makes launch and ground-
handling facilities more operationally efficient. Commercial and scientific missions
successfully utilize electric propulsion systems with ion and Hall-effect thrusters.
Solar or nuclear power sources enable these propulsion systems to achieve
exceptional fuel efficiency but provide limited thrust capabilities for orbital station-
keeping and interplanetary cruise applications. The economic feasibility of
integrating these systems has increased because launch costs decrease when
combined with reduced launch mass. The economic potential of ISRU technology
stands strong, even though it requires more complex technical development. The
production of propellant from lunar or Martian resources eliminates the need to
transport substantial Earth-based fuel masses, thus lowering both mission weight
and expenses. The current ISRU technologies exist at lower TRLs, yet advancements
in autonomous robotics, combined with thermal processing and chemical conversion
technologies, are speeding up their practical implementation. NASA’s MOXIE
experiment has verified the ability to produce oxygen by processing Martian CO,.
The implementation of green propulsion technology reduces mission expenses
through simpler logistics, fewer regulatory requirements, and shorter turnaround
periods. The combination of ISRU with green propulsion technology enhances long-
term cost efficiency, primarily for missions that involve multi-platform designs,
reusable spacecraft, and permanent planetary bases. The combined technical
reliability of green and ISRU-based propulsion systems, together with strategic cost
advantages, makes them increasingly viable options for sustainable space
exploration despite initial research and development (R&D) expenses for
infrastructure development.

7. Challenges, trade-offs, and future research directions
7.1 Material compatibility and storage issues

The adoption of green propellants faces essential hurdles because material
compatibility and secure long-term storage remain vital for both propulsion system
reliability and mission safety. The chemical characteristics of green propellants
produce unpredictable material interactions with conventional storage and system
components because these propellants lack the toxicity of legacy chemicals like
hydrazine. The HAN- and ADN-based propellant mixtures show high reactivity
because they exist as water-based solutions that react unfavorably when exposed to
contaminants or incompatible metals, including aluminum and copper. System
integrity and mission performance become endangered, as these interactions result
in corrosion damage to components and degraded sealing materials, as well as

26



Propelling Sustainability: Green and Alternative Fuels for Space Missions
DOI: http://dx.doi.org/10.5772/intechopen.1013180

catalytic decomposition processes. Long-term validation of advanced materials,
including passivated stainless steel, titanium alloys, and specially coated composites,
remains necessary to establish confidence throughout mission lifecycles since these
materials are being studied to reduce associated risks. Storage challenges are also
non-trivial. Most green propellants show hygroscopic behavior while also being
thermally sensitive, thus requiring stable storage environments for performance
maintenance and chemical stability. The storage of HAN and LMP-103S requires
precise temperature control to prevent phase separation and decomposition over
time. HTP exists as an environmentally friendly fuel that decomposes explosively
when contaminated or exposed to heat and light, so storage requires clean,
temperature-controlled facilities with specific handling procedures. System design
requires trade-offs between performance capabilities and both system complexity
and cost levels. Although green propellants decrease environmental risks and
regulatory compliance burdens, they might need stronger materials and customized
insulation and thermal control systems, which reduce some logistical benefits. The
development of corrosion-resistant materials, advanced coatings, and additive
manufacturing methods represents a future research priority for green propellant
compatibility. Long-duration compatibility and aging tests under simulated space
conditions should be standardized to validate storage solutions and materials for
extended missions, particularly for planetary exploration and reusable spacecraft
operations.

7.2 Scalability and system readiness levels

The adoption of green propulsion technologies faces two major barriers due to
their limited scalability and system readiness levels (SRLs) across different mission
types and scales. The green propellants AF-M315E and LMP-103S have achieved
TRLs between 6 and 7 because they have been successfully tested in operational and
relevant environments. However, the implementation of these propellants remains
restricted for large-scale and high-thrust applications, especially in heavy launch
vehicles, human-rated systems, and interplanetary platforms. Scalability problems
arise during both the manufacturing operations and the integration of propulsion
systems. The commercial production of green propellants needs to maintain
consistent purity and stability throughout large batches via certified supply chains
and strict quality control measures, which the industry still needs to develop. The
thermal and flow properties, along with the ignition characteristics of green
propellants, require multiple modifications to existing propulsion systems designed
for traditional fuels. The deployment schedule becomes longer, and initial
development expenses increase when using green propellants for missions that
require high thrust levels or extended operational periods. Electric propulsion
systems operate at scale for low-thrust applications yet encounter similar barriers
when attempting high-power implementations. Hall-effect and ion thrusters
demonstrate excellent performance in satellite and robotic exploration, but they
cannot achieve rapid orbit transfers or meet crewed mission requirements for higher
thrust levels. Future research needs to focus on developing power scalability,
propulsion modularity, and component standardization to overcome current
limitations. The deployment of green propulsion across diverse mission classes
requires ongoing flight demonstrations, along with mission-level validation and
production infrastructure investments, to advance SRLs.
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7.3 Emerging research areas and innovation opportunities

The shift toward sustainable propulsion in space exploration drives innovation
across different fields, creating new research opportunities and technological
development possibilities. The maturation of green propellants has led researchers to
focus on optimizing entire systems through propellant synthesis, advanced materials
development, engine design, and autonomous handling. The focus of researchers
today is to create innovative green propellant chemistries that surpass HAN and
ADN. Scientists have investigated three promising propellant alternatives, which
include ionic liquids, gelled propellants, and bio-derived fuels, due to their enhanced
stability properties, non-volatile characteristics, and ISRU compatibility. These
compounds show potential for customization to match the requirements of specific
space missions, such as storage for deep-space probes or ignition at lunar low
temperatures. The field of additive manufacturing for propulsion components
remains an active area of research. The three-dimensional (3D) printing of thruster
parts using corrosion-resistant alloys or ceramic composites enables engineers to
create optimized geometries while reducing mass and speeding up prototyping,
which becomes essential for engine adaptations to green fuel flow and combustion
properties. The development of electric propulsion depends on improved power
electronics efficiency, plasma diagnostics, and magnetically shielded thruster
designs, which enhance thrust-to-power ratios and operational longevity. These
technological advancements are particularly important for space missions that use
solar-electric or nuclear-electric power systems. The development of automated
ground support systems with intelligent features represents a substantial innovation
opportunity. The safer handling capabilities of green propellants enable the
implementation of automated fueling systems with leak detection and health
monitoring capabilities, streamlining operations and supporting fast launch cycles.
ISRU-linked research now focuses on developing large-scale reactors to produce
oxygen, CH,4, and hydrogen on the Moon and Mars. The establishment of a closed-
loop infrastructure for long-duration missions depends on integrating energy storage
with cryogenic liquefaction and on-site propulsion system refueling. Furthermore,
the development of novel catalytic materials may also enhance the performance of
green propellants, specifically HTP, and must be extensively explored. The
combination of these innovative areas transforms propulsion systems into safer,
cleaner, and more versatile systems, supporting long-term sustainability goals in
space exploration.

7.4 Implications for sustainable space exploration

The combination of green propulsion technologies with ISRU strategies creates
substantial effects for sustainable space exploration in the future. The expanding
scale and complexity of space missions, along with their increasing duration, make
conventional propellant systems more difficult to sustain. Green propulsion systems
tackle these problems head-on through their ability to decrease toxic substances
while reducing operational risks and environmental effects both on Earth and in
space. These technologies allow for safer ground operations and faster launch
preparations, and they meet the requirements of tightening international
environmental regulations, which are essential for frequent and long-term missions.
The implementation of ISRU technology enables propellant production on the Moon,
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Mars, and other celestial bodies, which reduces the need for expensive Earth-based
resupply operations. This capability enables autonomous mission operations,
reusable systems, and permanent human exploration infrastructure development.
The combination of green propellants with ISRU-derived resources (e.g., LOX-CH,)
enables the development of a regenerative propulsion ecosystem that establishes the
foundation for interplanetary logistics networks, surface base operations, and return
missions. The transition to sustainable propulsion systems helps the space sector
meet global climate and ESG goals while promoting responsible space utilization as a
shared domain. The implementation of sustainable propulsion systems enables the
creation of cleaner launch systems, environmentally neutral orbital operations, and
planetary protection principles by minimizing contamination risks. The adoption of
green technologies by commercial entities leads to better market competitiveness,
reduced insurance expenses, regulatory costs, and access to government-backed
sustainability programs. Green propulsion systems with ISRU capabilities serve as
essential foundational elements for establishing sustainable exploration that can
scale and maintain ethical standards throughout extended missions. These systems
will become vital for human infrastructure expansion in space because they will
ensure exploration remains ambitious while being sustainable, safe, and
economically viable.

7.5 Policy and industry recommendations

The adoption of green and sustainable propulsion technologies requires
coordinated efforts between policymakers, regulators, and industry stakeholders to
update safety and certification frameworks for low-toxicity propellants and
standardize international operations. Public funding for applied R&D expansion,
combined with public—private partnerships and ISRU-related innovation support, will
connect laboratory research to commercial deployment. Flight demonstration
programs, together with robust qualification pipelines, will validate performance in
operational environments, build market confidence, and foster trust. The
development of certified, reliable green propellant supply chains, along with
compatible infrastructure investments, will reduce integration expenses, shorten
delays, and enhance worldwide accessibility. Mission planning guidelines that include
sustainable propulsion considerations will drive early adoption, while ESG framework
alignment enables operators to demonstrate environmental responsibility, achieve
better regulatory compliance, and access green financing. The combination of these
measures will establish sustainable propulsion as a fundamental element of future
space missions, ensuring both scalability and long-term viability.

8. Conclusion

The chapter demonstrates the green and alternative propellants enabling
sustainability in space exploration. Traditional chemical propulsion provides
reliable performance, yet it produces major environmental problems, as well as
safety and regulatory issues, because it requires toxic substances and dangerous
operations. The propellant alternatives HAN, ADN, HTP, and LOX-CH, achieve
technical readiness through flight testing while providing improved performance
through cleaner operations and higher efficiency. Electric and hybrid propulsion
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systems improve interplanetary and long-duration mission capabilities through
better fuel efficiency and flexibility, while ISRU on the Moon or Mars reduces the
requirement for Earth-based propellant supply chains. The development of
propellant chemistry, together with additive manufacturing and automated
handling systems, advances these technologies, but material compatibility issues,
scalability problems, and system readiness challenges continue to exist. These
technologies need policy reforms, together with regulatory alignment and
industry collaboration, to achieve widespread adoption. The innovations
establish a foundation for upcoming space infrastructure, which will emphasize
safety, autonomy, and environmental sustainability through green propulsion
and ISRU systems for responsible exploration during the next decades.
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Chapter 3

Space Weather and Civil Aviation

Judith de Patoul, Tobias G.W. Verhulst and Yana Maneva

Abstract

Space weather, including solar flares, coronal mass ejections, solar energetic
particles, and solar radio bursts, affects aviation by disrupting high-frequency
radio communications (HF COM), degrading Global Navigation Satellite Systems
(GNSS), and occasionally increasing radiation levels at cruising altitudes. This
chapter reviews the physical basis of space weather, its relevance for aviation, and
the International Civil Aviation Organization (ICAO) framework for providing
operational space weather information to pilots and air traffic controllers. It also
analyses ICAO advisories issued from November 2019 to September 2025 to
identify when and where aviation impacts arise. Of 2,350 operational advisories
(tests and exercises advisories being excluded), 1,472 concern GNSS and 872 HF
COM. The results show that advisory numbers increased with Solar Cycle 25, with
marked peaks in May 2024, October 2024, and April 2025. Month-of-year patterns
indicate an equinox effect consistent with more frequent geomagnetic
disturbances. Geographically, GNSS impacts cluster over the equatorial South
Atlantic sector, including parts of South America, whereas HF COM advisories
concentrate in the auroral oval and polar cap regions, with a Northern
Hemisphere excess. Finally, differences between the four global Space Weather
Centres mainly reflect variations in sensors, models, and operational practices. As
a possible future service improvement, recommendations are proposed on
harmonised trigger-to-action guidance, strengthened high-latitude and airborne
observations, real-time integration of radiation dose and GNSS integrity data, and
standardised operational logging.

Keywords: space weather, aviation, GNSS, HF communication, ionospheric
disturbances, solar flares, coronal mass ejections, geomagnetic storms, solar activity

1. Introduction
1.1 Definition, physical background, and aviation relevance

‘Space weather is the physical and phenomenological state of natuval space
environments. The associated discipline aims, through observation, monitoring, analysis,
and modelling, at understanding and predicting the state of the Sun, the interplanetary
and planetary environments, and the solar and non-solar-driven perturbations that affect
them, and also at forecasting and nowcasting the potential impacts on biological and
technological systems’. This working definition was elaborated within the European
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Cooperation in Science and Technology (COST) Action 724 community, which
codified multidisciplinary requirements that link heliophysics, geospace, and impact
assessment across user sectors [1, 2].

A wide range of space weather effects is recognised across the global
economy. Evidence syntheses for the United States identify structured impact
pathways in four priority sectors, namely electric power grids, the satellite
industry, Global Navigation Satellite Systems (GNSS) users, and the aviation
sector, with simultaneous emphasis on frequent moderate disturbances and rarer
extremes with escalating costs and losses [3]. A National Academies workshop
report documents potential macroeconomic consequences and cross-sector
interdependencies that can amplify impacts when power, communications, and
navigation are simultaneously perturbed [4]. Engineering assessments by
a national academy describe impacts on engineered systems, including radar,
high-frequency (HF) radio communications (HF COM), satellite links, GNSS,
and increased solar radiation, with corresponding mitigation principles for
service providers and operators, aviation included [5]. Government risk guidance
lists space weather as a civil contingency risk with expected consequences for
essential services such as air travel, communications, and energy, and
summarises characteristic timescales and effects associated with flares, solar
energetic particle events, and geomagnetic storms [6].

The primary driver for space weather is the variable Sun [7]. Solar flares,
producing mostly hard X-rays but also extreme ultraviolet and/or soft X-ray flux,
coronal mass ejections (CMEs), solar energetic particles (SEP), solar radio bursts,
and high-speed solar-wind streams (HSS) perturb the heliosphere and
geospace [8-12].

For civil aviation, coupling to geospace produces ionospheric electron density
structuring across scales that affects HF propagation, total electron content (TEC), the
stability and quality of GNSS signals, and, on rare occasions, initiates energetic particle
impacts at various flight altitudes in the polar and auroral regions as a function of
spectrum and geomagnetic rigidity cutoff. Operational exposure is also strongly
structured by geomagnetic latitude. Four broad zones are typically distinguished: the
polar cap (275°), the auroral oval (~60-75°), mid-latitudes (~40-60°), and low
latitudes (< + 30°). Disturbances often localise within one or two of these zones, with
additional modulation by local time, season, and storm phase. This geographic context
helps map aviation exposure on polar, mid-latitude, and equatorial routes and frames
the pathways summarised below. These mechanisms underpin four principal
pathways. First, solar flares (on the sunlit hemisphere) and particle precipitation — due
to SEP events in the polar cap or from the reconnection region in the magnetotail
during geomagnetic storms — produce enhanced ionisation in the lower ionosphere
(D-region), resulting in absorption of HF radio signals affecting different regions
(see Table 1).

Second, post-storm depletion of the electron density in the F-region results in
a depression of the maximum usable frequency for HF communication [11, 13-15].
Third, small-scale structures in the ionosphere produced during geomagnetic
storms, as well as equatorial plasma bubbles (EPBs), generate GNSS scintillation,
cycle slips, and group-delay errors that degrade accuracy, integrity, and availability
for navigation and timing [16, 17]. Fourth, SEP events elevate effective dose rates
at flight altitudes, with access controlled by geomagnetic cutoff and interplanetary
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Space weather Source of D-layer Region affected Typical time-scale
phenomenon ionisation (duration)
Solar flare Hard X-rays Dayside mid and low latitudes  Tens of minutes
SEP event Energetic particles Polar cap (from about 80° Hours

latitude)
Geomagnetic storm Energetic particles Auroral oval (about 60° to 80°  Hours to days

latitude)

Table 1.

Sources of HF radio absorption due to increased ionisation in the D-region (80 to 100 km altitude) of the
ionosphere (‘Typical time-scale (duration)’ is the latency from solar origin to geospace/ionospheric impact; the
subsequent absorption duration depends on event strength, local time, and storm phase).

field configuration, which has implications for crew dose management and
avionics single-event effects [12, 18]. These pathways are corroborated by aviation-
salient episodes that include cross-polar rerouting on 23 January 2012 owing to HF
uncertainties, significant degradation of European GNSS augmentation during
September 2017, and a strong 4 November 2015 solar radio burst near 1 GHz that
disturbed secondary surveillance radars (SSR) at several European airports
[19-21].

Space weather is increasingly recognised as a sustainability-relevant resilience
stressor for aviation because it can simultaneously degrade communications,
navigation, and radiation margins, forcing operational mitigations that
propagate into efficiency and emissions penalties. Evidence from past events
shows direct continuity impacts: during the October to November 2003 storms,
the FAA’s WAAS SBAS capability was disabled for about 30 hours, illustrating
how ionospheric disturbance can temporarily remove precision navigation
services over wide areas, with knock-on effects for capacity and operational
stability [4]. Rerouting efficiency is similarly affected: in January 2005, 26
United Airlines flights were diverted to avoid HF radio blackouts during polar
cap absorption conditions, demonstrating how risk controls can shift aircraft
away from optimum tracks when high-latitude communications become
unreliable [4]. These mitigations translate into tangible cost and fuel exposure;
for the United States airline sector, HF-driven rerouting and cancellations are
estimated to produce event-scale costs of roughly $0.4 M to $5 M for moderate
conditions and $1 M to $30 M for more extreme scenarios, reflecting longer
tracks, added fuel burn, delays, and network disruption [3]. Beyond costs, these
cases underscore passenger safety and confidence: the primary purpose of
disabling augmentation or rerouting away from polar routes is to preserve
integrity, reliable communications, and acceptable operational risk, but repeated
irregular operations can undermine predictability and trust [4]. From a long-
term sustainability perspective, robust space weather practices therefore
function as ‘efficiency-preserving’ resilience measures: improved monitoring,
harmonised trigger-to-action procedures, and systematic logging of operational
outcomes can reduce both under-warning (safety risk) and over-warning
(unnecessary inefficiency), enabling better calibrated decisions that minimise
avoidable diversions and associated emissions [22].
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1.2 International Civil Aviation Organization framework and global space
weather centres

The International Civil Aviation Organization (ICAO) incorporated space
weather into its Standards and Recommended Practices (SARPs) for
meteorological (MET) service in 2018, with operational implementation on
7 November 2019. ICAO space weather advisories are issued when phenomena are
expected to affect HF COM and satellite communications (SATCOM), GNSS-based
navigation and surveillance, or to increase radiation exposure at various flight
levels. ICAO Annex 3 and the Manual on Space Weather Information in Support of
International Air Navigation (Doc 10100, see Figure 1) define two intensity levels,
moderate and severe, the monitored parameters, a standard geographic grid of 30°
latitude by 15° longitude, and forecast rows at +6, +12, +18, and +24 hours [23, 24].
The parameter set spans soft X-ray flux for flare classification, ionospheric
diagnostics for GNSS impact assessment including The TEC and scintillation
indices, S, and oy, polar-cap and auroral absorption measures for HF COM, and
effective dose-rate estimates at flight levels constrained by ground and space
observations [24].

Within airline and Air Navigation Service Provider (ANSP) operations,
measurable indicators are mapped to actions. For communications, pre-tactical HF
planning and alternates are tied to short-wave fadeout (SWF) and absorption risk;
for navigation and timing, flight-watch tracks TEC gradients, the Rate Of TEC Index
(ROTTI), and scintillation indices S,and 64 together with Satellite-Based
Augmentation System (SBAS) and Ground-Based Augmentation System (GBAS)
integrity flags and minima; for radiation, dose-aware dispatch relies on modelled
ambient dose equivalent rate with rapid assessment during SEP onsets and rare
ground-level enhancements (GLEs), and maintenance logs correlate avionics single-
event effects with particle environments as described in the ICAO Doc 10100,
Manual on Space Weather Information in Support of International Air Navigation (see
Figure 1). At the governance layer, the World Meteorological Organization (WMO)
Expert Team on Space Weather (ET-SWx) advances standardisation, verification
and interoperability so space weather advisories can be treated and used like MET
products.

e
Impact Area Parameter (Unit) Moderate  Severe
GhSs Amplitude scintillation 54 (dimensionless) 05 08
Phase scintillation oy (radians) 04 07
Vertical TEC (TEC Unit) 125 175
Radiation Effective dose { Sievert hour) 30 B
HF Auroral absorption (Kp) ] 4
PCA (dB from 30 MHz riometer data) 2 5
Solar X-ray (W /m?) (0.1-0.8 nm) 104 102
MUF {%) 30 50
(a) (b)

Figure 1.
ICAO doc 10100, Manual on Space Weather Information in Support of International Air Navigation.
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Four global Space Weather Centres (SWXCs) meet these specifications and
operate in a fixed two-week rotation with layered redundancy: the Pan-European
Consortium for Aviation Space Weather User Services (PECASUS), the Australia-
Canada-France-Japan consortium (ACFJ), the National Oceanic and Atmospheric
Administration (NOAA) Space Weather Prediction Center (SWPC), and the China-
Russia Consortium (CRC); see Figure 2. Roles cycle every second Tuesday at 08:00
UTC via a formal handover: the On-Duty Centre (ODC) transfers to Maintenance
and Observation Centre (MOC), the Primary Backup Centre (PBC) becomes the new
ODC, the Secondary Backup Centre (SBC) becomes the PBC, and the previous MOC
becomes the SBC. The ODC is responsible for 24/7 monitoring and issuance of ICAO
space weather advisories on the Aeronautical Fixed Service; the PBC maintains
ful situational awareness and parallel operations to assume ODC duties immediately
if required; the SBC must be ready to assume the PBC (or ODC) role within
approximately 8 hours; and the MOC maintains awareness and can step up to the
SBC within roughly 36 hours. Routine handover briefings, daily situation summaries,
and contingency procedures ensure continuity, consistency, and traceability of
advisories across centres. As of August 2025, the four global centres are being further
supported by the ICAO regional warning centre in Africa, the South African National
Space Agency (SANSA), which provides supplementary data to support advisory
issuance.

Figure 3 shows an example of an ICAO space weather advisory issued by the
PECASUS Centre on the 5th of December 2021 for an ongoing ionospheric
disturbance.

1.3 Purpose and contributions of this study

This chapter provides a global synthesis of civil aviation during Solar Cycle 25
(SC25) and a data-driven assessment of ICAO space weather advisories. Section 1
defines space weather, outlines the heliophysics most relevant to aviation, and sets
the regulatory context through ICAO Annex 3 and Doc 10100 so that subsequent
analyses use the same parameters, thresholds, and spatial grid. Section 2 links physics

=
&

Figure 2.
Global SWXC rotation and composition of the PECASUS, ACE], SWPC, and CRC consortia.
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Figure 3.
Example ICAO space weather advisory in the standard structure (here GNSS 2021/49).

to operations: it establishes the solar-cycle backdrop, then traces how flares drive
short-wave absorption on HF paths, how SEPs raise effective dose rates and induce
single-event effects, and how geomagnetic storms restructure the ionosphere to
degrade GNSS; the section closes by explaining the typical minutes-to-days
sequencing that causes overlapping risks. Section 3 turns to evidence: using the
complete ICAO advisory record from November 2019 to September 2025, it
quantifies volumes by domain and centre, isolates storm-driven surges around
May 2024, October 2024, and April 2025, documents equinox-season maxima, and
maps the geographic footprint, including the equatorial South America-Atlantic
GNSS hotspot and high-latitude HF belts, while analysing centre-to-centre
variability arising from sensors, models, and workflows. This section also distils
lessons and limitations, highlighting gaps in polar sensing, real-time radiation
monitoring, validation against operational outcomes, and consistency of public
communication. Section 4 integrates these findings into concrete recommendations
on harmonised trigger-to-action guidance, strengthened observing and nowcasting,
standardised logging and data sharing, and the sustainment of global advisory
services.

2. Solar cycle context, drivers, indicators, and aviation impacts
2.1 Solar cycle

Solar activity varies quasi-periodically with an 11-year cycle; the sunspot number
is a robust proxy for the emergence rate of strong magnetic fields and correlates with
flare, CME, and SEP occurrence [25]. In SC25, the daily and monthly international
sunspot numbers rose rapidly from the 2019 minimum, with the monthly
smoothed curve surpassing the SC24 peak and reaching about 150-165 in late 2024 to
early 2025 (see Figure 4). Repeated daily bursts above 200 indicate intervals of
numerous, magnetically complex active regions. Elevated sunspot levels statistically
imply higher rates of eruptive drivers, increasing the probability that aviation-
relevant hazards overlap within the same operating week [7, 22].
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Figure 4.

International sunspot number S, for the last 13 years with daily (yellow), monthly (blue) and monthly smoothed
(red) curves, plus consensus forecasts for the SC25 decline.

The Sunspot Index and Long-term Solar Observations (SILSO) record shows that
SC25 activity is organised into multi-day clusters as large active regions transit the
disk or multiple regions erupt in succession. For operations, this produces
a characteristic sequence: day-one X-ray flare-driven short-wave absorption on
sunlit HF paths, hour-scale SEP onsets that raise dose rates at high latitude and
altitude and can induce polar cap HF absorption, and day-scale CME or HSS arrivals
that trigger geomagnetic storms, which can result in auroral absorption and degrade
GNSS performance; the recovery phase of a storm can include post-storm maximum
usable frequency (MUF) depressions lasting for several days. These staggered
timescales — minutes, hours, and days - explain why impacts on communications,
navigation, and radiation exposure often co-occur during active periods.

2.2 HF communication (3-30 MHz)

HF communications impact includes (1) flare-driven SWF on sunlit paths, (2)
absorption due to particle precipitation in the auroral oval and polar cap, and (3)
post-storm F-region depressions that reduce MUF [13-15, 44—46].

Figure 5 illustrates normal ionospheric reflection, flare-related absorption on the
dayside, and high-latitude cases where particle precipitation prevents reflection,
with recovery often accompanied by MUF depressions. Solar flares raise the hard
X-ray flux and enhance D-region ionisation on the sunlit hemisphere, producing
SWF and in the worst cases complete radio blackouts on aviation HF links that
remain vital for oceanic operations. Empirical characterisations show that moderate
and severe absorption events occur frequently on solar-cycle timescales, last from
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tens of minutes to several hours, and express most strongly at low latitudes and over
long over-water sectors. The principal indicators are Geostationary Operational
Environmental Satellites (GOES) X-ray flux class and D-region absorption maps;
practical cues are observed/forecast SWF probabilities and regional absorption (in
dB) in the 10-15 MHz aviation HF bands.

Auroral electrons during substorms and SEPs during proton events increase
D-region ionisation at high latitudes, producing auroral absorption and polar-cap
absorption. These events are often more severe and longer-lived than flare SWF,
with durations ranging from hours to days, and they can be followed by negative
F-region storms that depress MUF for 12-72 hours and constrain HF frequency
selection.

For all HF impacts, mitigation relies on daylight-path and latitude awareness,
pre-tactical frequency planning with alternates, route-dependent use of SATCOM or
very high-frequency (VHF) radio (30-300 MHz) relays where feasible, and
monitoring of centre products that map absorption and MUF constraints relevant to
aviation operations.

2.3 Satellite communication

SATCOM disruptions during extreme bursts can accompany active periods:
intense solar radio bursts raise the noise floor near navigation/communication
bands and, together with high-latitude structure, can reduce link margins. Such
L-band-relevant bursts are rare but consequential; monitoring dynamic spectral
flux and link-margin telemetry supports alternate paths, store-and-forward, and
priority handling of critical messages [26].

On 4 November 2015, SSR displays at several sites in southern Sweden showed
Sun-aligned false plots and intermittent track loss, prompting LFV to curtail
movements for safety. Two disturbance windows were reported: 14:19-14:34 UTC
and 14:47-14:50 UTC, with the first interval being the most severe. Similar Sun-
aligned artefacts were documented in Belgium, while Norway reported milder
effects. In all cases, the anomalies occurred when antennas pointed toward the Sun,
consistent with front-end overloading near the 1030/1090 MHz SSR channels [21].

At the same time, solar observations show an exceptionally strong, coherent
solar radio burst peaking close to 10° solar-flux units in a relatively narrow band
around 1 GHz, beginning about 30 minutes after the soft X-ray peak of the
associated flare. The burst’s fine spectral structure (pulsations, fibre, and zebra
patterns) and timing implicate coherent coronal processes rather than synchrotron
emission. Geomagnetic conditions were only minor-to-moderate (Kp <6),
providing no competing magnetospheric explanation for the radar effects.

From a susceptibility standpoint, solar radio bursts at L-band frequency and
adjacent ultra-high frequency (UHF) are a recognised threat to aviation systems
when flux densities approach 10° sfu, with documented cases of GNSS and
communications degradation, and evidence that instrument saturation can lead to
under-reporting of extremes in historical patrol data [26]. The Swedish episode
illustrates a surveillance-specific hazard pathway independent of D-region
absorption or GNSS scintillation: a narrowband, high-flux solar radio burst directly
elevates the noise floor in the SSR passband and overloads receiver/processing
chains, creating false plots and delayed or lost tracks.
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Practical mitigations derived from these analyses include immediate cross-checks
with primary radar when Sun-aligned artefacts appear, temporary restrictions in
affected azimuth sectors, and use of calibrated whole-Sun UHF/L-band flux
monitoring to confirm a solar origin and support timely advisory and flow-
management decisions.

We should note that SATCOM and solar radio burst advisories are currently not
part of the official space weather service to aviation but have been considered for
possible future service development.

2.4 Radiation effect and single event effect in avionics

SEP events inject high-energy protons and heavier ions that can elevate effective
dose rates above the galactic cosmic-ray baseline, most strongly on polar routes and
at higher cruising levels (see Figure 6). Observations and modelling document
operationally significant enhancements during major SEP episodes and emphasise
rapid assessment for rare GLEs, together with exposure management for crew
classified as radiation workers [27, 28, 41, 43]. Operational indicators are integral
proton fluxes >10, >50, and 100 MeV, and neutron-monitor responses for GLEs;
decision cues are modelled effective dose rates (H*(10)) at planned altitudes/
latitudes and onset-decay trends.

Mitigations include latitude and altitude optimisation, dose-aware dispatch, and
enhanced avionics fault monitoring during elevated flux intervals. The same particle
environment produces single-event effects in microelectronics, motivating resilient
design, error-correcting code (ECC)/watchdog strategies, and systematic, time-
stamped anomaly logging.

2.5 GNSS degradations

GNSS performance is degraded when geoeffective CMEs and HSS restructure the
ionosphere (see Figure 7). Large-scale TEC gradients and small-scale irregularities
introduce group-delay error and carrier-phase scintillation, causing loss of lock and
increased cycle slips. This reduces accuracy, integrity, and availability for required
navigation performance and for augmented approaches using SBAS or GBAS, and it
can affect timing-dependent surveillance such as Automatic Dependent
Surveillance-Broadcast (ADS-B). At low latitudes, post-sunset EPBs can drive strong
phase scintillation and loss of lock [29]. Importantly, EPBs are not necessarily storm-
driven; they often occur under quiet-time pre-reversal enhancement conditions, and
strong storms can sometimes suppress EPB formation.

Mitigation options include using multi-constellation, multi-frequency GNSS
(GPS, Galileo, BeiDou, GLONASS on L1/E1 and Ls5/Es), enabling receiver
autonomous integrity monitoring (RAIM)/advanced RAIM (ARAIM), fault
detection and exclusion (FDE), and receiver reversion logic; reverting to higher
minima (for example, LNAV or Baro-VNAYV) or to conventional navaids (VOR/
DME/ILS) where available; coordinating with ATC for vectoring and spacing; and
employing surveillance fallbacks such as secondary radar or ADS-C via SATCOM
when ADS-B is impaired. Special attention is given to equatorial post-sunset
scintillation windows and to polar-cap dynamics. During recovery, negative
F-region storms can persist and lower the MUF for HF COM, so GNSS mitigations
are aligned with HF communications planning.
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2.6 Multi-driver sequencing with an operational implications example

Active periods commonly unfold as a sequence: an initial flare produces
immediate HF COM impacts on sunlit paths; hours later, a significant eruption may
yield an SEP onset that elevates dose rates; several days later, CME arrival triggers
geomagnetic storms that degrade GNSS [47], with HF COM recovery further limited
by post-storm MUF depressions. This minutes-to-days staging explains why the risk
to communications, navigation, and radiation exposure often overlaps for a week or
more. It underpins the value of impact-based advisories and airline/ ANSP
procedures that bind measurable indicators to harmonised trigger-to-action
responses [7, 15, 20].

To illustrate advisory sequencing and operational implications, we cite the
May 2024 active window (6 to 15 May 2024), during which the PECASUS SWXC
issued a dense HF COM advisory sequence. During this period, 10 flare-driven HF
COM SWF advisories between 6 and 13 May were issued, followed by storm-time
HF impacts, including polar cap absorption (PCA) on 10 to 13 May, auroral
absorption (AA) on 10 to 11 May, and a post-storm depression (PSD) phase lasting
from 10 to 15 May [30]. This ordering matches the characteristic staging: rapid
sunlit HF COM degradation during flares, then high-latitude absorption during the
storm main phase, and finally a multi-day recovery period where MUF depression
can keep HF COM usability reduced even after peak geomagnetic forcing. The PSD
tail, therefore, increases the probability of co-occurrence with GNSS degradation
windows, extending the period in which operators may face cross-domain
constraints.

Such overlaps can amplify downstream constraints in structured airspace
systems. For North Atlantic operations, mitigation actions aimed at retaining HF
COM and GNSS integrity can include southward displacement of the North Atlantic
Organised Track System (OTS), which reduces available airspace volume, increases
sector loading at lower latitudes, and can propagate network-wide delay through
flow and capacity management [31]. From an operator’s perspective, an HF-heavy
sequence lasting approximately nine days (6 to 15 May) compels earlier and more
conservative communications planning on oceanic and polar segments, including
frequency management and timely activation of alternates (SATCOM and VHF
where available), and may motivate tactical timing or track choices with fuel and
schedule penalties. Linking advisory series to operational outcomes (delay,
diversions, and communications performance) supports calibration of trigger-to-
action thresholds and procedures for multi-hazard periods.

3. Outcome of recent years, notable events, and lessons learned

In this section, we analyse the complete operational ICAO Space Weather
Advisory (SWX ADVISORY) record disseminated from 7 November 2019 to
30 September 2025, excluding TEST and EXER messages. The dataset is global in
intent but encoded on the ICAO standard grid (30° latitude x 15° longitude) and in
the ICAO advisory shorthand longitudinal sectors (i.e., HNH/HSH, MNH/MSH,
EQN/EQS, and DAYLIGHT SIDE), which imposes a deliberate spatial coarseness.
The ICAO system reports impact-based domains (HF COM, GNSS, and
RADIATION) and only two severity levels, MOD (moderate) and SEV (severe);
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therefore, the advisory record is not a physical-event catalogue but a thresholded
operational representation of expected impacts.

Advisories were retrieved programmatically through the ESA Space Weather
Service Network portal product S.790a, TICAO Space Weather Advisory browser’
(https://swe.ssa.esa.int/web/guest/sidc-S790a-federated), using the federated Web
API (mandatory parameters: pc = S790 and psc = a). Queries with the component =
archive and ISO 8601 UTC start and end timestamps (dts_start, dts_end) for the
retrospective record were used; status = no_test was applied to exclude TEST and
EXER entries at the source, and responses were ingested as JSON.

Each advisory was parsed to extract the issuance centre (SWXC), timestamp
(OBS SWX), phenomenon type and severity (SWX EFFECT), and forecast rows
(FCST SWX +6, +12, +18, +24 HR); see Figure 3. We define an advisory series as an
opening advisory plus its updates and closing, using the Number/Replaces ‘NR
RPLC’ logic, which we use as a practical proxy for a distinct operational episode,
noting that unique physical start and end times cannot be recovered from the
advisory record alone.

3.1 Global results from November 2019 to September 2025

From November 2019 to September 2025, excluding TEST (test) and EXER
(exercise), 867 advisory series and 2350 operational space weather advisories were
disseminated, comprising 1,592 moderate and 758 severe. By domain, GNSS
accounted for 1,472 (62.7%), HF COM 872 (37.1%), and radiation 6 (0.26%). An
advisory series — opening, updates, and closing — serves as a practical proxy for
a distinct observed event, acknowledging that exact physical start and end times
cannot be uniquely recovered; by series, GNSS comprised 587 (67.7%), HF COM 278
(32.1%), and radiation 2 (0.23%). Within a series, updates are issued every three to
six hours and never later than six hours after the previous advisory. By issuing
centre, PECASUS produced 1,111 (47.3%), ACFJ 998 (42.5%), SWPC 133 (5.7%), and
CRC 108 (4.6%). Figures 8 and 9 summarise these results.

Following post-event analysis, the six radiation advisories were determined to be
false alerts arising from model errors that have since been corrected; accordingly, the
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Figure 8.

Advisory count by severity (SEV for severe, orange; MOD for moderate, blue), stacked by month across all
centres.
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Figure 9.
Advisory count by domain (GNSS in blue, HF COM in orange, RADIATION in green), stacked by month across
all centres.

remainder of this chapter focuses primarily on GNSS and HF COM events and
advisories. First, from the 2019 minimum to the late-2024/early-2025 maximum of
SC2s, the SILSO sunspot record shows a strong rise in daily and monthly counts and
a high monthly smoothed plateau (~150-165). On this decadal scale, advisory
production follows the same envelope: monthly totals for all centres climb through
2023-2025 and peak near the SC25 maximum (see Figure 10). This is physically
expected because the sunspot number is a robust proxy for the emergence of strong
magnetic fields and, statistically, for rates of flares, CMEs, and SEP events — the
principal drivers behind HF absorption, GNSS degradations, and radiation episodes
[25]. The correspondence is not one-to-one: Issuance depends on threshold
exceedance and geographic coverage by ICAO’s grid, and on the mixture of drivers
in any month, as we will see below. But on the 11-year trend, the co-variation
between sunspot activity and advisory volume is clear and consistent with system-
level climatology that links cycle phase to disturbance incidence across the Sun—
heliosphere-ionosphere chain [7].

International sunspot number 5, — 2020-01 to 2025-09
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Figure 10.
International sunspot number S, from January 2020 to September 2025.
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Second, from November 2019 to September 2025, the advisory record
shows three dominant storm-related surges during SC25. The first occurred on
10-11 May 2024 during an extreme geomagnetic storm (Kp = 9); that month
accumulated 148 advisories in total (GNSS 40; HF COM 108), reflecting strong
GNSS structuring and extensive auroral/polar-cap absorption with post-storm MUF
depression for HF. The second peaked on 10-11 October 2024 with a severe storm
(Kp = 8) following a fast CME launched on 8 October. October totals were 266
advisories (GNSS 206; HF COM 60), consistent with storm-time TEC gradients and
scintillation driving GNSS integrity/availability degradations alongside HF recovery
constraints. The third centred on 16 April 2025, again severe (Kp = 8-) from multiple
CMEs erupting from 13 April. April totals were 180 advisories (GNSS 137; HF 43),
indicating widespread GNSS impacts with concurrent high-latitude HF constraints.
Radiation advisories were absent in these months.

Third, the results highlighted an imbalance in the number of advisories issued by
each centre. This is primarily attributable to heterogeneity in (1) observing networks
used, (2) modelling stacks, and (3) operational workflows, not to formatting
guidance. Each Space Weather Centre (SWXC) ingests a different mix of ground and
space data. Densities and latitudinal coverage of ionosondes, riometers, and GNSS
receivers vary widely between Europe, North America, Australasia, and Asia;
consequently, the same disturbance can be sampled with different fidelity in
different regions. Centres that exploit dense regional GNSS networks can generate
higher-confidence ROT/ROTI and scintillation (S4, 6¢) fields and therefore issue
more GNSS advisories than centres relying mainly on global products. Likewise,
centres with strong high-latitude riometer coverage will detect polar cap and auroral
absorption more often, feeding HF communications advisories. Moreover, the
modelling layers used to translate raw observations to ICAO parameters are not
uniform. Examples include different TEC and ROTI algorithms and thresholds for
GNSS integrity risk; alternative absorption proxies for HF COM (e.g., riometer-
based versus empirical X-ray/solar-zenith formulations); distinct F-region
background models for MUF-depression detection; and different radiation
nowcasting frameworks and dose maps for SEP/GLE conditions. These choices
directly affect whether Annex 3/Doc 10100 thresholds are crossed in a given grid cell
and hour, and thus how many advisories are issued. Finally, each Centres implement
different sequencing and quality-control logic: for example, how to merge adjacent
ICAO grid cells, how long to persist ‘MOD/SEV’ conditions in the absence of fresh
evidence, when to collapse fluctuating indicators into a single update, and how to
terminate advisories. PECASUS’s end-to-end chain — data ingest, modelling,
validation, and analyst oversight - is one documented implementation and illustrates
how pipeline design influences issuance frequency [20].

In order to mitigate this aspect of imbalance in the number of advisories,

a jointly internal document, Guidance for the Issuance of Space Weather Advisories
(Guidance for the Issuance of Space Weather Advisories, 2025 [48]), harmonises
templates, phrasing, initiation/update/termination logic and ‘smoothing’ practices
across HF COM, GNSS and RADIATION products. It reduces stylistic and timing
differences, improving comparability for users, but it cannot remove fundamental
disparities arising from the heterogeneous sensors and models each centre is able
(or mandated) to use. As long as the underlying data streams and transformation
methods differ, advisory volumes will legitimately diverge even under identical
ICAO standards.

52



Space Weather and Civil Aviation
DOI: http://dx.doi.org/10.5772/intechopen.1014812

The centre-to-centre spread in counts is therefore an expected property of the
current ecosystem: it reflects where and how the geospace is observed and modelled,
rather than inconsistent adherence to ICAO standards. Any attempt to compare
volumes as a performance metric must control for input data, modelling choices, and
workflow rules; otherwise, it conflates scientific and infrastructural differences with
service quality.

3.2 Seasonal pattern of advisories: Equinox enhancement

Figure 11 (HF COM) and Figure 12 (GNSS) aggregate all advisories from
November 2019 to September 2025 by calendar month (independent of year) and
stack them by Space Weather Centre (PECASUS, ACFJ, SWPC, CRC). HF COM
totals peak in May (143), September (114), June (91), and April (87). GNSS totals
peak in October (304), April (202), November (159), and February (149).
Contributions are centre-dependent: for GNSS, the October peak is driven chiefly by
ACFJ (214/304); November is dominated by PECASUS (131/159); April is led by
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Figure 11.
HF COM, total advisories per month (independent of year), stacked by centre.
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Figure 12.
GNSS total advisories per month (independent of year), stacked by centre.
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ACFJ (144/202). For HF COM, the May maximum is shared mainly by ACFJ (76) and
PECASUS (37), with SWPC (21) and CRC (9) also contributing; CRC contributes
notably in October (32), and SWPC in several spring—autumn months (e.g.,
February 2024: 17; May 2023: 17; June 2024: 14). This seasonal pattern is consistent
with the semiannual (equinox) enhancement of geomagnetic coupling, the Russell-
McPherron effect, by which southward interplanetary magnetic field (IMF)
projections and coupling functions are statistically larger near March—April and
September—October [32, 33]. Stronger coupling elevates the intensity of geomagnetic
storms and substorms, driving TEC gradients, scintillation, and loss-of-lock that
underpin the GNSS maxima in fall (October and November) and spring (February to
April). At low latitudes, equinox seasons also favour post-sunset electrodynamics
and EPBs, reinforcing phase and amplitude scintillations, resulting in GNSS
advisories. For HF COM, equinox storms often yield post-storm F-region
depressions that reduce MUF for 12-72 hours, while flare activity throughout the
cycle produces sunlit SWF; together, these produce the HF COM advisories maxima
between April and June and in September. In addition to the equinox tendency, the
monthly distributions show clear differences between the June and December
solstices. Part of this contrast is physical: post-sunset EPB occurrence and growth
rates differ between solstices because the magnetic equator is offset from the
geographic equator, modifying electrodynamic preconditioning. However, part of
the difference may reflect observing-network asymmetries, as data availability and
coverage are not strictly balanced between hemispheres in our inputs. Accordingly,
solstice contrasts should be interpreted with caution pending a dedicated
hemispheric analysis.

Several storm months amplify the monthly bars beyond the seasonal effect, most
prominently May 2024, October 2024, and April 2025, so Figures 11 and 12 reflect
both the equinox tendency and the contribution of specific severe events during
those months. This is visible despite the year-independent binning.

3.3 Geographic footprint of observed advisories

Figure 13 maps how often ICAO grid cells were reported as affected in observed
advisories from November 2019 to September 2025. For each advisory, the ICAO
standard grid footprint (30° latitude by 15° longitude cells) was decoded, and each
flagged cell was counted once; counts were then summed across all domains and all
centres. The global pattern shows a low-latitude belt and high-Ilatitude belts being
more affected.

Figure 14 isolates GNSS advisories and shows maxima between about 30°
S and 30° N with a pronounced peak over South America and the equatorial
Atlantic. This pattern reflects the equatorial ionisation anomaly (EIA) created by
the daytime E x B fountain and field-aligned diffusion, which forms two crests
near + 16° magnetic latitude that can migrate toward +30° under strong forcing
[34, 35]. During major storms, prompt-penetration eastward electric fields acting
with storm-time equator-ward neutral winds can produce a ‘super-fountain’
effect, strongly enhancing the ionisation in the Appleton anomaly [36, 37].
During the 30 October 2003 event, crest-to-trough ratios approached ~10,
electron density at the crests increased by >1,000%, crests shifted to ~ + 30°, and
dusk upward drifts in Brazil reached ~1,200 m/s; these observations show that
electric fields alone are insufficient without concurrent neutral-wind
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forcing [35]. After sunset, the pre-reversal enhancement lifts up the bottom-side
F layer; once a solar-activity-dependent threshold height of roughly 350-450 km
is exceeded and some seed perturbations (often a bottom-side atmospheric
gravity wave) exist, generalised Rayleigh-Taylor instabilities at the bottom of the
plasma enhancement generate EPBs that move up and map along the anomaly
crests. These structures cause strong GNSS phase and amplitude scintillation,
cycle slips and loss of lock, with occurrence peaking near the equinoxes and in the
American longitude sector, where the peculiar configuration of the geomagnetic
field associated with the South-Atlantic anomaly favours the generation of
plasma bubbles. This explains the advisory maximum over South America and the
adjacent Atlantic in Figure 14.

The HF COM-only map (see Figure 15) highlights the auroral-oval and polar-cap
regions where particle precipitation enhances D-region ionisation, producing HF
absorption, and where recovery phases commonly show sustained MUF depressions.
A polar dominance of impacts is expected and consistent with reviews of polar-cap
absorption, auroral absorption, and post-storm F-region depressions [38, 44—46].
A clear Northern Hemisphere excess appears in our dataset. This aligns with
established seasonal and hemispheric asymmetries, including the equinox
enhancement of geomagnetic coupling and interhemispheric differences in
ionospheric response [32, 33, 39, 49]. Over the past five years, the Northern
Hemisphere excess persists, but a dedicated study is required to separate sampling
effects, such as observing-network and route density, from geophysical drivers, such
as field geometry and winter-hemisphere composition changes.

3.4 Lessons learned: Gaps and challenges

The advisory record highlights structural blind spots in the observing system.
High-latitude corridors over the Northern Ocean and North Pacific remain sparsely
instrumented for riometers, ionosondes, and dense GNSS networks (in particular,
receivers capable of monitoring scintillation), limiting skill for auroral and polar-cap
absorption nowecasts and for storm-time TEC gradient and scintillation diagnostics;
this under-sampling is most acute exactly where HF COM and GNSS vulnerabilities
concentrate. Radiation situational awareness at flight levels is still model-dominant:
fleet-wide, low-latency in situ dose data are rare, SEP onset detection can lag
operational needs, and assimilation frameworks for effective dose rate H*(10) remain
uneven across providers.

Centre-to-centre differences in issued volumes persist because input data
streams, model stacks, and workflow logic are heterogeneous. Variations in GNSS
gradient and scintillation metrics, HF absorption proxies and post-storm MUF-
depression detection, plus differing rules for grid-cell painting, persistence and
termination, all change whether Annex 3 and Doc 10100 thresholds are crossed in
a given hour and location. Recent common guidance harmonises templates and
timing but cannot remove disparities rooted in sensor coverage and modelling
choices.

The coarse ICAO grid (30° x 15°) introduces spatial smoothing, so advisory
footprints can over or under-represent the true impact extent. Moreover, because
the grid is defined in geographic coordinates, equal-latitude bands are not
comparable across longitude sectors. For instance, the 60°-90° band over the
American sector is not equivalent - in area or morphology - to the same band over
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Europe. A finer, preferably geomagnetically referenced or equal-area grid would
mitigate this bias. For example, the patterns seen in Figure 14, as well as the solar
cycle and seasonal dependencies mentioned above, agree well with known variations
in occurrences of scintillation in trans-ionospheric radio signals [40]. However, the
ICAO grid is so coarse that the appearance of auroral oval and polar cap scintillation —
which are produced by different physical phenomena and do not necessarily occur
together — cannot be distinguished. Polar-region prominence is physically expected,
as seen in Figure 15: SEP and auroral precipitation drive D-region absorption that is
typically more severe and longer-lived than flare SWF, with post-storm MUF
depressions further extending constraints. However, the geographic pattern is likely
distorted by data availability: high-latitude corridors remain sparsely instrumented
(riometers, ionosondes, dense GNSS/scintillation receivers), and route sampling is
uneven across hemispheres and centres. Accordingly, we must treat the polar
maxima as conservative, network-limited estimates until expanded polar sensing
reduces these sampling biases. Monthly variations also fold in storm-rich months
during the SC25 maximum, complicating the attribution of peaks solely to equinox
effects.

Validation against operational outcomes is incomplete. Many operators lack
systematic, time-stamped logging of HF outages, GNSS integrity degradations,
and avionics single-event effects aligned to space weather indicators; radiation
exposure records are often delayed or aggregated, constraining feedback to
thresholds and training. As incident-linked evidence accumulates, MOD/SEV
trigger levels could be recalibrated to reflect observed impact severity and
frequency (e.g., HF un-usability duration/coverage, GNSS continuity/integrity
excursions, measured dose rates). If impacts routinely occur below current MOD
triggers, they could be lowered or refined; if SEV alerts yield negligible
disruption, tighten definitions or raise triggers to reduce over-warning and align
with agreed risk tolerances. Finally, public communication remains uneven:
messaging can oscillate between hype and silence, while aviation needs concise,
impact-based briefings that explain mitigations and uncertainty consistently
across providers.

Finally, the advisory record is shaped by operational thresholds and evolving
practice. First, issuance is gated by ICAO MOD/SEV thresholds, so the dataset
systematically under-represents sub-threshold disturbances that may still produce
local operational effects (especially for GNSS scintillation and HF usability). Second,
advisory volumes reflect heterogeneous observing networks, model stacks, and
centre workflows, which affect whether thresholds are crossed in a given grid cell
and hour; inter-centre differences should therefore not be interpreted as service
quality differences without controlling for inputs and algorithms. Third, the service
matured during the study interval, and internal harmonisation guidance introduced
in 2025 reduces stylistic and timing differences but cannot remove bias introduced
by uneven sensor coverage and model choices. Fourth, the 30° x 15° geographic grid
and coarse region codes compress spatial structure and can overstate affected areas
when impacts are localised (e.g., equatorial post-sunset scintillation patches or
auroral arcs). These limits constrain generalisation beyond the operational question
the dataset answers: ‘where and when were ICAO thresholds met and
communicated’, rather than ‘where and when did the underlying geophysical
disturbance occur’.
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4. Conclusions and recommendations

Civil aviation is measurably exposed to space weather variability along four
principal pathways: short-wave radio absorption from flare or particle-driven
D-region ionisation, depletion of the F layer after geomagnetic storms resulting in
MUF depression, small-scale ionospheric structuring that degrades GNSS accuracy,
integrity, and availability, and radiation environments at flight altitudes during SEP
events. During SC25, the rise from the 2019 minimum to the broad maximum in late-
2024 to early-2025 increased the frequency of drivers, and advisory production
followed this decadal envelope. Month-of-year aggregates show equinox-biased
peaks that are consistent with enhanced solar-wind-magnetosphere coupling, while
specific storm months in 2024-2025 amplify the counts beyond climatology.
Geographic footprints concentrate in the low-latitude EIA with a pronounced
maximum over South America for GNSS advisories, and in auroral and polar-cap
belts for HF, with a Northern Hemisphere excess in this period. Centre-to-centre
differences in issued volumes primarily reflect heterogeneous observing networks,
modelling stacks, and workflow logic rather than inconsistencies with ICAO formats
[7, 1315, 20, 24, 25, 29].

Table 2 groups the recommendations by stakeholder and time horizon to support
implementation planning and make responsibilities explicit.

Actionable priorities follow at three levels.

At the operational level, airlines and ANSPs should institutionalise trigger-to-
action tables aligned with Annex 3 and Doc 10100 for HF COM, GNSS and
RADIATION, with explicit ties to measurable indicators such as regional absorption
in decibels at 10-15 MHz, ROTI and scintillation indices S4 and 6@, augmentation
status messages, and integral proton fluxes with modelled H*(10). These tables
should be embedded in flight planning and flight-watch tooling, supported by
recurrent training that rehearses minutes-to-days sequencing of impacts and
includes procedures for rare but consequential solar radio bursts that affect
surveillance. Operators should maintain systematic, time-stamped logs of HF
outages, GNSS integrity degradations, and avionics anomalies to enable outcome-
based verification and post-event learning [20, 24, 41, 42].

At the technical level, investment is needed in high-latitude sensing, where
aviation exposure is greatest and present coverage is sparse. Priorities include denser
riometer and GNSS networks, selected ionosondes in the Southern Ocean and North
Pacific sectors, assimilation of riometer and HF measurements into absorption
models used for advisory decisions, and fleetborne, low-latency radiation detectors
to support rapid SEP onset assessment and H*(10) nowcasting. For navigation, real-
time monitoring of GNSS augmentation performance and route-corridor ROTI, S4,
and o should feed alerting logic. For avionics, qualification and maintenance
programmes should include particle-effect testing appropriate to flight altitudes and
standardised anomaly logging to support cross-fleet analysis of single-event effects
[20, 27, 28, 43]. Given the coarse 30° x 15° ICAO grid, centres should complement
advisories with higher-resolution overlays where feasible and publish uncertainty
ranges for affected extents.

At the governance level, sustained funding for the four Space Weather Centres
and for underpinning ground and space observations is essential. The WMO ET-
SWx framework should extend verification guidance that links advisory thresholds
to operational outcomes such as raised minima, diversions and communication

60



Space Weather and Civil Aviation
DOI: http://dx.doi.org/10.5772/intechopen.1014812

Stakeholder

Short-term (o to 12
months)

Medium-term (1 to 3 years)

Long-term (3+ years)

Airlines and

Implement trigger-to-action

Integrate space weather trig-

Embed space weather risk

operators rules for HF COM, GNSS, gers into route and fuel plan-  into network resilience and
and radiation, and link each  ning, and perform post-event  sustainability metrics (avoid-
action to the advisory identi- reviews using operationallogs  able reroute rate, fuel penalty
fier in dispatch logs [22]. (delays, diversions, commu- under space weather con-

nication, and navigation per-  straints) to guide long-term
formance) [3]. investment and procedures
[22].

ANSPsand  Publish and rehearse proce-  Expand monitoring of GNSS  Build resilient concepts of

airports dural fallbacks for GNSS integrity and availability at operations that remain safe
degradation and communi- critical airports and corridors; when GNSS is partially una-
cation constraints, including  incorporate space weather vailable for multi-day peri-
capacity measures for scenarios into joint exercises  ods, and ensure alternative
reduced navigation perfor- with operators. [4] navigation options remain
mance [4]. available [4].

SWXCsand  Standardise advisory inter- Adopt harmonised verifica- Sustain aviation-impact ser-

MET pretation and traceability tion metrics tied to advisory  vices, including radiation

authorities (updates, replacements, can-  performance and user out- dose-rate support and con-
cellations) and provide user-  comes; improve machine- tinuous improvement loops
facing guidance that maps readable dissemination and based on verified outcomes
advisory categories to opera-  stable archives [22]. [4].
tional mitigations [22].

Regulators Clarify minimum expecta- Define outcome-linked KPIs Institutionalise resilience

and govern-  tions for trigger-to-action and support data-sharing planning for rare, high-

ance (ICAO  use, and encourage standar- agreements that enable inde-  impact events and periodic

and WMO) dised reporting of opera- pendent evaluation while review of thresholds as ser-
tional outcomes to build the  protecting sensitive opera- vices mature [4].
evidence base [22]. tions data [22].

Table 2.

Operational recommendations grouped by stakeholder and time horizon (aligned with demonstrated continuity
and efficiency impacts).

outages, and coordinate routine inter-comparison exercises across centres to

benchmark models and workflows. The Guidance for the Issuance of Space Weather
Advisories has reduced stylistic differences; the next step is common performance
metrics, including timeliness, probability of detection and false-alarm rate
conditioned on logged outcomes and season. Data-sharing agreements should enable
anonymised exchange of HF outage reports, GNSS integrity events, avionics
anomaly logs, and in-flight dose measurements to improve thresholds and models.
Finally, risk communication for aviation should adopt concise, impact-based
messaging with transparent uncertainty statements to avoid both under-reaction and
over-reaction during active periods.

Taken together, these recommendations provide a practical route to reducing
safety and efficiency risks throughout the active years of SC25. They align scientific
understanding of solar-terrestrial drivers with decision-ready indicators,
strengthen the evidence base through targeted observations and logging, and
harmonise services so that similar conditions prompt similar actions across fleets
and regions.
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Abstract

Commercial fuel cell systems are already used in ground applications, but in
aviation, they require adaptations to hardware and software, as the system operates
under varying ambient pressure during flight and faces strict weight and space
constraints. Fuel cell systems optimised for aviation have yet to be developed. The
chapter outlines challenges and examines necessary modifications to an FC system
designed for ground applications to optimize it for providing propulsive power in an
aircraft. It also gives an outlook for further optimisation potential for the use of fuel
cells in aviation. Low ambient pressures decrease the performance of fuel cells but
also reduce outlet pressure and maximal mass flow of a compressor, which can be
used for mitigating low pressures. It is shown how the compressor requires energy,
which reduces the system power, and how it may not provide sufficient mass flow
if not optimised for the target cruise height, limiting the output of the fuel cell at
higher currents. An approach for developing a control strategy ensuring the safe and
stable dynamic operation despite varying inlet conditions is presented, and further
optimisation potentials, including pressure-dependent temperature and water
management for optimal membrane humidification, the integration of a turbine for
recuperation, the use of High-Temperature-PEM, and the integration with liquid
hydrogen storage, are addressed.

Keywords: PEM fuel cell, fuel cell system optimisation, varying operating pressure,
sustainable aviation, hydrogen propulsion

1. Introduction

Using hydrogen as a fuel for propulsion in aviation is considered a promising option
to decrease the climate impact of aviation [1]. Hydrogen has a much higher specific
energy of 33 kWh/kg in comparison to batteries (0.06 — 0.27 kWh/kg for state-of-the-
art lithium-ion batteries [2]). Using hydrogen as energy storage therefore allows for
longer flight distances. Operating aircraft with hydrogen turbines is predicted to
decrease the climate impact by 75% [1]. Converting hydrogen in fuel cells and using the
electrical energy that is produced in an all-electric aircraft instead can even decrease
climate-relevant emissions by up to 90% [1]. Fuel cells convert chemically bound
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energy directly into electricity. They are therefore not limited by the Carnot efficiency
and offer high efficiencies, and when operating fuel cells with pure hydrogen, the only
reaction product is water.

Several hydrogen-powered planes have already flown. Boeing demonstrated a
20-minute horizontal flight powered by a hydrogen fuel cell in 2008. A battery
provided additional power for take-off and climb [3]. The Antares DLR-H2,
developed by the German Aerospace centre flew powered only by a fuel cell in
2009, and in 2016, 2020, and 2022, the HY4 flew repeatedly [4, 5]. The company
ZeroAvia reported a hydrogen-powered flight with a Piper M-class in 2020 [6].

Despite the advantage of a high specific energy of hydrogen, the specific power of
fuel cell systems is a major challenge. In comparison to conventional turbines used in
propulsion systems, which have a specific power of around 25kW/kg [7], fuel cell
technology is still very heavy, with the specific power of commercial automotive
systems being in the range of 0.7 kW/kg [8] to 0.86 kW/kg [9] at the system level.
Optimising fuel cell system performance while minimizing system weight is
therefore essential for the successful implementation of the technology in aviation. It
is expected that power densities of up to 3.5 kW/kg will be achievable by 2050 [10]
using low-temperature PEM technology. Besides the weight challenge, the operation
of fuel cell systems at high altitudes offers additional challenges in comparison to
applications on the ground.

2. Challenges

PEM fuel cell systems are already commercially available for applications in the
mobility sector on the ground. The use in aircraft, however, is not yet state of the art,
and several additional challenges have to be met. For aviation, requirements like
weight, space, high efficiency, reliability, and safety are even more rigorous than in
other mobile applications. System weight directly impacts the energy required for
propulsion during a flight, and as the maximum take-off weight of an aircraft is
limited, a surplus in system weight will lead to a lower payload mass, resulting in
fewer available passenger seats and higher cost-per-passenger-kilometre.
Additionally, safety regulations in aviation are stricter than in the automotive sector,
with all components and subsystems having to meet certification standards for
aviation.

2.1 Operation at altitude

The operation at high altitudes, at which airplanes travel, directly leads to
additional challenges. Ambient pressure and temperature decrease significantly at
high altitudes. Up to an altitude of 11 km, the International Standard Atmosphere
[11] indicates a temperature decline of - 6.5K per km, while the temperature in the
tropopause (at an altitude between 11 and 20 km) remains constant.

The cruise altitude for commercial aircraft is between 10 km (33,000 feet) and
13 km (42,000 feet), while recreational aircraft fly lower at 13,000-15,000 feet
(4-4.5km) [12]. Any components placed in non-insulated and non-pressurised parts
of the airplane are exposed to those conditions. During start, the ambient
temperatures can reach the highest temperatures on Earth (58°C measured in El
Azizia, Libya, in 1922 [13]), while during cruise, very low temperatures are to be
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expected (around - 56.5°C at an altitude of 11,000 m). The ambient pressure during
cruise will be around 0.2 bar at this altitude.

Especially the low pressures pose a challenge for operating fuel cells with ambient
air at high altitudes because low operational pressures at the fuel cell stack decrease
its performance [14]. Operational pressures influence not only the open circuit
voltage but also the activation overpotential. At lower partial pressures, fewer
reactants are adsorbed on the active sites within the electrodes, decreasing the charge
transfer reaction as well as the exchange current density [15]. This loss depends
strongly on pressure and is considered to have the strongest influence on pressure-
related voltage changes [16]. Concentration losses are also influenced by pressure
since the effective diffusion coefficient is pressure-dependent [17] and the limiting
current density decreases [18]. The air flow velocity along the gas channels of the cell
is also affected by pressure, which can influence the local availability of reactants at
the cell and increase the risk of dehydration of the membrane. Pressure also has an
influence on the water management of the cell, as low pressure also affects the
humidity of the cathode air. The dew point temperature decreases with lower
pressures [19], and for the same amount of water in the air, the relative humidity
decreases. For the membranes that are commonly used in PEM fuel cells, lower
relative humidity reduces the membrane’s H* conductivity and therefore increases
its ohmic resistance [20], while too much water leads to flooding of the cell. Werner
et al. [14] found that the overall stack performance and efficiency decrease by 5.3%
when the operating pressure was lowered from 950 to 700 mbar.

3. System aspects
A fuel cell stack has to be supplied with fuel (H,) on the anode and with air or

oxygen on the cathode side, as is shown schematically in Figure 1. The supply of H, is
controlled with the help of valves. Recirculation increases fuel usage, so less H,

H;
Shut-off ot recirculation Furge
P o valve "_EjE”hT' pump _valve
| Hystorage  — i 4 " 'f{!* l + - " —
Coolant | [.-’:,Ha“_‘, trap
ool W
[ +
Heat 5 = PEM Fuel Cell —*| Electric
rejectionto I £ Stack| | | —"—+ load
surroundings E
Compressor % g% Contrall
i = valve
Air
Water trap
Figure 1.

Simplified schematic architecture of a PEM fuel cell system. Adapted from [21].
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leaves the system through the purge valve. The air is taken from the surroundings.
A filter, compressor, intercooler, and humidifier ensure that it enters the fuel cell
stack at the desired conditions. In addition to the media supply, the fuel cell needs
a suitable cooling system to control the stack temperature and an electrical
connection to the load.

Under some circumstances, fuel cell systems can be operated without humidifying
the gases, but usually, the reactant gases are humidified to reduce degradation of
the cells [22-24]. Humidification is done passively via membrane humidifiers, as
shown in Figure 1, or actively via water injection. In the case of liquid water injection,
the evaporation also cools the gas stream. If cooling is required at this point in the
system, this can potentially eliminate the need for an intercooler. It is also possible to
replace the control valve at the exit of the exhaust air with a turbine to recuperate
energy, as will be addressed in Chapter 4.1.

3.1 Matching of compressor and fuel cell

To mitigate the influence of low pressure, the air for the cathode of the fuel
cell system can be pressurised. In an all-electric airplane, it stands to reason to
employ an electrical compressor, which can be electrically supplied by the fuel cell
system itself. Different compressor technologies can be used [25], but most
developments focus on centrifugal compressors [26-28] as they are comparably light
weight and suited for the mass flows and pressure ratios required for typical fuel
cell system sizes.

Pressurising fuel cell systems is already done for applications on the ground
[29, 30]. In aviation, higher pressure ratios will be required, depending on the
desired target operating pressure, due to the low inlet pressures at high altitudes. To
be able to operate the fuel cell at 1 bar when ambient air is at 0.25 bar will already
require a compressor ratio of more than 4, as pressure losses in the air path
components (filter, thermal, and humidity management) need to be compensated.
Commercial systems for ground applications usually operate below pressures of
3—4 bar [31], as a further increase in pressure does not result in a significant increase
in power. Many only operate with slightly increased pressures [21].

Figure 2 shows the increase in stack power for operation at different pressures
above 1bar for a stack, as well as the required compressor power for providing the
higher pressure on the ground and at altitudes of 5,000 m, 10,000 m, and 15,000 m.
The pressure-dependent fuel cell stack data is based on the manufacturer [32] and
literature data [33] of an NMS fuel cell stack produced by ElringKlinger containing
300 cells.

To obtain the system power, the compression power P,; is calculated according to
Eq. (1) [25] and subtracted from the stack power.

K1
- 1
<O_W> —1] .= (1)
Pin n
The efficiency # in Eq. (1) was assumed to be 0.6, the specific heat capacity c; at
constant pressure was considered a constant, and, x is the isentropic exponent was
used. The inlet temperature Tj, and inlet pressure p;, are assumed to be the

temperature and pressure at the corresponding altitude, as given by the International
Standard Atmosphere, as shown in Table 1. The mass flow 7 is obtained from the

1 .
Pel:Pis'E:Cp'Tin'm'
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Figure 2.
Power output of a fuel cell stack, required compression power, and overall system output. Fuel cell data based on

[32-34].

Altitude [km] Pressure [bar] Temperature [K]

0 1.0132 288

5 0.5402 256

10 0.2644 223

15 0.1204 216
Table 1.

Altitude, ambient pressure, and temperature as defined by the International Standard Atmosphere [11].

current drawn and the cathode stoichiometries given by the cited sources as 1.7 for
the 1 and 2.5 bar curves, and between 1.7 and 2.7 for the 1.8 bar curve [34].

It can be seen from Figure 2 that, above an operating pressure of the fuel cell of
1.8 bar, the overall system power does not increase. It follows that an operational
pressure above approximately 1.8 bar offers no benefit for the considered fuel cell
data. Especially at high altitudes, the increasing power demand of the compressor
even leads to a slightly decreasing system output above 1.8 bar operational
pressure.

In a real application, the operational point of the fuel cell will be defined
depending on the power demand, which is highest during take-off. During cruise,
less power (in the order of 50%) is required. It can, therefore, offer a benefit to
operate the system with a varying pressure ratio and design the fuel cell system to
operate at higher pressures during take-off, where inlet pressures are higher anyway,
and settle for a lower operational pressure during cruise, where inlet pressures are
lower but less power is needed. A fuel cell operated with a compression ratio of
1.8 will operate at a pressure of 1.8 bar (minus pressure losses) and yield a system
power of 54 kW on the ground, according to Figure 2. Assuming roughly half of that
power is required for cruise, a compression ratio of almost 4.5 would be required
to reach an operational pressure of close to 1.2 bar to obtain approximately 32 kW at
an altitude of 10 km, as can be seen from Figure 2.
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3.1.1 Limits of the compressor and influence of ambient conditions

The operational map of a compressor, as seen in Figure 3, is limited by the
surge line on the left, towards the top-right by the maximum rotational speed or
maximum available torque, towards the bottom-right by the choke limit and throttle
line of the downstream system, and towards the bottom by minimal compressor
speed and - depending on the bearing type — minimal bearing pressure [35].

The maximum outlet pressure and mass flow that a compressor can deliver
depend on its inlet conditions, as can be seen in Figure 3. For a given compressor, the
outlet pressures will be lower at lower inlet pressures, and the maximum mass
flow also decreases. This effect needs to be considered when operating a fuel cell
system at high altitude, and a suitable compressor needs to be selected.

That the compressor of a fuel cell system developed for operation on the ground
should be changed when adapting the system to aviation has been shown by Willich
et al. [21]. A commercial, slightly modified system was analysed in a low-pressure
environment. Details of the experimental setup and measurement uncertainty are
given in [25]. When operating the system at lower pressures, the compressor
increases its speed to supply the system with the required mass flow despite the
lower air density. However, once the compressor speed reaches its limit of 120 krpm,
the air mass flow decreases at lower pressures, leading to a lower cathode
stoichiometry and superimposing a starvation effect over the purely pressure-related
performance decrease.

Figure 4 shows stack as well as system power, compressor speed, cathode inlet
pressure, and air mass flow plotted against current for measurements at ambient
pressures of 940 mbar, 900 mbar, 845 mbar, 795 mbar, and 750 mbar. The inlet
temperature was 15°C for all measurements. It is observable that the power at
constant current decreases with altitude, as expected. The maximum possible power
also decreased with pressure. It can also be observed that the required compressor
power increases with current. The compressor power decreases the overall system
power. The fuel cell outlet temperatures varied less than 3 K between the
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Figure 3.
Operational maps of a Fischer EMTC 120 K compressor (Fischer Fuel Cell Compressor AG) measured at
900 mbar and 720 mbar ambient pressure and 15°C ambient temperature (own measurement).
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Figure 4.

Stack and system power, compressor speed, cathode inlet pressure, air mass flow, and stoichiometry against
current at different altitudes that correspond to ambient pressures of 940 mbar, 900 mbar, 845 mbar, 795 mbar,
and 750 mbar. Based on [21].

measurements; therefore, a temperature influence can be excluded. The power at
high currents for 940 mbar and 900 mbar is similar because the compressor manages
to compensate for the lower ambient pressure by increasing its speed and provides
almost the same pressure and the same mass flow. However, at lower ambient
pressures and high currents, the compressor can no longer compensate. As

a consequence, lower inlet pressures lead to a decrease in air mass flow. It is clearly
visible that at an inlet pressure of 750 mbar, the compressor reaches its speed limit
at a fuel cell current of approximately 300 A, and for higher currents, the air mass
flow can no longer be increased. This means that, in addition to lower pressures,
starvation is superimposed on the characteristic curves of the examined fuel cell
system.

The effect that a reduction in mass flow, due to the operating point of the
compressor, can have is also observable in Figure 5. Figure 5a) shows simulated
current-voltage curves for a fuel cell system based on the same system as shown in
Figure 4. Within the system, a one-stage compressor (based on an EMTC 120k,
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Simulated characteristic curves for a fuel cell stack with a compressor operated at different setpoints. (a) Fuel cell
characteristic curves (b) compressor map and setpoints [36].

Fischer Fuel Cell Compressor AG) is operated at different pressure ratio setpoints
inside its operational map. The map and the operating setpoints are shown in
Figure 5b), as well as the corresponding stoichiometry A and maximum stack output
power. Simulations were performed in MATLAB Simulink for ambient pressures of
0.54 bar. The maximum compressor speed was 110 krpm.

It can be seen that operation at higher pressures does not necessarily lead to
a higher power output. The characteristic fuel cell curve at 2.34 bar only yields
a higher output until a current of 225 A. Higher currents cannot be reached, as the
compressor provides insufficient mass flow. The figure highlights the constraints
imposed by the compressor map, where the achievable mass flow is limited by the
pressure ratio.

It follows that, for the control of the compressor and its operating strategy, mass
flow should be prioritised over pressure to prevent oxygen starvation, possible
damage to the fuel cells, and a sudden decrease in power.

3.2 Control and stability

Besides the matching of the compressor and fuel cell, the dynamic operation of
both has to be considered, and reliability has to be ensured, especially when fuel cell
systems are used as the primary energy source for power trains in aviation. The fuel cell
system has to be controlled to operate safely, and emergency shutdowns have to be
avoided. For the control of the system, two important aspects have to be considered:

1. The cathode air mass flow demand must be met in all situations and should be
prioritised over pressure increase to prevent low cathode stoichiometries and
the consequent reduction in current, as shown above.

2. Unstable operating conditions must be avoided.
The compressor surge line marks a boundary between stable and unstable
operation areas. In the compressor map, the unstable area is to the left of the surge

line, where the backpressure is too high for the air mass flow. Crossing the surge line
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results in an oscillating flow, which can damage both the compressor and the fuel
cell. Frank et al. [37] observed the compressor entering surge when transitioning
from a setpoint with high air mass flow and high pressure to low air mass flow and
low pressure. Frank et al. [37] consequently developed and implemented a surge
control strategy without additional surge control valves, evacuating the air in the
system to decrease through the pressure control valve before decreasing pressure, as
can be seen in Figure 6.

Pressure and mass flow through the fuel cell can be controlled through the
actuation of the compressor and a pressure control valve in the cathode exhaust. Both
actuators influence mass flow and pressure, and changing either will always have an
effect on both. When developing a control system, this has to be considered, and
both actuators have to be coordinated to handle the coupling of mass flow and
pressure. It has been shown that good control performance is possible for transient
behaviour using an integral multi-variable approach by determining suitable control
parameters and using the following considerations [38]:

To describe the operation of a centrifugal compressor independently of inlet
pressure and temperature, the corrected mass flow mcoyr, the pressure ratio y and the
corrected compressor speed N is are commonly used [39]. The similarity values
Mcorr and y are inversely proportional to the compressor inlet pressure, as given in

Eq. (2) and (3).

ref V Tin .
Meorr = mL o m (2)
Pin\/Tref  Pin
y = P 3)

Pin

If the inlet pressure decreases, the compressor speed has to be increased to
retain the required mass flow and outlet pressure. The control response for the
compressor speed is the same if the change in these similarity values is the same. This
can be used for the development of a controller structure when the control errors are
converted to corrected mass flows and pressure ratios as well. In this way, the
parameter set of the control system can be independent of the ambient pressure [38].

Pressure, as well as mass flow, is influenced by the opening angle of the control
valve, which is located between the fuel cell stack and the system’s exhaust, as
depicted in Figure 1. A smaller opening area throttles the mass flow, and therefore
the pressure increases. The blocked area in the valve scales with sin (a), where « is
the opening angle. The control signal can be linearised and the valve setpoint can be
calculated as sin(a). o can then be calculated afterwards [38].

Using the described relations, Frank et al. [38] observed good control
performance and stable operation of the air supply system with this control system.

4. Further optimisation potential of fuel cells in aviation

A big challenge is the reduction of the weight of the fuel cell system and the
required balance of plant by using lightweight materials and increasing the power-to
-weight ratio of all components. A suitable packaging to decrease the required space
is also necessary, for optimal integration into an aircraft. There are also possibilities
to integrate the fuel cell system with other aviation functions. Heat and product
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water, as well as the use of oxygen-depleted air, have been proposed for de-icing,
water supply, or fire suppression [40-42]. Many of these will, however, increase
complexity to an extent that makes them unfeasible or not viable. In the following
chapters, several promising optimisation approaches are addressed.

4.1 Recuperation in turbine

A potential modification of the fuel cell system that can increase the overall
power output is the use of a turbine in the cathode exhaust to recover energy from
the cathode air, in addition to or instead of the control valve shown in Figure 1. The
mass flow through the turbine is higher than in the compressor since the product
water of the fuel cell reaction is added to the flow [27]. The amount of water varies
according to the operating point of the fuel cell stack, which leads to a high variance
in turbine mass flow and compressor power [27]. The inclusion of a turbine in the
cathode exhaust has the potential to lower the specific energy consumption by up to
approximately 24% [43] because between 36% and 43% of the compressor power can
be supplied by the turbine [27]. Because of the high humidity in the cathode exhaust
(close to 100% rH [44]) and the relatively low temperatures (<100°C), condensation
is to be expected within the turbine, which influences turbine operation. Higher
water-to-air ratios were found by Liick et al. [27] to shift the operating line of the
turbine closer to the surge line, which needs to be considered in the control system to
avoid unstable conditions. However, condensation did not significantly affect
efficiency.

4.2 Humidity and temperature optimisation at varying pressures

As stated in Chapter 2.1, the operation of PEM fuel cells at lower pressures
indirectly influences the ohmic resistance in the fuel cell due to the membrane
humidity. Water management, therefore, is an important topic if the fuel cell’s
operating pressure is not increased by a compressor or is operated at varying
pressures.

The partial pressure of water in air py,o changes with temperature and pressure
(Eq. [4]), but the saturation pressure p,,; (Eq. [5]) of water in air is almost
independent of pressure [45]. It follows that, for a constant relative humidity rH as
shown in Eq. (6), at low pressure p the water content x (Eq. (7)) is higher unless the
temperature is reduced as well.

prmo =f(p.T,x) (4)
Psar =f(T) (5)
VH—IW—VH(]),T,X) (6)
_ _’”Hz? 7)

Mary air

In Figure 7, the mole fractions of water, N, and O, can be seen plotted against
total pressure for a relative humidity of 80% at a temperature of 70°C on the left and
for 50°C on the right. It can be seen that for a constant temperature, and rH the
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Figure 7.
Wet air composition at different pressure levels and 80% relative humidity for 70°C and 50°C [47].

oxygen mole fraction decreases with decreasing pressure, and the proportion of
water vapor mass increases. While at 1 bar total pressure, the partial pressure of
oxygen is 0.16 for 80% relative humidity and 70°C, it decreases to 0.03 if the
pressure is lowered to 0.3 bar. Reducing the temperature to 50°C means that at 0.3
bar, a partial pressure of 0.14 is still available, as shown on the right in Figure 7.
Since the partial pressure of oxygen directly influences the performance of the cell,
lower oxygen partial pressures will decrease the performance.

For the operation of a fuel cell system in aviation, this means that to maintain
a constant relative humidity (rH) and constant O, concentration, the cathode air
should always be compressed to operate the fuel cell at constant pressure. It is,
therefore, unavoidable that in aircraft flying at high altitudes, the fuel cell system
will be pressurised. However, in smaller aircraft with less than 1 MW propulsive
power, as considered in the D-LIGHT project [46], which do not fly as high, non-
pressurised systems could still be relevant. In this case, the pressure-dependent
water management in the PEM fuel cell has a strong influence on performance and
lifetime, and when operating at low pressures, the operating temperature should
be lowered as well to enable operation with constant relative humidity while keeping
O, content at reasonable levels.

The capability of the air to take on water and, therefore, to dry out the membrane
can be quantified by the saturation deficit, which is defined in Eq. (8) as the
difference between the saturation vapor pressure and the partial pressure of water.

SD = Psat — PH,0 (8)

For a constant mass fraction of water in air and constant temperature, the
saturation deficit increases with decreasing pressure, as shown in Figure 8 for 150 g
of water in 1kg of dry air. The risk of drying out the membrane, therefore, increases.
It can also be seen that for lower temperatures, the saturation deficit decreases.

Previous studies have also shown that temperature levels should be lowered for
operation at lower pressures. Werner et al. [14] experimentally examined advisable
operating temperatures, stoichiometry, and current for different pressure levels.
Schroeter [48] calibrated an open-access model [49] using experimental data at 1
bar, 1.8 and 2.5 bar while treating the operating temperature as a fitting parameter.
Both observed a lower temperature for operation at lower pressures. This supports
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the claim that operational temperature should be lowered for operation at lower
pressures. If a fuel cell in an aircraft is operated without pressurisation or is
pressurised with a constant pressure ratio, the operating pressure will change during
operation according to the altitude. To ensure optimal operation of the fuel cell and
reduce degradation, the temperature should be adjusted as well, resulting in the need
for a suitable thermal management strategy.

4.3 HT-PEM technology to increase operational temperature

As fuel cell systems have an efficiency in the range of 60% [50], and other
components (inverter, electric motor, etc.) produce heat as well, heat in the same
order of magnitude as the propulsive power has to be rejected to the surroundings of
the aircraft during operation. This will be especially challenging during take-off, when
power requirements are highest and ambient air temperature may be high. At high
altitudes, the lower temperatures will increase heat transfer, but low surrounding
pressures reduce heat transfer to the surroundings [51].

Increasing the temperature level at which the fuel cell is operated promises to
facilitate heat rejection to the surroundings, which is why the use of High temperature
PEM fuel cells (HT-PEM) has lately gained considerable attention. HT technology
promises to reach higher power densities at the system level once the technology reaches
maturity, with 5-6 kW/kg expected by 2050, while LT PEM is only attributed the
potential to reach 3 to 3.5 kW/kg by 2050 [10]. Both Airbus [52] and ZeroAvia [53] have
announced their interest in developing the technology for aviation.

HT-PEM are operated at temperatures between 100 and 200°C [54], normally
between 160 and 200°C [55]. The higher temperature facilitates the thermal
management of the cell and the heat dissipation due to larger temperature differences.
It also enables better use of the fuel cell's waste heat. While water/glycol mixtures are
the predominant coolant for low-temperature fuel cell systems, other coolants are
required for HT-PEM [56]. Although HT-PEM perform worse than low-temperature
cells at low temperatures and low currents, they can reach higher current densities if
operated correctly [57]. Another advantage of HT-PEM is that they do not rely on
water for charge transport within the electrolyte [57]. This simplifies the system
architecture, since water management with a humidifier for providing sufficient water
to the cell is not required. Due to the elevated temperature, there is also no liquid water
within the cells that can block active sites and lead to decreased performance or
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increased degradation. The higher temperatures above 160°C also lower the
requirements for H, purity, since HT-PEM can tolerate up to 3% CO [54] in the fuel.

4.4 Integration of liquid hydrogen

The storage of sufficient hydrogen in an aircraft remains one of the most critical
challenges to enable extended flight distances and higher propulsive power. Compressed
gaseous hydrogen (GHz) is unsuitable for large commercial aircraft because of its
inherently low volumetric energy density [58]. The commercialisation of hydrogen-
powered aircraft requires cryogenic storage in the form of liquid hydrogen (LH,).
Figure 9 shows predicted flight distances and passenger numbers of hydrogen-based
airplanes for different aircraft and aircraft concepts. It can be seen that all concepts for
intermediate or long-distance aircraft base their considerations on liquid hydrogen. Only
in the commuter and regional class is the use of GH, considered.

This integration of LH, requires the development of lightweight LH, tanks. For near-
term evolutionary designs, a gravimetric index in the range of 0.2-0.35 (i.e., 20-35% of
the fuel-system mass being usable hydrogen) is often assumed, whereas more aggressive
composite-tank concepts report substantially higher GI values in specific tests [59].

The integration of LH, into the system also offers unique advantages, as the low
temperatures and heat required for regasification can be integrated into the thermal
management architecture, thereby supporting the cooling of fuel cells and power
electronics, or even facilitating the integration of superconducting components,
which increases the overall efficiency and specific power [60].
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Another central challenge concerns tank pressure management. The regulation of
tank pressure via controlled vaporisation, venting strategies, or auxiliary pressurisation
is essential to ensure stable hydrogen mass flow and to mitigate structural loads [63].
Material selection is equally critical: candidate materials must maintain integrity at
cryogenic temperatures and resist hydrogen embrittlement, which can compromise
metallic and composite structures under cyclic loading conditions [64]. Finally, safety
considerations such as leakage, ignition risk, oxygen condensation on cold surfaces, and
emergency venting strategies must be addressed in both design and operation [65].
Additionally, ground infrastructure for cryogenic refuelling and airport safety protocols
must be developed [66]. In summary, the integration of liquid hydrogen into aviation
constitutes a complex, multi-disciplinary systems challenge that extends far beyond
tank design.

5. Conclusion

Fuel cells offer a high potential to decarbonise aviation. The use of fuel cells at
high altitudes requires adaptations to fuel cell systems that were designed for
operation on the ground. At high altitudes, the fuel cells have to be pressurised to
compensate for the low ambient pressures, which would otherwise reduce the power
output of the fuel cell. Pressurisation is achieved via an electric compressor.
Depending on the target flight altitude, these compressors have to be designed to
provide the required mass flow and desired outlet pressure; otherwise, the fuel cell
may suffer due to air starvation, as was shown experimentally as well as through
simulations. The varying ambient conditions also require a suitable control strategy
for the compression system, which works reliably under different ambient
conditions and avoids unstable situations, such as compressor surge. It was
demonstrated that similarity values can be used to simplify the task and that surge
control strategies prioritising mass flow can be successfully implemented.

Further optimisation potentials that should be addressed in the future are
presented as well. A turbine in the exhaust of the cathode air can recuperate energy,
increasing the overall output of a fuel cell system, while sophisticated water and
temperature management in the fuel cell stack can increase performance at lower
operational pressure, while extending the lifetime of the fuel cell stack. Integrating
other technologies like HT-PEM fuel cells, as well as system integration with liquid
hydrogen storage, also offers great potential for future hydrogen-powered aircraft.

Nomenclature

P, Electrical power

P, Power for isentropic compression

n Efficiency

Cp Specific heat capacity

K Isentropic exponent

Tin/Tout Inlet/oulet temperature

Tref [ Pref Temperature/pressure at reference condition
Din/Pout Inlet/outlet pressure

b4 Pressure ratio
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m Mass flow

Meorr Corrected massflow

A Cathode stoichiometry
PH,0 Partial pressure water in air
Psat Saturation pressure

rH Relative humidity
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Chapter 5

Post-Pandemic Airport Capacity
Optimization for Sustainable
Aviation Growth

Woojin Choi

Abstract

This chapter examines the critical imperative of sustainable airport capacity
expansion and management in an era of unprecedented air traffic growth and
heightened uncertainty. Despite a robust post-pandemic recovery that has pushed
global passenger traffic beyond 2019 levels, the industry faces significant challenges
from geopolitical tensions, supply chain disruptions, and capacity shortages. The
traditional model of reactive, physical expansion is no longer sufficient. Instead,

a shift toward a flexible, data-driven approach is necessary to reconcile growth with
environmental stewardship and operational resilience. We discuss five core themes
shaping the future of airports: demand uncertainty, sustainability, smart technolo-
gies, flexibility, and their evolution into integrated urban platforms. The chapter
presents case studies, including Western Sydney Airport, to illustrate how airports
are leveraging sustainable building practices and advanced planning models to
safeguard future expansion and innovation needs, mitigate environmental impacts,
and enhance resilience. Additionally, we explore the role of digital transformation,
driven by artificial intelligence (AI) and data analytics, in optimizing operations,
improving passenger experience, and enabling energy efficiency. The chapter con-
cludes by outlining a strategic framework for future-proof airport development,
emphasizing the importance of collaborative data platforms, modular infrastructure,
and stakeholder engagement to navigate a volatile and rapidly evolving landscape.

Keywords: airport capacity development, capacity optimization modeling, airport
post-pandemic strategy, sustainable airport development, innovative airport
technology, air traffic demand uncertainty

1. Introduction

Airports are undergoing a profound transformation, evolving from mere
transport hubs into complex, interconnected ecosystems that significantly influence
global and urban economies. Beyond their primary function of facilitating air travel,
airports now serve as catalysts for regional development, creating employment
opportunities and driving economic activity through a diverse range of aeronautical
and nonaeronautical businesses. Consequently, effective airport capacity planning
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and operations must extend beyond infrastructure considerations to encompass the
broader socioeconomic and environmental contexts, ensuring harmonious and
sustainable development.

According to the Airports Council International (ACI) World Airport Traffic
Dataset, global passenger traffic reached an all-time high of over 9.4 billion
passengers in 2024, marking an 8.4% increase from 2023 and a 2.7% rise above pre-
pandemic levels in 2019 [1]. This milestone signifies a strong recovery for the air
travel industry. ACI forecasts continued growth, with passenger traffic expected to
reach 9.9 billion in 2025, representing a 4.8% year-over-year increase [2].

However, this growth trajectory is not without challenges. The post-pandemic
environment is characterized by significant uncertainties stemming from
economic and geopolitical landscapes. Ongoing supply chain disruptions and
production delays from aircraft manufacturers, coupled with geopolitical tensions,
pose risks to future growth by potentially altering flight routes and increasing
operational costs. Additionally, the threat of new tariffs could disrupt global trade,
which would, in turn, affect international travel demand and future airport
capacity requirements. Although passenger demand is projected to remain robust,
the pace of capacity expansion may not keep pace with this growth. This mismatch
necessitates a shift from a reactive, short-term approach to a more sustainable,
structural, and long-term strategy for airport capacity expansion and operational
resilience.

Simultaneously, technological advancements, particularly in data science and
artificial intelligence (AI), are reshaping travel patterns and requiring a redefinition
of airport processes. These innovations offer the potential to create a high-quality,
seamless, and personalized travel experience. Airports are, therefore, becoming
“experience centers” and destinations, functioning as vital centers for global
business and as integral components of urban life.

To address these multifaceted challenges, sustainable and smart airport capacity
expansion requires a flexible, data-driven approach and close coordination among
the various stakeholders. This strategy involves integrating advanced technologies,
optimizing existing infrastructure, and prioritizing environmental sustainability to
ensure long-term resilience and efficiency. A key objective of sustainable airport
capacity planning is to reconcile infrastructure growth with environmental
stewardship, thereby mitigating impacts such as decarbonization, noise pollution,
and territorial impacts, while leveraging technological innovation and energy
efficiency.

This chapter will discuss both the key challenges and opportunities for airport
development and management, with a strong focus on the following five core
themes:

* Demand uncertainty: Air traffic is inherently volatile due to economic fluc-
tuations, global events, and unforeseen crises. Airports cannot eliminate this
unpredictability but can build resilience and adaptability into their planning and
operations.

e Sustainability: This principle integrates the social benefits of air transport with
environmental protection at both local and global levels. Airports must proac-
tively minimize their environmental footprint by reducing carbon emissions,
noise pollution, and waste generation.
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e Smart technologies: The integration of technologies such as Al, machine
learning, and automation is crucial for optimizing operational efficiency,
enhancing the passenger experience, and improving resource allocation.

» Flexibility and adaptability: Airport infrastructure must be designed to
accommodate fluctuating demand and evolving technologies, while maintaining
a high level of service to meet changing customer expectations.

¢ Transitioning into an integrated urban platform: Airports are increasingly
evolving beyond their traditional role as transport hubs. This trend involves
integrating aviation with commercial and community functions, positioning
airports as interconnected urban ecosystems that support diverse services,
including retail, hospitality, logistics, and mobility.

2. The sustainability imperative in airport development and capacity
expansion

Airports are often significant sources of environmental impact, negatively
affecting neighboring communities and natural ecosystems. The construction and
operation of an airport can disrupt land and waterways, leading to habitat loss and
a continuous impact on the surrounding area through noise pollution, greenhouse
gas emissions, and other airborne pollutants.

Enhancing operational efficiency is a powerful strategy to reduce emissions,
conserve resources, and lower costs. The electrification of ground infrastructure and
the optimization of airside operations can contribute to decarbonization and
improve air quality while simultaneously boosting profitability. For instance, the
efficient use of runways and taxiways can reduce emissions and increase operational
efficiency, generating both social and economic benefits. As the industry moves
toward net-zero emissions, airports must continue to invest in renewable energy,
energy-efficient infrastructure, and support the adoption of sustainable aviation
fuels (SAFs) and the electrification of ground operations.

Furthermore, airports should focus on resource conservation, waste reduction,
and the implementation of responsible water and energy management programs.
Embracing circular economy principles — reusing materials and minimizing waste
through recycling - is essential and can further enhance sustainability efforts.

The pursuit of green building certifications, such as LEED (US), BREEAM (UK),
Estidama (UAE), and Green Star (Australia), has become an essential requirement in
sustainable airport planning, design, renovation, and expansion projects.

The importance of sustainable airport capacity expansion can be summarized as
follows:

e Adaptation to fluctuating demand: Sustainable expansion allows airports to
adjust to the shifting patterns of post-pandemic air travel, ensuring they can
handle both peak and off-peak periods effectively.

e Support for economic growth: By enabling the efficient movement of people
and goods, adequate capacity is vital for supporting tourism, business travel,
and overall economic activity.
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e Integration of technological advancements: Sustainable growth provides
an opportunity to embed new technologies, such as automated baggage
handling and biometric identification, to improve efficiency, security, and
the passenger experience.

e Environmental mitigation: Implementing environmentally-friendly practices
is a core component of sustainable growth, aligning airports with global climate
goals and addressing public concerns about climate change.

o Catalysis for urban development: Airports are crucial for attracting businesses
and creating jobs. Sustainable expansion ensures that this growth is aligned with
the needs of urban populations and contributes positively to regional
development.

e Enhanced resilience: In the face of increasing geopolitical instability and other

disruptions, sustainable expansion helps airports become more resilient,
ensuring continued operations during unforeseen events.

Recent airport cases highlight the growing trend of integrating sustainability into
strategic airport development and management:

e Istanbul’s new airport has earned a LEED Gold certification.

e Hamburg Airport became the first major German airport to achieve CO2-
neutral operations.

e San Francisco International Airport’s Terminal 1 is the first airport terminal
globally to earn LEED Platinum.

e Perth Airport has committed to becoming carbon-neutral by 2030.
o Shell is offering sustainable aviation fuel (SAF) at Singapore Changi Airport.

e Christchurch Airport has dedicated 400 hectares to renewable energy
generation.

e Vehicles at Edinburgh Airport are powered by vegetable oil.

e The FAA and U.S. airports have launched the Airport Climate Challenge to
achieve net-zero emissions by 2050.

e Milan Airport and Airbus have signed an MoU for hydrogen distribution, with
the first hydrogen-powered aircraft expected by 2035.

e Louisville Muhammad Ali International Airport is utilizing geothermal energy
for its terminal.

e Austin-Bergstrom Airport has a new 1.8-megawatt solar panel array.
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¢ Doha’s Hamad Airport has partnered with the Ministry of Environment to
improve waste management.

The COVID-19 pandemic further underscored the importance of resilience and
adaptability as central components of airport sustainability. Airports are now
prioritizing flexible infrastructure, diversified revenue streams, digital
transformation, and robust health and safety measures. Planning requirements
increasingly emphasize scalable capacity, enhanced cargo and logistics, and crisis
preparedness, ensuring airports can withstand future disruptions while meeting
climate goals and community expectations.

Sustainability opportunities in airport planning and development can be viewed
through the lens of two major industries:

e Aviation industry: A significant opportunity lies in incorporating SAF pro-
duction and storage, electrification, process automation, and digital technolo-
gies into airport planning. By facilitating this approach, airports can directly
reduce lifecycle carbon emissions, support airline decarbonization targets, and
position themselves as leaders in sustainable air transport.

¢ Building industry: Airports can leverage sustainable building design and
operations to reduce emissions and operational costs. This includes adopting
net-zero energy terminals through on-site renewable energy generation (e.g.,
solar PV, geothermal), advanced building management systems, and a circular
resource economy (e.g., water recycling, waste-to-energy).

Figure 1 provides a framework for sustainable airport infrastructure
development and operations from a lifecycle perspective.

2.1 Case study: Western Sydney Airport development project

The Western Sydney Airport project has embedded sustainability as a core pillar
of its development, aligning with Australia’s national climate commitments. The
project focuses on net-zero readiness, climate resilience, and social value creation

across design, construction, and operations. Figure 2 illustrates key use cases
implemented in the project.
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Figure 1.

Sustainable airport infrastructure development and operation framework.
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Figure 2.

Key use cases implemented within the Western Sydney Airport development project. Source: WSA Sustainability
Plan [3].

e Terminal design: The terminal is designed to minimize embodied and opera-
tional carbon. This includes energy-efficient design, material selection, on-site
solar generation, and electrification of ground support equipment and com-
mercial operations to support the net-zero initiative. Boarding gates and bag-
gage reclaim areas are designed for swing operations, enabling flexible use of
facilities to efficiently accommodate varying peak traffic demands.

Energy and carbon management: The project integrates renewable energy and
smart building systems, with a long-term pathway toward net-zero operations
by 2050.

Sustainable infrastructure and materials: The use of low-carbon and recycled
materials, along with circular economy strategies, minimizes construction
waste. The modular design ensures future adaptability.

Water and biodiversity: The project incorporates stormwater harvesting,
Water-sensitive urban design (WSUD), and biodiversity protection through
green corridors and local landscaping.

Mobility and connectivity: A key feature is the seamless integration with the
Sydney Metro, reducing reliance on private vehicles. The design also includes
provisions for future electric and hydrogen vehicle charging infrastructure.

Additionally, the implementation of a digital tower is a significant sustainability
initiative, enabling off-site operations and automated air traffic control. Various
safeguarding solutions have been integrated into the design to ensure long-term
capacity and adaptability, including modular structural design, service corridors for
future utilities, and provisions for future technologies such as Vertical Take-off and
Landing (VTOL) aircraft and hydrogen-powered vehicles.
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2.2 Case study: Royal Schiphol Group’s circular vision

Royal Schiphol Group aims to be a zero-waste airport by 2030 and a fully circular,
energy-positive airport by 2050. This ambition is anchored in its Vision 2050,
structured around four sustainability pillars:

e Energy positive — generating more renewable energy than the airport consumes.

e Circular economy - designing out waste and preserving materials through reuse
and recycling.

e Sustainable aviation - supporting emissions reductions across the aviation value
chain.

e Community engagement — ensuring operations enhance societal well-being.

As part of this strategy, Schiphol has adopted urban mining, setting up an on-site
concrete recycling facility that reprocesses demolition rubble — saving transport
emissions and supporting internal construction demand. An EME-based material
marketplace helps catalog and reuse construction materials across projects.

2.2.1 Checkpoint 90: A model of circular design

Checkpoint 90 at Schiphol Airport exemplifies the practical implementation of
the group’s circular vision [4]. Key features include:

¢ Urban mining in action: Built primarily using salvaged materials - steel, doors,
lighting, ceilings, and kitchen components — from three office buildings and
three cargo structures previously demolished on-site.

* High circularity score: Achieves a Building Circularity Index (BCI) of 68-70%,
nearing the design target and the highest possible score of 80%.

 Energy-neutral and gas-free: The building is fully off the gas grid, energy-
neutral (Energy Label A++++), and features bifacial solar panels as

a translucent, waterproof roof.

¢ Demountable and reusable design: Engineered for disassembly; materials and
design principles serve as a toolbox for future checkpoints.

¢ Broader circular impact: Excess materials are repurposed; for example, roofing
is turned into asphalt for Rotterdam Hague Airport, and unused frames are
reused elsewhere on-site.

3. Optimizing airport capacity development under demand uncertainty

Delivering reliable performance in the complex airport environment is
a significant challenge due to factors such as varying demand, diverse demographics,
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and operational complexity. The expansion of airport capacity in metropolitan areas,
in particular, is complicated by stakeholder dynamics and substantial investment
requirements. Available solutions include both multi-airport development and
single-airport expansion. However, financial constraints and demand uncertainty
can lead to protracted planning processes, hindering sustainable growth.

In the context of recent globalization, a cost-competitive business environment, and
unforeseen crises like the COVID-19 pandemic, national or metropolitan-level capacity
planning requires optimal solutions that account for future demand fluctuations and
urban expansion. Historical trends show consistent growth in air travel, even after major
crises. As shown in Figure 3, the post-pandemic recovery highlights the industry’s
resilience, despite new uncertainties arising from geopolitical events.

While global passenger traffic has surpassed 2019 levels, performance gaps across
individual airport markets are becoming the “new normal.” Major metropolitan
airports are experiencing increasing congestion, leading to crowded terminals and
longer waiting times. Figure 4 illustrates that a significant number of the world’s top
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Figure 3.

Post-pandemic air traffic demand forecast scenarios. Source: Tourism Economics/IATA Sustainability and
Economics [2].
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Figure 4.
Status of the top 100 busiest airport congestions. Source: IATA Global Airport and Passenger Symposium [5].
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100 airports are already congested, with more projected to reach critical capacity
within the next five years.

Airport congestion has negative consequences for passenger services, turnaround
processes, socio-economic costs, and operational safety. Conversely, providing
excessive capacity can result in unnecessary operational costs and energy
consumption from underutilized infrastructure.

Given the complexity of these issues, a robust, data-driven decision-making
framework is essential to optimize airport capacity expansion. A combined
approach - integrating linear programming (LP) with stochastic simulation or
advanced data analytics — can provide a strong foundation for building an effective
optimization model that supports stakeholder decision-making.

Since airport capacity planning involves a wide range of variables,
interdependencies, and nonlinear relationships, the use of mixed-integer nonlinear
programming (MINLP) is particularly well-suited. This methodology enables the
modeling of complex constraints and discrete choices, making it highly effective for
developing realistic and actionable capacity expansion strategies.

The four primary solutions for addressing airport capacity challenges in
metropolitan areas are illustrated in Figure 5, along with global example cities and
summarized below:

e Solution 1: Expand the capacity of an existing airport until it reaches its max-
imum operational limit.

¢ Solution 2: Develop a new airport, close the existing one, and transfer all traffic
to the new facility.

¢ Solution 3: Develop a new airport to operate alongside the existing airport(s),
creating a multi-airport system.
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Figure 5.

Major solutions for airport capacity expansion in metropolitan regions. Conceptualized airport capacity
expansion scenavios sketched by the author. Solutions 1 and 2 ave regarded as a single-airport system, whereas
Solutions 3 and 4 fall under a multi-airport system. From an empirical view, Solutions 2, 3, and 4 are pursued
after the practice of Solution 1.
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e Solution 4: Modernize or repurpose underutilized general aviation or military
airports into secondary commercial airports to support the primary hub.
Today’s airport capacity planning has shifted from relying solely on historical
data/trends to a more dynamic approach. As shown in Figure 6, current planning

aims to:

e Understand passengers' needs and identify potential bottlenecks to ensure air-
port capacity is effectively aligned with traffic demand profiles.

e Leverage technology, data, and operational procedures to create new passenger
experiences, as well as enhance airport capacity efficiency.

e Prioritize community and environmental commitments to support sustainable
and socially responsible airport development.

Key requirements for sustainable airport capacity planning include:

e Right-sized and future-proofed development: Ensuring adequate capacity for
current and future demand.

e Modular design: Allowing for phased development and expansion.

e Incremental growth: Managing construction costs and responding to evolving
needs.

e Streamlined processes: Optimizing airport layout for the efficient flow of air-
craft, passengers, staff, baggage, and cargo.

e Collaborative planning: Fostering cooperation among stakeholders.

e Safety and security measures: Implementing robust standards to protect opera-
tions, passengers, and assets.
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Figure 6.

Traffic demand and aivport capacity alignment process. The red-highlighted activities can contribute to
improving airport performance and increasing the sustainability value of airport operations, while reducing
infrastructure investment requirements.
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When developing optimization models, it is crucial to consider the broader
airport business environment and socio-economic factors, such as ownership,
population centers, and user demographics.

3.1 Research: Sydney metropolitan area airport capacity expansion case

The Sydney metropolitan area provides a compelling case study, as it
encompasses all four solutions, as described in Figure 5, to address airport capacity
challenges. As shown in Figure 7, the region includes the existing Kingsford Smith
Airport, two noncommercial airports (Richmond Airbase and Bankstown General
Aviation Airport), and the proposed Western Sydney Airport.

A combination of steady pre-COVID-19 air traffic growth, continuous urban
expansion toward Western Sydney, and the current curfew restrictions at
Kingsford Smith Airport — together with its annual capacity limit of 72 million
passengers [6] — has underscored the need for a clear vision and strategy by the
Australian government and aviation stakeholders to expand capacity in the
metropolitan area.

This research aimed to develop a cost optimization model for determining
the optimal approach to expanding airport capacity in metropolitan areas,
accounting for demand uncertainties. The research process, detailed in
Figure 8, involved the development of a deterministic cost optimization model
using mixed-integer nonlinear programming (MINLP), incorporating six cost
functions: capital cost, operational cost, delay cost, noise cost, operation
readiness airport transfer (ORAT) cost, and passenger access cost, which was
then extended into a stochastic optimization model. This model was validated
with the Sydney case study to identify optimal solutions and investment profiles
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Figure 7.

Airports and aerodromes in the Sydney metropolitan region. Geographical map displaying the locations of
airports and population centers in the Sydney metropolitan area. Modified by the author using information from
“Western Sydney Airport Environmental Impact Study” by Western Sydney Airport Co., 2014 [7].
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The author’s vesearch process flows to develop an airport capacity expansion cost optimization model, integrating
MINLP and stochastic simulation methods.
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Airport capacity expansion optimization modeling approach and key considerations employed in the author’s
research.

over a 50-year window (2011-2060). This stochastic optimization model was
evaluated under three different "What-if" demand scenarios, including the
impact of the COVID-19 pandemic.

As illustrated in Figure 9, the objective function minimizes the net present
value (NPV) of total costs, encompassing the six identified cost functions. By
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analyzing cost-demand relationships over time and discounting future costs, the
model identifies cost-minimizing solutions. Considering capital, operational, and
ORAT costs helps avoid premature expansion not justified by demand. Including
delay costs mitigates the risk of deferring capacity projects and the resulting
congestion costs. Incorporating noise and passenger access costs supports the
identification of airport locations that minimize overall costs for users and
surrounding communities.

A simplified version of the objective function and mathematical formulation of
the deterministic model, used to determine the decision variable for each airport’s
target capacity, is presented in Eq. (1). The input variables for this baseline model -
including constraints and operational conditions of existing airports, passenger
traffic profiles, demographic characteristics of each population center, and other
model parameters — were derived from the Joint Study conducted by the Australian
and NSW governments [8]. The annual traffic growth rate is assumed to remain
consistent with historical air traffic trends in the Sydney metropolitan area.

mind, x > > (ki x CCyy + kiy x OPCjy + kiy x DCiy + kiy x NCyy + kiy
iy
XORCy) +8, x » Y Y (ki x ACyy) (1)
igjoy

where:

CC = capital costs, costs to expand the airport's capacity.

OPC = operation costs, costs to maintain facilities and provide required

services.

DC = delay costs, costs incurred from operational delay and congestion.

NC = noise costs, costs to address aircraft noise pollution.

ORC = ORAT costs, costs for commissioning new airports/new facilities.

AC = access costs, which are the costs incurred by passengers, visitors, and staff

to access airports.

6 = discount coefficient.

i = an existing or potential airport within the metropolitan area.

y = a period within the planning time horizon.

J=a population center within the metropolitan area.

k = binary variable, indicating whether airport i provides services in period vy,

k={0 or1}.

The stochastic version of the airport capacity expansion optimization model was
formulated by combining the format of the deterministic model and the multi-stage
stochastic model, which can be written as Eq. (2):

min Ey X 5}/ X ZZ(’CW X CCiy + k,'y X OPCZ‘), + kiy X DCiy + kiy X NC,'y + kiy
iy
XORCyy) +Ey x 8, x 3 3 > (ki x ACy) )
ijoy

where:

E, = finite random outcomes or probability variables from an event at time vy,
which are defined based on specific demand scenarios. In this research, three what-if
scenarios were tested as outlined below:
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Model Passenger Target capacity (in thousands, Year 50)/ Accumulative total
demand operation timeline costs

(in thousands, SYD BWU RCM WSI (Year 1-Year 50)

year 50)

Deterministic 145,532 72,000/ Nil Nil 73,532/ AU$25.3Bil

model Y1-Y50 Y23-Y50

Stochastic Model 1 146,977 72,000/ Nil Nil 74,977 | AU$24.2Bil
Y1-Y50 Y26-Y50

Stochastic Model 2 157,601 72,000/ 3,600/ Nil 82,000/ AU$22.0Bil
Y1-Y50 Y49-Y50 Y30-Y50

Stochastic Model 3 121,866 72,000/ Nil Nil 49,866 / AU$17.6Bil
Y1-Y50 Y24-Y50

Table 1.

Comparative analysis between the deterministic model and three stochastic models. SYD: existing Kingsford
Smith Airport, BWU: Bankstown General Aviation Airport, RCM: Richmond Airbase, WSI: newly proposed
Western Sydney Airport. Source: author’s research paper [9].

Stochastic Model 1: Random growth of air traffic demand between 0-5% (low
and upper limit).

Stochastic Model 2: Normal distribution of annual traffic growth rates based on
Sydney’s previous 25 years’ records (no lower or upper limit).

Stochastic Model 3: Reflection of the pandemic COVID-19's impact on air traffic
demand (no lower or upper limit).

Table 1 provides a comparative analysis of the outcomes from a deterministic model,
and three scenario based stochastic models. The deterministic model, Stochastic Model 1,
and Stochastic Model 3 suggest a dual airport solution, utilizing both Sydney Airport
and Western Sydney Airport to accommodate future traffic demand for the next 50
years. In contrast, Stochastic Model 2 proposes a three-airport system, recommending
the conversion of Bankstown Airport from a general aviation airport into a commercial
facility to meet the rapidly increasing demand.

This variation highlights that the optimal solution for airport capacity expansion can
significantly depend on the projected future traffic demand. Stochastic Model 2, which
anticipates a larger target capacity for the Sydney region compared to the Deterministic
model and Stochastic Model 1, requires a lower total cost over time. This model forecasts
a slow growth rate in traffic demand initially, delaying the need for capacity expansion
until Year 20. By postponing capital investment until the market demand justifies it, this
approach effectively minimizes costs.

On the other hand, Stochastic Model 3 projects the lowest total costs due to the
impact of the COVID-19 pandemic between Years 10 and 15. The significant drop
in air traffic demand means that capacity expansion projects are not necessary
until Year 23. The difference in air traffic demand between Stochastic Model 3
and the other models results in notable cost differences and necessary airport
capacity over time.

Figures 10 and 11 illustrate significant differences in future demand and cost
profiles between a deterministic model and a stochastic optimization model
accounting for a pandemic-like event. While access and noise costs correlate with
demand, operating costs can remain stable during demand declines due to the need
to maintain infrastructure, creating inefficiencies from underutilized assets. The
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Figure 11.
Demand—capacity—cost comparison: Sydney Stochastic Model 3 (pandemic event). Source: author’s research
paper [9].

models suggest that the optimal timing for Western Sydney Airport varies with
market conditions but remains a strong long-term solution. This demonstrates the
importance of stochastic optimization to account for uncertainties and optimize
long-term infrastructure investments.

This study contributes to the understanding of how airports in metropolitan areas
interact with urban economies and social dynamics, and it introduces a decision
model for sustainable airport capacity expansion. By integrating airport
connectivity, delay, and noise considerations, the model enables a more strategic
approach to advancing airport stakeholders’ sustainability goals.
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The cost optimization decision model can also be adapted to address additional
real-world challenges by modifying the objective function and incorporating further
constraints, particularly for small- and medium-sized airports. For example, it could
be extended to optimize social benefits, passenger throughput, or commercial
revenues. Future iterations of the model might also account for uncertainty factors
such as competition from high-speed rail, financial crises, political developments,
airline competition, technological innovations, and demographic shifts.

4. Digital transformation for sustainable airport development and
operations

The International Air Transport Association (IATA) projects that global passenger
volumes will double by 2041, placing significant strain on existing airport infrastructure
and processes [5]. Given the complexities and long lead times associated with physical
capacity expansion, the aviation industry must increasingly rely on automation,
digitalization, and process optimization to manage this growth sustainably. Despite the
adoption of self-service technologies such as online check-in, automated bag drops, and
biometric gates, the passenger journey remains fragmented and often involves manual
document checks. IATA’s 2024 Global Passenger Survey revealed that this reliance on
outdated processes contributes to persistent congestion and long queues at key
checkpoints, with a reported 37% of travelers citing queue times as a major
frustration [10].

The technological groundwork for a more seamless experience is already in place.
Passenger willingness to embrace digital, mobile-first solutions is high, with 89% open to
sharing immigration data to expedite processes and 84% expressing satisfaction with
biometric identification [10]. As Alan Murray Hayden, IATA’s Director for Airlines,
Airports, and Security Solutions, noted, “Passengers have made it clear they want to
spend less time queuing and moving through the airport faster. And they are increasingly
willing to use biometric data to complete more pre-departure tasks off airport to achieve
this.” However, while many airports have implemented COVID-19 mitigation measures
and are considering introducing more robust, innovative technology solutions, a large
number still lack long-term resilience plans, and most continue to face challenges in
technological readiness for future disruptions [11].

Digital aviation, powered by data analytics and Al, has strong potential to transform
the passenger experience via digital identities and biometric processing. The European
Union’s forthcoming Digital Travel Credential (DTC), expected around 2030, will allow
passengers to use their faces as primary ID, streamlining identification and security.
Advances in pre-travel admissibility — completing immigration and visa requirements
online — are poised to reduce bottlenecks and the risk of denied boarding. In Southeast
Asia, hubs such as Singapore and Bangkok are piloting biometric e-gates and digital visa
platforms, though regional harmonization remains a challenge.

The COVID-19 pandemic further accelerated the adoption of digital technologies
for operational resilience and public health. Airports implemented a range of
innovative solutions, including:

e IoT and web-service platforms optimize HVAC systems and monitor volatile

organic compounds (VOCs), thereby improving ventilation and reducing the
risk of cross-contamination.
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¢ Advanced camera systems for passenger monitoring, enabling queue reserva-

tion and virtual queuing.

¢ Al-driven video infrastructure at primary monitoring points supports the pre-
vention of communicable disease spread.

¢ Detailed passenger flow analysis to optimize infrastructure capacity and mini-
mize cross-contamination between low- and high-risk passenger groups.

¢ Replacement of touchpoints with facial recognition and contactless payment

systems.

» Digital way-finding provides real-time information on directions and queue times.

e Mobile-based digital health certificates and travel credentials for

verification.

Despite opportunities, the industry faces challenges in achieving full digital
transformation and data integration (Table 2):

Opportunities

Challenges

End-to-end passenger journey optimization:
Al-enabled biometrics, touchless processing, and
predictive analytics to improve efficiency.
Integrated mobility across ground, air, and sea
transport.

Data governance and privacy:
Concerns over data ownership, security, and regulatory
compliance, particularly regarding passenger biometrics.

Airside and operational efficiency:
Al-driven decision support for aircraft turnaround,
stand allocation, and baggage handling.

Real-time data integration for enhanced safety and
reduced delays.

Legacy systems and infrastructure:
Outdated IT systems that limit interoperability and
hinder the adoption of new digital platforms.

Resources and sustainability gains:

Smart energy management, predictive maintenance,
and optimized scheduling to reduce environmental
footprint and costs.

Scalability and standardization:

Al pilots often remain small-scale due to a lack of
industry-wide standards, which makes replication
difficult across different airports or various parts
within the airport.

Collaborative data platforms:

Shared digital ecosystems (e.g., Airport Operations
Control Centers) enable transparent decision-making.
Cloud-based data integration for scalable Al
deployment.

Fragmented stakeholder ecosystem:
Data silos and differing standards exist among airlines,
border agencies, and ground handlers.

New revenue and service models:

Personalized services, dynamic retail offerings, and
data-driven insights to create nonaeronautical
revenue.

Al to support the evolution into integrated urban
platforms.

Change management and culture:

Stakeholder resistance arises due to concerns about
disruption, job impacts, and an unclear return on
investment (ROI).

Table 2.

Opportunities and challenges of digital transformation for sustainable airport development and operation.
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4.1 Global movement: ICAO GISS 2024/2025 - the role of AI and technologies

The International Civil Aviation Organization (ICAO) has placed aviation
sustainability and digital transformation at the forefront of its agenda. The ICAO
Global Implementation Support Symposium (GISS) has been a key forum for these
discussions. While the 2024 GISS established a strong foundation for global
partnerships and sustainable financing [12], the 2025 symposium [13] specifically
highlighted the pivotal role of Al in driving technology-led sustainability. This
marked a significant shift, underscoring AI’s practical applications in operations,
training, and multi-stakeholder coordination. The symposium’s agenda focused on
how advanced technologies are reshaping airspace and airport management,
enhancing safety, and advancing environmental stewardship, all while supporting
ICAO’s “No Country Left Behind” initiative.

Al has emerged as a practical tool for streamlining airport operations and
supporting digital transformation on a large scale. A prime example is the use of Al in
terminal energy management systems.

4.2 Case study: Al in terminal energy management systems

Al-driven energy management enables airports to improve efficiency, reduce
costs, and enhance sustainability. By leveraging predictive modeling and smart
control systems, airports can achieve proactive and responsive energy use. The core
concept involves processing real-time data from sensors, along with information
on weather forecasts, energy demand, and passenger concentration through
specific Al algorithms. The system then constantly adjusts building elements to
maintain an optimal temperature and comfort level while minimizing energy
consumption. Al provides a powerful toolkit for optimizing energy use, offering
several key benefits:

e Predictive energy modeling: Machine learning analyzes historical data to fore-
cast energy demand, enabling proactive load management and reducing costly
peak demand charges.

e Intelligent building management systems (i-BEMS): Al-driven solutions inte-
grate HVAGC, lighting, and water systems, dynamically adjusting operations
based on real-time data to reduce waste.

e Adaptive control of renewable energy assets: Al optimizes the integration of
solar, wind, or waste-to-energy sources, balancing energy flows for cost-

effectiveness and sustainability.

e Anomaly detection and demand alerts: Al platforms monitor energy systems to
detect inefficiencies or leaks early, prompting timely corrective actions.

Recent projects demonstrate the practical application of this technology:
¢ Cologne/Bonn Airport implemented an Al pilot to optimize its whole-site

energy supply, enhancing real-time source selection and reducing on-site
emissions [14].
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¢ Jewel at Changi Airport deployed an Al-driven energy intelligence platform to
address overcooling issues, successfully optimizing energy usage while main-
taining occupant comfort. [15].

e Istanbul Airport used Al-driven analysis to identify solar microgrids and
Al-managed energy systems as top sustainability investments, based on a multi-
criteria decision model that considered environmental, financial, and
operational returns [16].

5. Conclusions

To accommodate projected growth in air traffic, all aviation stakeholders must
work collaboratively. Sustainable airport capacity expansion is critical in the post-
pandemic era, as it supports both the aviation industry and broader urban
development by addressing evolving travel demand and technological advancements.
As a key driver of economic growth, aviation facilitates trade, tourism, and
connectivity. Therefore, adaptable airport infrastructure is essential for handling
fluctuating traffic, integrating new technologies, and minimizing environmental
impact, thereby fostering both industry prosperity and urban progress.

In a new era of growth, the industry’s trajectory will be increasingly shaped by
challenges such as economic uncertainty, geopolitical tensions, and capacity
constraints. While advanced markets may face tempered growth due to supply chain
bottlenecks and capacity shortages, emerging markets are likely to see continued
expansion driven by higher infrastructure investment and a rising middle class. To
navigate this landscape, airports must prioritize financial viability, infrastructure
investment, operational efficiency, and sustainability.

The following are key strategies for achieving sustainable and smart airport
capacity expansion:

¢ Advanced planning and modeling: Employ machine learning and stochastic
modeling to predict traffic patterns under various scenarios. Use data analytics
to inform and adjust capacity planning.

¢ Optimized infrastructure: Implement modular construction and adaptable
designs (e.g., swing gates) to allow for flexible expansion. Utilize intelligent air
traffic management systems to optimize flight paths and reduce delays. Design
building envelopes to be efficient and safeguard space for future technologies.

e Sustainable operations: Invest in renewable energy, implement water conser-
vation and waste management programs, and promote sustainable transporta-
tion options for passengers and employees.

e Smart airport management: Utilize biometric technology for streamlined
security, implement digital way-finding, and employ predictive maintenance to

minimize downtime.

e Stakeholder engagement: Foster collaboration among airlines, air navigation
service providers, and other partners to ensure a coordinated approach and to
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share valuable data. Engage with local communities to address concerns related
to noise and environmental impact.

In conclusion, efficient use and integration of data are paramount for
understanding passenger behavior and operational patterns. Airports must embrace
data-driven insights in their planning, design, and operations. By acting as catalysts
for the entire air transport system and working in close coordination with all
operational stakeholders, airports can play a critical role in successful and sustainable
capacity expansion and management.
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