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Abstract

This review paper presents a comprehensive synthesis of current scientific knowledge on
the integration of low-emission technologies into airport operational models. Attention is
also given to the role of artificial intelligence techniques in predicting environmental risks,
optimizing energy system design, and enhancing operational safety. The primary objective
of the study is to evaluate the synergy between renewable energy sources (solar and wind
energy) and emerging propulsion technologies in aviation (hydrogen and electrification)
from the perspective of safety and operational stability. The methodology is based on
a systematic review of 78 scientific studies identified in the Scopus and Web of Science
databases. The analysis identifies critical technical and operational barriers, including
electromagnetic interference caused by wind turbines, optical hazards associated with
photovoltaic systems, and stability challenges in airport microgrids under peak loads
resulting from the charging of electric aircraft. Particular attention is given to the safety
of hydrogen infrastructure, where findings from the literature indicate the need to revise
separation distances and highlight the potential reduction of airport stand capacity by 5%
to 16%. The study synthesizes these findings into a strategic framework for “Smart Green
Airports”, proposing solutions such as adaptive infrastructure design, the deployment of
predictive models based on artificial intelligence, and the implementation of inherently safe
energy storage systems. The paper concludes that achieving airport energy self-sufficiency
while maintaining the integrity of flight operations is feasible only through the holistic
integration of technical measures, simulation-based planning, and strict compliance with
updated safety regulations.

Keywords: sustainable aviation; airport safety; renewable energy sources; hydrogen
infrastructure; airport electrification; energy self-sufficiency; risk management; smart microgrids

1. Introduction

The aviation industry is currently undergoing one of the most significant technological
transformations in its history. With increasing pressure to decarbonize transport and
achieve the climate neutrality targets set for 2050 under the European Green Deal, research
attention is shifting from conventional fossil fuels toward alternative energy sources. This
transition is further accelerated by the “Fit for 55” legislative package and the Alternative
Fuels Infrastructure Regulation (AFIR), which impose direct obligations on airports to
develop infrastructure for electricity and hydrogen [1-3]. The integration of these energy
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sources brings not only technical challenges but also changes the requirements for the safe
operation of airports in accordance with ICAO Annex 14 [4].

Currently, aviation safety is largely based on experience with conventional aviation
fuel; however, alternative energy sources introduce new physical and chemical hazards.
From the cryogenic storage of hydrogen to the thermal instability of batteries, each of
these technologies requires a reassessment of existing safety protocols, EASA certification
standards, and safety management systems [5,6].

The ongoing transformation of aviation is confirmed by a comprehensive bibliometric
analysis of more than 8000 documents indexed in the Web of Science database, which
highlights a shift from studies focusing on environmental impacts toward the development
of specific technological solutions in the fields of electrification and sustainable aviation
fuels [7,8]. Furthermore, economic analyses have highlighted key socio-economic con-
straints, which align with the long-term strategic visions of Airport Council International
(ACI) Europe and the Clean Aviation programme [9,10]. This research, which integrates
engineering, environmental sciences, and economics, identified key knowledge networks
related to propulsion system decarbonization and airport operations management [11,12].
The growing scientific interest in this interdisciplinary field is further confirmed by addi-
tional studies and by a Eurocontrol report, which emphasizes the need to align operational
efficiency with environmental objectives [13-15].

Despite these developments, the operational safety of airport infrastructure remains a
critical concern. The transition to alternative energy sources introduces new dimensions
of risk that are only partially addressed by current ICAO and EASA standards [16,17].
The application of liquid hydrogen involves cryogenic storage at extremely low temper-
atures, requiring the development of new procedures for leak scenarios in accordance
with LH, Technical Advisory Guidelines (LTAG), as well as the redefinition of fire safety
zones [16,18-20]. Similarly, the electrification of ground support equipment introduces
the risk of thermal runaway in lithium-based batteries, posing new challenges for airport
rescue and firefighting services in line with ICAO guidelines [21,22].

In addition to energy carriers themselves, risks also arise from the deployment of
technologies within and around airport environments, such as photovoltaic systems and
wind turbines [23,24]. These systems must comply with regulatory frameworks related
to cybersecurity and the resilience of critical infrastructure [25,26]. Strategic roadmaps,
including the Hydrogen Europe Roadmap and studies by the International Energy Agency,
clearly indicate that the integration of these technologies is essential for achieving aviation
decarbonization goals [27,28].

The research gap identified in this study lies in the mismatch between the rapid pace
of technological development and the relatively slow adaptation of safety methodologies
for airport operations. This review paper aims to synthesize current knowledge on the
integration of low-emission technologies into airport operational models, with a particular
focus on the synergy between renewable energy sources (solar and wind energy) and
advanced propulsion systems (electrification and hydrogen).

The study provides a critical evaluation of technical and operational barriers, safety
risks, and infrastructure requirements associated with this transition, while proposing a
strategic framework to support the evolution of airports toward energy self-sufficiency
and decarbonization.

2. Materials and Methods

The methodological approach used for the collection and analysis of scientific knowl-
edge related to the safety of integrating renewable energy sources at airports followed the
standardized PRISMA 2020 protocol (Figure 1).
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Figure 1. PRISMA 2020 flow diagram.

The literature review was conducted between January and April 2026 using the Scopus
and Web of Science databases. The search was performed for peer-reviewed journal articles
and conference papers in the English language. While the search was initially performed
without any temporal restrictions, for the purpose of trend analysis and data consistency,
the bibliometric evaluation was focused on the 2010-2026 period. Only studies published
in the English language were considered.

To ensure the comprehensive coverage, both databases were queried using the follow-
ing search string:

(airport* OR aerodrome* OR “aviation infrastructure”) AND (safety OR risk* OR
hazard* OR reliability) AND (“solar energy” OR photovoltaic* OR “wind energy” OR
turbine* OR hydrogen OR “electric aircraft” OR “battery charging”).*

Following the application of the search queries, a total of 383 records were identified
across the Web of Science and Scopus databases. Prior to the screening process, 14 duplicate
records were removed, resulting in 369 records for further analysis. An initial relevance
assessment based on titles and abstracts led to the exclusion of 271 studies that did not
meet the criterion of focusing on airport safety.

A total of 98 records were selected for full-text review. Following a detailed assessment,
an additional 20 studies were excluded based on the following criteria:

e  Focus on environmental and sustainability aspects without a direct link to airport safety;
e  Emphasis on internal technical or material science issues not relevant to operational safety;
e  Focus on urban planning or off-site logistics.

This process resulted in a final dataset of 78 scientific studies included in the review
(Figure 2).
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Figure 2. Temporal distribution of the final set of scientific records.

As each selected document represented an individual scientific study, the number of
included studies corresponded directly to the number of analyzed records. From each study,
key information was systematically extracted, including the author(s), year of publication,
type of technology, assessed safety risks, and the main practical implications.

Following the final selection of relevant studies, a systematic data collection phase
was conducted. From each document, key bibliographic information, technical and safety
focus, and the methodology of the original study were extracted. Subsequently, a thematic
qualitative synthesis approach was applied to process the results, integrating the collected
findings into a coherent and structured overview.

To ensure a structured analysis and support the formulation of study conclusions, the
following research questions were defined:

e  Q1I1: What is the potential for synergy between on-site renewable energy genera-
tion (solar and wind) and the energy demands of electrified and hydrogen-based
airport infrastructure?

e  Q2: What are the main technical and operational barriers limiting the implementation of
hydrogen propulsion and electrification within current airport terminal environments?

e Q3: To what extent do specific safety risks (e.g., BLEVE (Boiling Liquid Expand-
ing Vapor Explosion) or cybersecurity threats to smart grids) influence the spatial
configuration and design of future airports?

To ensure clarity and improve the understanding of the current state of knowledge, the
reviewed studies were categorized according to the methodological approach employed
into three groups. These included simulation-based studies, which use computational
models to predict phenomena under controlled or theoretical conditions; conceptual studies,
which propose theoretical frameworks and strategic plans; and studies validated under
real operational conditions, which provide data derived from actual airport operations or
experimental testing environments. This categorization was applied throughout the review
to assess the robustness of the available evidence.

3. Literature Synthesis

This section presents the key findings derived from the 78 scientific studies identified
in the Scopus and Web of Science databases. The literature analysis indicates a growing
research interest in the safety aspects of renewable energy integration in aviation. The
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findings are structured into four thematic categories, reflecting the critical dimensions of
integrating low-emission technologies into airport infrastructure (Figure 3).

I Solar PV (44.9%)

[ \Vind Energy (14.1%)

[T Electrification (11.5%)
Hydrogen (29.5%)

Figure 3. Distribution of Literature by Energy Type.

3.1. Solar Energy

The evidence base in this domain consists of simulation-based studies [29-33] that
quantify optical and technical risks, conceptual studies [33—44] providing strategic safety
management frameworks, and empirically validated studies [45—47] that offer direct ex-
perimental data from airport operational environments. This analysis focuses exclusively
on photovoltaic (PV) systems, as they represent the most technologically accessible and
widely implemented pathway for airport decarbonization.

3.1.1. Strategic Planning and Risk Management

The implementation of photovoltaic systems in the specific and highly regulated
environment of airports represents a complex challenge, where the objectives of sustainable
energy intersect with stringent aviation safety requirements. Wybo highlights that airport
areas are particularly suitable for such installations, as they meet key spatial and logistical
criteria: they are typically flat, secured against vandalism, and located in proximity to
existing electrical infrastructure. This has encouraged an increasing number of airport
authorities to plan large-scale installations with capacities exceeding 20 MW [48].

Current scientific research, represented by authors such as Sreenath et al., Kurzweil,
and Mostafa and Abdel Aleem, consistently indicates that although airports offer extensive
unused areas with significant energy potential, their utilization is conditional upon rigorous
operational risk assessment [34-39]. To address these challenges, researchers commonly
apply safety management system (SMS) frameworks, along with hazard identification and
risk assessment processes, enabling the quantification of incident probability and severity
through semi-quantitative risk matrices.

In the context of identifying optimal installation sites, advanced decision-support
systems are increasingly being employed. For example, Mizrak et al. applied the Spherical
Fuzzy CRITIC-RATGOS model to determine the most suitable locations at Istanbul Airport,
identifying solar canopies in parking areas and installations on remote unused land as
priority options [40,41].

3.1.2. Optical Phenomena and Glint/Glare Risks

A dominant research theme in the field of safety is the analysis of optical phenomena,
particularly glint and glare effects. Yu Bin Zhu and Sreenath et al. provide detailed analyses
of the physical principles governing light reflection from photovoltaic panels, distinguish-
ing between specular reflection from smooth glass surfaces and diffuse scattering from
textured materials [29,30].
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Jakubiec and Reinhart presented a case study in which a photovoltaic installation
located between the control tower and the runway reflected intense sunlight directly
toward tower personnel. To analyze this scenario, the authors employed high dynamic
range (HDR) imaging and developed detailed 3D models of the airport environment.
Based on the physiology of human vision, they proposed a critical luminance threshold of
30,000 cd /m?, which should not be exceeded in order to maintain operational safety for air
traffic control personnel [31].

Cilliers et al. analyzed twenty glint and glare impact assessments (GGIA) and seven
international standards with the aim of defining best practices for the safe deployment
of solar installations [42]. Their findings revealed inconsistencies in the evaluation of
impact significance and led to recommendations regarding calculation methodologies,
mitigation measures, and stakeholder engagement. The study emphasizes that rigorous
glare assessment is essential for ensuring the safe and sustainable development of solar
infrastructure in critical airport zones, where visual distraction may compromise flight
safety. Using simulation tools such as SGHAT and ForgeSolar, Salata et al. demonstrated
that the most critical factor is the so-called “yellow glare,” which can cause temporary
visual impairment for pilots during critical phases of flight or for air traffic controllers in
control towers [32].

Research on material properties conducted by Toh et al. confirmed that the application
of anti-reflective coatings (ARC) can reduce reflectivity to below 2%, thereby mitigating
glare-related risks to acceptable levels [49]. However, Miller et al. highlight that optical
properties are not static; long-term degradation of polymer layers and environmental con-
tamination (soiling) may alter refractive indices and reflectivity over extended operational
periods [50]. In addition to visual hazards, Belik and Rubanenko point to a strong link be-
tween light reflection and the technical degradation of PV modules. Inappropriate shading
and reflection effects not only reduce energy output but may also lead to the formation of
hazardous hot spots, causing permanent structural damage to the panels [51-53].

3.1.3. Technical Stability and Electromagnetic Compatibility

In addition to optical hazards, the scientific community has increasingly focused on
technical stability and electromagnetic compatibility. Stenumgaard and Linder demon-
strated through empirical measurements that radiated emissions from photovoltaic elec-
tronics may exceed CISPR 22 limits and, when co-located with air traffic control antennas
at distances below 30 m, can significantly reduce communication range and increase signal
noise [45].

The stability of these systems in the demanding airport environment is further de-
pendent on effective thermal management. Du et al. and Karim Miah et al. emphasize
that active cooling of inverters is essential to maintain system reliability and prevent fire
hazards under conditions of high solar radiation and dust exposure [54,55]. Innovative
research by Dehdezi et al. also explores the potential of airport runway concrete surfaces as
energy-harvesting collectors [46]. In the context of airport thermal management, Kim et al.
highlight a critical trade-off problem arising from the shared use of roof space between
photovoltaic (PV) and solar thermal (STE) systems. To address this challenge, the au-
thors developed a multi-criteria decision-support system based on a genetic algorithm for
multi-objective optimization (iMOO) [33].

These technical aspects are further linked to emerging concepts such as inductive
charging of electric vehicles powered by PV systems, where Miskovski and Williamson
emphasize the need for electromagnetic shielding to prevent interference with navigation
systems [56,57].
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3.1.4. Operational and Environmental Safety

Operational safety also encompasses environmental and mechanical risks that are
specific to airport environments. Mostafa highlights the danger of panel component detach-
ment caused by strong jet blast airflow, which necessitates specific structural reinforcement
measures. From a biodiversity perspective, DeVault et al. report that photovoltaic instal-
lations do not significantly increase the risk of bird strikes. However, the so-called “lake
effect”—where waterfowl mistake solar panels for water surfaces—remains a factor that
requires continuous monitoring [39,58]. Balu et al. identify critical risks associated with the
accumulation of water and ice on runways, which can directly compromise operational
safety. To address this issue, the authors introduce an innovative composite material based
on MXene (Ti3CyTx), cobalt, and carbon (MCC), capable of efficiently converting solar
radiation into heat. Their research presents, for the first time, the concept of “self-drying
photothermal runways” (PTRM), which utilize solar energy for rapid melting of snow and
ice [47].

The overall consensus of studies conducted in diverse geographical contexts, including
Egypt, Nepal, and South Korea (Mostafa; Yadav et al.; Kim et al.), suggests that although the
associated risks are real, the application of appropriate siting methodologies and advanced
simulation tools enables the achievement of an “acceptable level of risk.” This creates
a pathway for effective airport decarbonization without compromising the integrity of
aviation operations. The key to successful implementation lies in the integration of technical
measures, simulation-based modeling, and strict compliance with ICAO and EASA safety
regulations [33,43,44].

Key technical limits and mitigation strategies identified in the reviewed studies are
summarized in Table 1.

Table 1. Summary of Technical Constraints and Key Literature Findings for PV Systems.

Problematic Domain

Technical Limit/Solution Key Contributors

Visual Risks

Max. brightness 30,000 cd/m?, HDR

analysis, anti-reflective coatings (ARC). Jakubiec, DeVita, Belik [31,51,50]

Electromagnetic Compatibility

20-30 m separation from ATC antennas,

EMI interference filtering. Stenumgaard, Janssen [45,52]

Grid Stability and Quality

Implementation of DVR and SRF control,

battery energy storage integration. Kumar, Janseen [47,53]

Energy Synergy

BIPV systems, thermal runways,

iMOO optimization. Wu, Dehdezi, Kim [33,41,46]

The analysis of the reviewed studies indicates that solar energy represents the most
technologically accessible pathway toward decarbonization of airport infrastructure. Criti-
cal risks, such as glare and electromagnetic interference, are, at the current level of knowl-
edge, effectively manageable.

Optical phenomena remain the dominant risk factor, particularly hazardous glare
affecting air traffic controllers and flight crews. However, these risks can be significantly
mitigated through the application of anti-reflective technologies and precise simulation-
based modeling [31,32]. In addition to visual risks, electromagnetic compatibility is also
a critical concern, as the proximity of photovoltaic electronics to navigation systems may
disrupt communication performance [45]. Innovative approaches, such as photothermal
runway systems for ice mitigation, demonstrate that solar energy can directly contribute to
improving runway operational safety [47]. Overall, it can be concluded that, when appro-
priate risk assessment methodologies and EASA /ICAO standards are followed, a state of
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safe coexistence may be achieved, forming a solid foundation for further electrification of
the airport ecosystem.

3.2. Wind Energy

The research landscape in this domain is characterized by a mix of conceptual frame-
works [59-62] addressing strategic planning and predictive accuracy, simulation-based
studies [63-65] evaluating aerodynamic impacts and wake vortices, and empirically vali-
dated studies [66-69] that rely on real-world LIDAR measurements and operational data to
assess safety risks.

3.2.1. Electromagnetic Interference and Strategic Planning

The application of renewable energy sources in the vicinity of airports represents a
complex challenge, where the potential for energy sustainability must be balanced with
stringent aviation safety requirements. A decisive factor in assessing the safety of wind
farms lies in the technical constraints arising from their proximity to airport infrastructure.

Cuadra et al. emphasize that the design of wind farms must strictly comply not only
with obstacle limitation surfaces related to collision risk, but also with protection zones
for radio navigation systems. Research conducted at selected Spanish airports has demon-
strated that rotating turbine blades can generate undesirable electromagnetic interference
and signal scattering. These effects negatively impact Communication, Navigation, and
Surveillance (CNS) systems, particularly air traffic control radar systems.

To address these challenges, the authors propose an optimization methodology that
enables the placement of wind turbines in a manner that maximizes energy yield while
preserving the functionality of navigation aids [59].

3.2.2. Wake Turbulence and Aerodynamic Modeling

Mouangue et al. investigated the specific challenges of airports located in regions with
frequent low-wind conditions, focusing on Ngaoundéré Airport. Based on data obtained
from the ASECNA agency, they demonstrated that, for such locations, a modified maximum
likelihood method provides the most accurate estimation of Weibull parameters. Their
results indicate that an inappropriate choice of statistical method may lead to significant
errors in estimating wind energy density [66].

Another important safety concern is wake turbulence generated by wind turbines.
Given that nearly 40% of wind turbines in the United States are located within a 10 km
radius of regional airports, Tomaszewski et al. examined the risk of critical rolling moments
affecting light aircraft. Using large eddy simulation (LES), the authors concluded that
although the probability of severe incidents is relatively low, the risk increases under stable
atmospheric conditions. In such scenarios, turbine-induced vortices dissipate more slowly,
thereby extending the duration during which they may pose a hazard to aircraft operating
at lower altitudes [63].

3.2.3. Data-Driven Safety Monitoring and Prediction

Neupane et al. introduced an innovative hybrid model combining convolutional neu-
ral networks (CNN) with a bidirectional long short-term memory architecture (DBiLSTM)
for wind speed prediction at Flinders Island Airport. The model demonstrated exception-
ally high accuracy (correlation coefficient r = 0.988), significantly outperforming traditional
regression-based approaches. Such advanced predictive frameworks not only support
more efficient wind farm planning, but also enhance the operational reliability and safety
of integrating renewable energy sources into airport energy systems [60].

In addition to atmospheric factors, bird strike risk represents a significant safety
concern shared by both airports and wind farms. Krenc et al. emphasize that neglecting
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this risk may have serious consequences for human safety, ecological systems, and economic
performance. The authors propose a solution based on stereovision systems for long-term
monitoring of bird activity and the identification of high-risk “hotspot” zones. To ensure
the robustness of such monitoring, they evaluated five key tracking algorithms, including
the Kalman filter, Nearest Neighbor, and Joint Probabilistic Data Association methods. The
implementation of these algorithms in real-time systems enables more accurate prediction
of bird movement patterns and supports the prevention of collisions, particularly in critical
phases of flight such as take-off and landing [67].

The operational safety of alternative energy systems is closely linked to the ability to
accurately monitor and predict local atmospheric conditions. Khattak et al. developed a
predictive framework based on TabNet-SHAP for the identification of turbulence associated
with low-level wind shear in the vicinity of runways. Their model demonstrated that inter-
actions between wind flow, complex terrain, and anthropogenic infrastructure represent
critical factors affecting aircraft stability [64]. The importance of accurate nowcasting is
further highlighted by Shankar et al., who applied deep learning techniques to improve the
precision of Terminal Aerodrome Forecasts (TAF), thereby contributing to the mitigation of
risks associated with sudden changes in wind conditions [61].

3.2.4. Climatic Validation and Infrastructure Resilience

When planning wind energy infrastructure, it is essential to consider long-term cli-
matic trends. Khan et al., in their assessment of wind energy potential, emphasize the
importance of validating theoretical models with real observational data, as inaccuracies in
wind speed estimation may lead to incorrect evaluations of operational risks [62].

A study by Xue et al., conducted at Hong Kong International Airport using LiDAR
measurements, provided a detailed characterization of vertical wind shear and low-level jets
(LLJ). Such data are critical for determining the safe height and placement of tall structures,
such as wind turbines, in proximity to flight corridors [68]. Fuchs et al. proposed a real-time
wake vortex modeling approach based on a hybrid Eulerian-Lagrangian framework. Using
this methodology, they identified potential vortex-related hazards at Vaernes Airport in
Norway [65].

The integration of wind energy into airport energy systems requires not only physical
safety but also supply stability, which can be supported through energy storage systems
(ESS). Mifsud et al. investigated how Measure—Correlate-Predict (MCP) methodologies
influence the accuracy of capacity estimates for offshore wind farms located near airports.
Based on meteorological data from Malta International Airport and LiDAR measurements,
they demonstrated that the reliability of predictive models is critical for the proper sizing
of ESS [69].

Key insights derived from the reviewed studies are summarized in Table 2.

Table 2. Technical Constraints and Mitigation Strategies for Wind Turbine Installations at Airports.

Problematic Domain

Aerodynamic Flight Safety

Technical Limit/Solution Key Contributors
Implementation of optimization
Navigation System Integrity methodology for turbine placement outside Cuadra et al. [59]
critical protection zones.
Monitoring of atmospheric conditions and Tomaszewski et al.,
use of LES to predict wake vortex decay. Fuchs et al. [63,65]

Operational Prediction

and Prevention

Deployment of stereo-vision systems and
hybrid machine learning models
(CNN-LSTM) for precise nowcasting.

Neupane et al., Krenc et al.,
Khattak et al. [60,64,67]
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The integration of wind energy into airport environments represents a specific chal-
lenge, where energy generation must be subordinated to stringent aviation safety re-
quirements. The primary risk lies in technical interference with navigation and radar
systems, which can only be mitigated through precise spatial planning of wind turbine
placement [59]. An equally significant concern is wake turbulence, the intensity of which
increases under stable atmospheric conditions, thereby prolonging the hazard for aircraft
operating at lower altitudes [63].

Modern approaches to flight safety increasingly rely on the synergy between machine
learning and advanced monitoring systems, enabling real-time prediction of atmospheric
changes as well as the movement of biological hazards [60,67]. Consequently, the successful
operation of wind energy infrastructure depends on the airport’s ability to dynamically
respond to these environmental risks.

3.3. Electric Aviation and Airport Microgrids

The literature concerning the transition to low-emission aviation comprises conceptual
and regulatory studies [70-72] that address strategic infrastructure and safety standards,
simulation-based studies [73-76] focused on the stability and optimization of airport
microgrids, and empirically validated studies [77,78] evaluating the performance and
safety of advanced battery and hydrogen storage technologies.

3.3.1. Regulatory and Socio-Economic Frameworks

The transition toward low-emission aviation requires a fundamental transformation
of airport energy infrastructure to support the simultaneous operation of battery-electric
aircraft, hydrogen-powered aircraft, and ground handling services.

According to Stone and Jensen, the electrification and automation of aircraft towing
vehicles represent a key step toward eliminating health risks associated with noise and
emissions within airport environments. Their research indicates that this technological shift
not only enhances the safety of ground handling operations but also has a significant posi-
tive impact on vulnerable communities living in the vicinity of airports, thereby improving
the overall social sustainability of the aviation sector [70].

Raoofi and Olcen emphasize that the integration of electric and hybrid aircraft into
airport operations is contingent upon strict compliance with legal and safety standards. The
authors highlight the risk that technological advancements may outpace existing regulatory
frameworks, and therefore consider comprehensive evaluation of legal implications for
airport infrastructure to be a necessary prerequisite for the sustainable development of
aviation [71].

3.3.2. Integrated Microgrid Stability and Propulsion Technologies

Li et al. proposed an integrated electricity-thermal-hydrogen microgrid designed
for the operation of so-called “zero-emission airports.” According to the authors, a key
challenge lies in managing the substantial electricity demand associated with the simulta-
neous charging of electric aircraft fleets and hydrogen refueling operations. The primary
risk arises from the high load imposed on the public distribution grid, which may lead to
system instability. To address this issue, the authors propose the integration of photovoltaic
systems and hydrogen fuel cells within the airport microgrid, functioning as flexible energy
sources. This approach enables load shifting, thereby reducing the risk of grid overload
and ensuring reliable power supply for critical airport systems [73].

Bahrs et al. examined the safety of various hydrogen storage technologies for electric
commuter aircraft. They identified a critical safety concern related to the low gravimetric
energy density of conventional pressurized storage tanks. As a safer and more reliable
alternative, the authors propose the use of metal hydrides. Despite their higher weight,
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their key advantages include inherent storage safety, low operating pressure, and the ability
to retain energy over extended periods without significant losses. These characteristics
are particularly important for backup systems in scenarios such as aircraft diversion to
alternate airports in emergency situations [77].

Mancuso et al., within the PROSIB project, investigated the acoustic impact of regional
aircraft equipped with hybrid-electric Distributed Electric Propulsion (DEP) systems. Using
a modified ATR42 aircraft in a reference airport environment, they analyzed how emerging
propulsion technologies influence noise footprints during take-off and landing. Their
findings indicate that optimizing onboard energy management strategies, in combination
with distributed electric propulsion, can significantly reduce acoustic pressure levels in
surrounding residential areas [74].

Jangir et al. identify sulfation and subsequent degradation of batteries as key risks
affecting energy supply continuity and increasing environmental burden due to the ac-
cumulation of lead-based waste. The authors demonstrated that the application of pulse
charging techniques can mitigate these risks by extending battery lifespan and stabilizing
performance [78]. Raslan et al. identify frequency fluctuations as a primary risk in modern
airport microgrids with a high degree of electrification. Their research shows that the im-
plementation of advanced hybrid control strategies (DOBC/FOC) can reduce fluctuations
caused by electric aircraft operations by up to 76.5%, thereby ensuring continuity of power
supply and enhancing the resilience of critical airport infrastructure [75].

3.3.3. Evaluation of Alternative Energy Carriers

Hohman et al. conducted a critical analysis of a range of alternative energy carriers,
including ammonia, methane, methanol, and e-kerosene. The authors identified significant
risks associated with volumetric and gravimetric constraints, which directly influence
aircraft design and the capacity of airport storage infrastructure. As the most feasible
near-term solutions, the authors highlight e-kerosene and e-methane, which, due to their
compatibility with existing infrastructure, minimize the risks associated with high initial
investment costs and operational disruptions during the transition to new fuel systems [72].

According to Zhou, the nonlinear and stochastic nature of energy flows within airport
systems represents a primary systemic risk, necessitating the application of multi-criteria
decision-making approaches. The author emphasizes that the safety and stability of a smart
airport ecosystem depend on the system’s ability to rapidly respond to dynamic changes
in energy demand, particularly in the context of integrating hydrogen technologies and
electrified transport systems [76].

Key findings derived from the reviewed studies are summarized in Table 3.

Table 3. Technical Constraints and Strategic Solutions for Electrified Airport Infrastructure.

Problematic Domain

Technical Limit/Solution Key Contributors

Microgrid Stability and
Power Quality

Deployment of hybrid controllers
(DOBC/FOC) and multi-criteria optimization Raslan et al., Zhou [75,76]
to maintain continuity of supply.

Inherent Storage Safety

Transition to metal hydrides and utilization of

reflective charging to extend battery life cycle. Bahrs etal, Jangir etal. [77,78]

Systemic and Social
Sustainability

Comprehensive legal assessment of
infrastructure and deployment of autonomous
electric ground equipment (tugs).

Stone and Jensen, Raoofi and
Olcen [70,71]

A key challenge associated with electrification remains the stability of airport mi-
crogrids, where nonlinear load demand during aircraft charging can induce frequency
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fluctuations of up to 76.5% [75]. In addition to technical instability and battery degradation,
the sector must also address a regulatory gap, in which technological advancements out-
pace existing safety standards [71,78]. Although electrification effectively reduces noise and
emissions within airport environments, the limitations of battery energy density indicate
that achieving full sustainability requires synergy with hydrogen-based technologies [70,74].
The specific safety risks associated with hydrogen storage and distribution are therefore
addressed in the following section.

3.4. Hydrogen Energy

The research landscape concerning hydrogen integration is divided into simulation-
based safety and capacity assessments [79-85], which analyze the risks of large-scale fuel
dispersion and operational throughput, empirically validated demonstrations [86-88]
that evaluate the feasibility of hydrogen supply chains, and conceptual and regulatory
frameworks [89-101], which address the strategic transition of ground infrastructure and
public health impacts.

3.4.1. Computational Safety Modeling and Risk Assessment

The implementation of hydrogen as a primary energy carrier in aviation represents a
fundamental shift in the architecture of airport ecosystems. A key contribution to safety
assessment is provided by Holborn et al., who employed advanced computational fluid
dynamics (CFD) simulations using the FLACS model to analyze large-scale liquid hydrogen
(LHy) release scenarios. Their findings indicate that, at release rates exceeding 38 kg/s,
hydrogen may exhibit “heavy gas” behavior, significantly increasing hazardous ground-
level dispersion distances [79]. Building on these findings, Degirmenci et al. applied
multi-criteria analysis and hydrogen supply chain (HSC) modeling to identify the risk of a
“single point of failure.” Their results highlight that while decentralized, on-site hydrogen
production enhances energy self-sufficiency, it also concentrates high-risk elements within
the airport environment. In the event of technical failure, this may lead to a complete
disruption of airport operations [80].

The challenges of system efficiency and stability under extreme environmental condi-
tions were analyzed by Allan et al., who applied dynamic thermal modeling and genetic
algorithms to optimize proton exchange membrane (PEM) electrolyzers in hot climates.
Their research identified a critical risk related to membrane thermal degradation; in the
event of cooling system failure under high ambient temperatures, fuel supply may be
immediately disrupted [81]. An alternative to conventional cryogenic storage is proposed
by Franke et al., who, through multi-criteria evaluation, demonstrated the potential of
metal hydride (MH) storage systems. While MH technologies eliminate the hazardous
boil-off effect and enhance passive safety, their implementation is limited by high weight
and the complexity of thermal management during hydrogen release [89].

3.4.2. Operational Refueling and Ground Handling Integration

Jaffary and Wiedemann focused on the specific challenges of hydrogen refueling
operations in busy airport environments. Using a qualitative methodology based on
focus groups and analysis conducted with NVivo software, they identified that the most
significant risks arise from the interaction between technical failures and human factors [90].
Mangold et al. analyzed the interface between refueling systems and aircraft, determining
that mass flow rates may reach up to 20 kg/s. Their findings indicate that liquid hydrogen
(LHy) refueling is not only technically feasible in compliance with explosion protection
standards, but in many cases may also be faster than conventional Jet A-1 refueling [86].

Zhang et al. conducted semi-structured interviews with airport operators and technol-
ogy suppliers. Through thematic analysis, they found that although hydrogen-powered
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ground support equipment is perceived positively due to its low noise levels, signif-
icant concerns remain regarding the lack of certified personnel and the high cost of
infrastructure [91]. Testa et al. developed a methodological framework to compare direct
emissions from diesel-powered ground support equipment (GSE) with those using proton
exchange membrane (PEM) fuel cells. Their results demonstrate that the implementation of
hydrogen-powered GSE can lead to substantial reductions in nitrogen oxides (NOx), carbon
monoxide, and particulate matter in the immediate vicinity of airport terminals [92,93].

3.4.3. Systemic Planning, Regulation, and Environmental Impact

Rezaei et al. conducted a techno-economic analysis based on the case of Los Angeles
International Airport (LAX), developing a methodological framework for on-site hydrogen
production via electrolysis. In this context, the risks extend beyond hydrogen handling itself
to include the stability of the airport energy network under peak loads from electrolyzer
operation [94]. Cui et al. complement this perspective by applying the Global Exposure
Mortality Model (GEMM) to quantify the positive public health impacts of hydrogen
adoption in China. Their findings suggest that the transition to hydrogen could prevent
millions of premature deaths by 2050 through the reduction of NO; and SO, emissions [95].
In this context, Rupcic et al., in their systematic literature review, warn of a potential
“environmental trade-off.” They emphasize that focusing solely on emissions within the
airport environment may overlook the broader environmental impacts associated with the
extraction of rare materials required for electrolyzer technologies [96].

Hijazeen et al. conducted a comparative literature review of regulatory frameworks
from Civil Aviation Safety Authority (CASA), Federal Aviation Administration (FAA), and
EASA, identifying significant regulatory gaps in the integration of vertiports and hydrogen
infrastructure into existing airport environments [97]. Kilkis and Kilkis introduced the
concept of a Nearly-Zero Exergy Airport, applying thermodynamic principles to optimize
energy flows within airport systems [98]. Similarly, Braun and Classen, through qualitative
risk assessment, proposed a transition roadmap for medium-sized airports, highlighting
logistical risks associated with the shift from conventional to zero-emission ground support
equipment [99]. Chen et al. applied big data analytics to optimize the spatial placement of
hydrogen refueling stations in Tokyo. Their model demonstrated that inappropriate station
placement, particularly in relation to traffic density, may lead to increased safety risks in
urban areas surrounding airports [82].

Furthermore, recent research by Zhang et al. provides a comprehensive assessment of
the safety and environmental performance of liquid hydrogen storage systems at airports.
Their work demonstrates that implementing advanced insulation materials and automated
leak detection protocols is critical for mitigating the risk of structural failure and thermal
runaway in high-density airport environments [87].

3.4.4. Future Infrastructure Concepts and Supply Chain Feasibility

Le Bris and Nguyen emphasize that, in order to maximize future compatibility, airports
must already define so-called “notional aircraft concepts,” representing the anticipated de-
velopment of hydrogen-powered aviation technologies through the mid-21st century [100].
Del Duca et al. conducted a unique study at an Italian Code 4E airport, where they used
rapid simulation and analytical modeling to compare three scenarios: 2025 (fully kerosene-
based fleet), 2035 (25% penetration of hydrogen-powered aircraft in classes A and B), and
2045 (widespread adoption of hydrogen technologies including class C aircraft). The simu-
lations demonstrated that the introduction of hydrogen aircraft may lead to a reduction
in stand capacity ranging from 5% to 16% in 2035 and 2045 compared to conventional
operations [83].
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A critical turning point in the evaluation of hydrogen technologies is presented by
Bihuniak and Barrett-Gonzalez, who challenge the practical viability of liquid hydrogen
(LHy) as a sustainable aviation fuel. In contrast to optimistic development roadmaps, their
study characterizes hydrogen-based aviation as a potential technological “dead end.” Their
safety modeling indicates that hazard zones associated with hydrogen tank explosions
would require extremely large separation distances at airport stands, potentially leading to
significant reductions in operational throughput and airport capacity [84]. Marksel et al.
further emphasize that the commercialization of hydrogen aviation, particularly in the
regional segment, is contingent upon a complete transformation of ground infrastructure,
which, as of 2022, remains largely non-existent or inadequate. According to their findings,
safe operation cannot be ensured without the implementation of new infrastructure design
guidelines that account for the specific physical properties of hydrogen already at the
terminal planning stage [101].

Conversely, Schiaroli et al., through the HySTRA pilot project, demonstrated the
feasibility of a liquid hydrogen supply chain between Australia and Japan, showing that the
safe management of large volumes of cryogenic fuel in proximity to airport infrastructure
is achievable when the impacts of unexpected events are properly quantified [88]. These
practical insights are complemented by extensive research within the ENABLEH?2 project,
presented by Benson et al., which demonstrates that wind speed has a significant influence
on the buoyancy and dispersion of flammable hydrogen clouds. This finding directly affects
the design of future airport infrastructure. Together with the results of Holborn et al., these
studies indicate that local environmental conditions are a critical factor that can substantially
alter the extent of hazardous zones [85].

Key findings derived from the reviewed studies are summarized in Table 4.

Table 4. Technical constraints of Hydrogen Application in Civil Aviation.

Problematic Domain

Technical Limit/Solution Key Contributors

Airport Capacity

Increased tank volume and slower handling

reduce stand throughput. Del Duca et al. [83]

Operational Safety

Risk of BLEVE during cryogenic storage failure. ~ Bihuniak and Barrett-Gonzalez [84]

Refueling Time

Concerns regarding extended turnaround times

due to low fuel temperature. Mangold et al. [86]

The application of hydrogen in civil aviation represents a strategic transition in which
environmental benefits must be balanced against significant operational constraints. Stud-
ies by Cui and Oztiirk clearly highlight the societal necessity of this transition, demon-
strating that the reduction of NOx emissions and particulate matter has the potential
to prevent millions of premature deaths and substantially reduce public health-related
external costs [93,95].

From an operational airport perspective, however, simulations by Del Duca et al.
indicate a potential reduction in stand capacity ranging from 5% to 16%, primarily due
to increased storage volume requirements and the implementation of new handling pro-
tocols [83]. This spatial and temporal pressure is further intensified by stringent safety
requirements aimed at mitigating the risk of catastrophic events such as BLEVE, which,
according to Bihuniak, may necessitate separation distances exceeding the physical con-
straints of existing airport infrastructure [84].

Addressing this critical imbalance requires both technical optimization and proactive
infrastructure planning. Mangold et al. demonstrate that, with appropriate thermodynamic
management, competitive turnaround times can be maintained [86]. Therefore, successful
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integration of hydrogen technologies depends on the early adoption of predictive design
approaches, as proposed by Le Bris and Nguyen, enabling airports to balance technical
risks with the imperative goals of decarbonization [100].

4. Discussion

The results of this review indicate that the integration of photovoltaic systems into the
highly regulated airport environment represents not only a technical challenge, but primar-
ily a safety-related one. Based on the synthesis of the reviewed studies, the key findings in
the field of solar energy can be discussed in the context of the defined research questions.

4.1. Comparative Safety Analysis and Technological Synergies

The following synthesis (Table 5) provides a comparative overview of the identified
synergies, infrastructure barriers, and safety risks across the four analyzed energy sectors.

Table 5. Identified Barriers and Risks in Airport Decarbonization.

Technology Synergy and Opportunities (Q1)  Infrastructure Barrier (Q2) Critical Risk (Q3)
I . Mechanical resilience Optical glare hazards
Photovoltaics i Utlhj:h}?n ;)f ﬂr?tralrp}?ﬁ) against jet blast; Conflict in (>30,000 cd/ mz) ; EMI
Opograpiy as energy ° land sharing. with comm:s.
. Complementary profiles with solar;  Physical obstacles in CNS Wake tqrbulencg for
Wind Energy . O o - light aircraft; Bird
Grid stabilization. zones; Siting restrictions. )
strike hazards.
Electrification Autonomous microgrids; Load Charging infrastructure Grid frequency instability;
shifting capabilities. lag; Battery degradation. Fire safety in storage.
o Stand capacity reduction . . .
Hydrogen Deep decarbonization of ground (5-16%); Radical redesign Dynamic gas dispersion;

handling and propulsion.

of fuel farms. Explosion safety buffers.

In relation to Q1 and Q2, the findings support Wybo’s assertion that airports, due
to their flat topography and existing infrastructure, represent ideal nodes for energy in-
tegration [48]. However, the literature also highlights a critical trade-off problem. As
noted by Kim et al., airports must address conflicts arising from the shared use of roof
and land surfaces among different energy systems [33]. The potential synergy between
energy generation and consumption is therefore constrained by spatial configuration. In
this context, solar canopies installed over parking areas emerge as one of the most effec-
tive solutions, as demonstrated by Mizrak et al. in their study of Istanbul Airport. This
approach minimizes interference with operational areas while maximizing the utilization
of otherwise underused logistical spaces [40].

From the perspective of infrastructure requirements (Q2), significant limitations arise
in terms of mechanical resilience. Mostafa correctly identifies the risk of panel component
detachment caused by jet blast airflow, highlighting a critical safety concern in airport
environments. This suggests that photovoltaic infrastructure deployed at airports must
comply with more stringent structural standards than conventional installations. Conse-
quently, these requirements may lead to increased capital costs and add complexity to the
implementation process [38,39].

The most extensive discussion relates to Q3, where optical hazards and electromagnetic
interference emerge as dominant risk factors. A strong consensus among authors such as
Yu Bin Zhu, Sreenath et al., and Jakubiec indicates that glare represents a critical safety
concern. The defined luminance threshold of 30,000 cd/m? constitutes a key technical
parameter for the design of future control towers and runway environments [29-31]. The
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synthesis presented in this study suggests that, although the risk of so-called “yellow
glare” is significant, technological advancements—particularly the application of anti-
reflective coatings capable of reducing reflectivity below 2% (Toh et al.)—can effectively
mitigate this hazard [49]. However, it should be noted that these conclusions are primarily
based on simulation-driven analyses and controlled case studies, which may not fully
capture long-term operational variability and environmental degradation effects in real
airport conditions.

An important finding within Q3 relates to the impact on communication systems. The
results reported by Stenumgaard and Linder, demonstrating reduced communication range
in the vicinity of photovoltaic inverters, define clear spatial constraints for airport design.
These findings indicate that aviation safety depends not only on visual clarity but also on
strict adherence to electromagnetic compatibility requirements in accordance with CISPR
22 standards [45]. Nevertheless, the extent to which these interference effects manifest
under different operational loads and infrastructure configurations remains insufficiently
explored in the current literature.

Within the broader safety discussion, the findings of Balu et al. introduce an important
shift in the perception of solar energy systems. The concept of “self-drying photothermal
runways” (PTRM) suggests that solar energy should not be viewed solely as a passive
source associated with certain risks, but also as an active contributor to airport safety
through the automated removal of snow and ice. This perspective fundamentally alters the
dynamics of the discussion, indicating that alternative energy systems are not only risks to
be managed, but can also serve as tools for mitigating other operational hazards [47].

Opverall, while photovoltaic systems offer a technologically mature pathway for airport
decarbonization, their safe integration remains highly dependent on site-specific conditions,
rigorous risk assessment methodologies, and long-term performance validation. Advanced
simulation and data-driven approaches may further enhance glare prediction and support
the optimal spatial placement of photovoltaic systems in airport environments.

4.2. Challenges in Infrastructure Integration and Regulatory Alignment

Wind energy represents the second major pillar of airport decarbonization; however,
its implementation is associated with a distinct set of safety challenges compared to pho-
tovoltaic systems. In the context of Q1, which examines the synergy between energy
sources, wind energy appears to be a suitable complement to solar systems, particularly in
regions with a complementary wind generation profile. As emphasized by Mifsud et al.,
the effectiveness of this synergy is highly dependent on the accuracy of predictive method-
ologies, which directly influence the proper sizing of energy storage systems [69]. However,
the reliability of these predictive approaches remains strongly dependent on data quality
and local climatic variability, which may limit their general applicability across different
airport environments.

In relation to Q2, wind energy introduces significant technical constraints. Unlike
static photovoltaic installations, rotating turbine blades constitute dynamic obstacles that,
according to Cuadra et al., generate electromagnetic interference [59]. This phenomenon
represents a critical limitation for Communication, Navigation, and Surveillance (CNS)
systems, particularly air traffic control radar. Consequently, the discussion within Q3
clearly indicates that the design of future airports must incorporate protective zones for
radio navigation systems, which, in the case of wind turbines, are significantly larger and
more complex than those required for photovoltaic installations.

From the perspective of Q3 and the physical safety of flight operations, wake turbu-
lence represents one of the most critical risks. Research by Tomaszewski et al. suggests
that, although the overall probability of severe incidents is relatively low, turbine-induced
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vortices pose a tangible hazard to light aircraft operating at lower altitudes, particularly
under stable atmospheric conditions [63]. This finding has direct implications for airport
spatial planning. Wind farms cannot be located in proximity to take-off and landing corri-
dors without rigorous modeling using advanced tools such as LiDAR-based measurements
(Xue et al.) or hybrid Eulerian-Lagrangian simulation approaches (Fuchs et al.) [65,68].
Nevertheless, these assessments are predominantly based on numerical simulations, and
their validation under real operational conditions remains limited, particularly for complex
terrain and variable atmospheric stability.

Similarly to solar energy, the literature indicates a clear shift toward artificial
intelligence-based solutions that enhance operational reliability. Models such as DBiL-
STM (Neupane et al.) and TabNet-SHAP (Khattak et al.) enable highly accurate prediction
of wind speed and low-level wind shear (r = 0.988) [60,64]. These technologies directly
address Q2 by reducing uncertainty in energy supply while simultaneously improving
the safety of nowcasting for flight crews. In parallel, biodiversity protection, as discussed
by Krenc et al., highlights that the integration of wind energy requires the deployment
of advanced stereovision monitoring systems. The identification of high-risk “hotspot”
zones of bird activity using algorithms such as the Kalman filter is not only an ecological
requirement, but also a critical safety measure for reducing bird strike risk in key opera-
tional phases, particularly during take-off and landing [67]. Despite these advances, the
integration of such monitoring systems into real-time airport operations remains technically
and economically challenging, particularly in high-traffic environments.

Overall, while wind energy offers significant potential as a complementary energy
source, its integration into airport environments remains more constrained than pho-
tovoltaic systems due to its dynamic nature and stronger interaction with flight safety
factors. In this context, advanced predictive models have demonstrated potential for
improving wind forecasting accuracy and supporting turbulence risk assessment in
airport environments.

Electrification represents a technological nexus where the demand for new infrastruc-
ture converges with the need to maintain operational continuity. In the context of Q1, the
findings indicate that airports must evolve toward autonomous microgrid systems. As
highlighted by Li et al., the integration of photovoltaic systems and hydrogen fuel cells
within airport microgrids is not only an environmentally driven solution, but also a critical
mechanism for managing the substantial energy demand associated with electrified avia-
tion. This approach addresses the challenge of public grid overload through load shifting
strategies, enabling the simultaneous charging of aircraft fleets and the operation of ground
support services without compromising system stability [73]. However, the effectiveness of
such integrated microgrid systems remains highly dependent on advanced control architec-
tures and significant capital investment, which may limit their implementation, particularly
at small- and medium-sized airports.

In relation to Q2, electrification reveals a critical mismatch between technological
development and regulatory frameworks. Raoofi and Olcen warn that advancements in
hybrid-electric aviation are progressing faster than existing legislation, creating a signifi-
cant barrier to infrastructure deployment [71]. This regulatory lag may delay large-scale
deployment, as infrastructure development is closely tied to certification procedures and
safety approval processes. In addition to regulatory challenges, several technical limitations
must also be addressed. Battery degradation and sulfation, as analyzed by Jangir et al.,
represent key risks affecting system reliability. The application of advanced pulse charging
techniques emerges as a necessary solution to extend battery lifespan and stabilize the
performance of airport energy systems [78]. Nevertheless, long-term performance data for
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such solutions remain limited, and their effectiveness under intensive operational cycles
typical for airports is not yet fully validated.

Within the context of Q3, the discussion reveals emerging categories of safety risks that
extend beyond traditional physical hazards. Raslan et al. identify frequency fluctuations
in airport microgrids as a primary risk factor that may compromise the stability of critical
infrastructure [75]. The implementation of advanced hybrid control strategies (DOBC/FOC)
has been shown to reduce these fluctuations by more than 76%, thereby enhancing the
resilience of the smart airport ecosystem, as further emphasized by Zhou [76]. However,
the increasing complexity of interconnected systems also introduces new vulnerabilities,
particularly in the context of cascading failures and cyber—physical interactions.

From the perspective of energy storage safety, Bahrs et al. provide important insights
by proposing the use of metal hydrides as a safer alternative to conventional pressurized
storage tanks for smaller electric aircraft. Although this approach increases system weight,
its inherent safety and ability to store energy over extended periods without significant
losses are critical for emergency systems, directly influencing the safety-oriented design of
airport terminals [77]. This trade-off highlights the ongoing challenge of balancing safety,
weight constraints, and operational efficiency in next-generation energy storage systems.

Electrification also introduces positive impacts in the domain of social sustainability.
Stone and Jensen demonstrate that the electrification of aircraft towing vehicles eliminates
health risks associated with noise and emissions for both airport personnel and surrounding
communities [70]. This trend is further supported by findings from the PROSIB project
(Sollazzo et al.), which indicate that the optimization of distributed electric propulsion (DEP)
can significantly reduce noise footprints during take-off and landing phases [74]. However,
during the transitional phase toward full decarbonization, e-fuels appear to represent the
most pragmatic and operationally safe pathway. As highlighted by Hohman et al., their
compatibility with existing infrastructure minimizes the risk of operational disruptions
while enabling gradual adoption of low-emission technologies [72].

Overall, electrification represents a highly promising pathway for airport decarboniza-
tion; however, its successful implementation remains strongly conditioned by infrastructure
readiness, regulatory alignment, and the ability to manage complex energy system inter-
actions. In this context, advanced control strategies may support load balancing and
contribute to the stability of complex airport microgrid systems.

4.3. Hydrogen Implementation: Spatial and Operational Constraints

Hydrogen represents the most radical transformation in airport architecture, where
substantial environmental benefits are confronted with significant technical challenges. In
the context of Q1, the findings suggest that hydrogen appears to play a key role in decar-
bonization, not only as an aviation fuel but also as an energy source for ground support
equipment. Studies by Testa et al. and Cui et al. provide clear quantitative evidence of the
positive impact on public health, reinforcing the societal priority of this transition [92,95].
However, these benefits are primarily evaluated at a macro-environmental level, while
their practical realization within constrained airport infrastructures remains significantly
more complex.

In relation to Q2, hydrogen technologies reveal fundamental limitations of current
airport infrastructure. Although Mangold et al. demonstrate that liquid hydrogen refueling,
with flow rates reaching up to 20 kg /s, can be faster than conventional kerosene refueling,
overall airport throughput remains at risk [86]. Del Duca et al. further warn of a potential
reduction in stand capacity ranging from 5% to 16%. This decrease is driven not only by
increased aircraft dimensions but, more critically, by the extensive separation distances
required for explosion safety, as highlighted by Bihuniak and Barrett-Gonzalez. These
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findings place airports before a strategic dilemma: either undertake substantial spatial
expansion or accept a reduction in operational efficiency and capacity [83,84]. This suggests
that hydrogen integration may introduce fundamental spatial constraints that challenge its
feasibility, particularly at already capacity-constrained airports.

Within the context of Q3, hydrogen is identified as an energy carrier associated with
a high degree of uncertainty. Simulations conducted by Holborn et al. and Benson et al.
provide critical insights for airport design. Under large-scale release scenarios, hydrogen
may exhibit “heavy gas” behavior, with its dispersion strongly influenced by wind speed
and local atmospheric conditions. This implies that safety zones cannot be defined as
static parameters, but must instead be dynamically adapted to real-time meteorological
conditions at the airport [85]. It should be emphasized that these findings are highly
sensitive to model assumptions and environmental variability, indicating that current
knowledge is still largely based on theoretical simulations rather than empirical validation.

Beyond purely physical hazards, Degirmenci et al. identify the risk of a single point
of failure associated with decentralized on-site hydrogen production systems [80]. While
on-site generation enhances energy self-sufficiency, technical failures—such as cooling
system breakdowns in proton exchange membrane (PEM) electrolyzers operating under
high ambient temperatures (Allan et al.)—may lead to immediate disruption of fuel supply
and potential operational paralysis [81]. This highlights a critical systemic vulnerability,
where increased energy self-sufficiency may paradoxically lead to higher operational risk
concentration. To improve passive safety, metal hydride storage systems, as proposed by
Franke et al., offer a promising alternative by eliminating the boil-off effect. However, this
benefit comes at the cost of increased system weight and added complexity in thermal
management during hydrogen release [89]. This trade-off illustrates the broader chal-
lenge of balancing safety, system weight, and operational efficiency in hydrogen-based
aviation systems.

An important finding emerging from the discussion is the discrepancy between tech-
nological readiness and human capacity. Zhang et al. and Wiedemann et al. emphasize
that the primary risk does not lie in the technology itself, but rather in the interaction
between technical failures and the shortage of certified personnel [82,90]. This indicates
that technological maturity alone is insufficient, and that human and organizational factors
may represent a critical bottleneck in the deployment of hydrogen infrastructure. This
perspective is further reinforced by Hijazeen et al., who identify significant regulatory gaps
within current frameworks (EASA, FAA), which are not yet fully adapted to the integration
of hydrogen infrastructure into existing airport environments [97]. This regulatory gap
further increases uncertainty and may delay the standardization and large-scale adoption
of hydrogen technologies in aviation.

The synthesis of these findings reveals a clear hierarchy of safety challenges across
all analyzed energy sectors. Figure 4 provides a comprehensive quantitative overview of
the identified safety risks (Q3). This statistical representation highlights that, although
decarbonization efforts are multifaceted, current research remains predominantly focused
on managing optical interference and thermal risks associated with high-energy systems.

At the same time, this imbalance suggests that other critical dimensions, such as
system-level integration risks and human factors, remain comparatively underexplored
in the current research landscape. In this context, advanced modeling approaches may
support more advanced risk assessment of hydrogen dispersion and enable the dynamic
adaptation of safety zones under varying environmental conditions.
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Figure 4. Frequency of identified safety barriers and risks (Q3) in the reviewed literature.

4.4. Strategic Framework for Safe Decarbonization

To address the multifaceted challenges outlined in Table 5, a set of operational and
technological strategies has been proposed, as summarized in Table 6.

Table 6. Technological and Operational Mitigation Strategies.

Technology Proposed Mitigation Strategy Reference
PV Solar Implement;.m(.)n of Ann—Reﬂecth? C.oatlngs (ARC) and Toh et al., Yu Bin Zhu [29,49]
optimized tilt angles to eliminate glare.
Deployment of LiDAR sensing and Al-driven forecasting
Wind Energy (DBiLSTM/TabNet) for wake turbulence and bird Xue et al., Neupane et al. [60,68]
strike avoidance.
e Utilization of Hybrid Controllers (DOBC/FOC) and .
Electrification load-shifting strategies for grid stability. Zhou, Li et al. [76]
Hydrogen Adoption of Metal Hydrides for passive storage safety Franke et al., Holborn et al. [79,89]

and dynamic safety zones based on weather modeling.

The proposed strategic framework (Figure 5) represents the culmination of this syn-
thesis and defines three interdependent pillars essential for the safe decarbonization of
airports. In this context, a limited number of studies explored the use of advanced data-
driven approaches for wind forecasting, turbulence prediction, and real-time operational
monitoring. Although these methods demonstrate potential for improving environmental
prediction accuracy and supporting decision-making under uncertainty, their application
within airport energy systems remains relatively limited and requires further validation
under operational conditions.

In the domain of integrated microgrids, the framework reflects the identified need for
local synergy between renewable energy sources and energy-intensive processes, such as
hydrogen production and aircraft charging. Within the pillar of adaptive infrastructure de-
sign, technical constraints—such as safety zones for liquid hydrogen and the incorporation

https://doi.org/10.3390/en19122759


https://doi.org/10.3390/en19122759

Energies 2026, 19, 2759

21 of 27

of notional aircraft concepts—are integrated to address the identified limitation of reduced
stand capacity.
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Figure 5. Strategic Framework for the Transition to Safe Decarbonized Airports.

Finally, the framework emphasizes the necessity of ensuring both cyber and physical
security as a protective layer of the entire system. This includes the application of artificial
intelligence for weather prediction and operational risk forecasting, as well as the use of
advanced materials to enhance passive safety.

This proposed strategic framework underscores the necessity of a holistic approach, in
which energy-related technological innovations are not considered in isolation, but as an
integral part of a complex safety ecosystem within modern airports.

4.5. Research Gap and Future Directions

Despite the growing body of literature on airport decarbonization, several important
research gaps remain insufficiently addressed. First, current studies are largely fragmented
across individual technologies, with limited integration of photovoltaic systems, wind
energy, electrification, and hydrogen within a unified airport safety framework. As a result,
the interdependencies between these technologies and their combined effects on airport
operations remain insufficiently understood.

Second, the reviewed literature reveals a lack of standardized methodologies for link-
ing technical safety risks with spatial planning and infrastructure design. While individual
studies examine issues such as glare, wake turbulence, hydrogen dispersion, or battery
degradation, only a limited number of contributions address how these risks should be
jointly incorporated into the long-term design of airport terminals, stands, fuel farms, and
energy networks.

Third, a significant proportion of the current knowledge base relies on simulation
studies, conceptual models, or single-case analyses. Although these approaches provide
valuable insights, they do not fully capture the operational variability of real airport envi-
ronments. More empirical validation is therefore needed, particularly through longitudinal
case studies and pilot implementations at commercial airports.

Another major gap concerns the cyber-physical dimension of airport energy transition.
While the literature increasingly discusses smart microgrids, load shifting, and Al-based
prediction systems, cybersecurity risks associated with interconnected airport energy
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infrastructures remain underexplored. This is especially relevant in the context of electrified
operations and hydrogen production systems, where digital control failures may have
direct safety implications.

In the field of hydrogen integration, the literature also lacks harmonized criteria for
defining safety zones under variable meteorological and operational conditions. Existing
studies highlight that hydrogen dispersion behavior is highly dependent on wind speed,
temperature, and local infrastructure layout, yet practical guidance for adaptive airport
safety zoning remains limited.

Finally, insufficient attention has been paid to broader environmental trade-offs as-
sociated with the deployment of new energy systems. Although airport-level emissions
reductions are widely emphasized, fewer studies address upstream impacts such as the
extraction of rare materials, the environmental burden of electrolyzer production, or the
life-cycle implications of alternative storage technologies.

Future research should therefore focus on the development of integrated safety assess-
ment frameworks, real-world validation of airport energy concepts, dynamic hydrogen
zoning methodologies, and comprehensive life-cycle and cybersecurity analyses. Address-
ing these gaps will be essential for ensuring that the decarbonization of airports is not only
technologically feasible, but also operationally safe, resilient, and environmentally robust.

5. Conclusions

The presented review article provides a comprehensive synthesis of current scientific
knowledge on the transformation of airports into low-emission energy hubs. The analysis
of 78 key studies suggests that, although decarbonization technologies have reached an
advanced stage of development, their integration into the specific airport environment
introduces a unique set of technical, operational, and safety challenges.

Within the context of Q1, a high potential for synergy between on-site energy produc-
tion and emerging forms of energy consumption has been identified. The most promising
model appears to be the integration of intelligent microgrids utilizing load shifting strate-
gies, where solar and wind energy not only supply baseline building demand but also serve
as primary energy sources for hydrogen production via electrolysis and for fast-charging
infrastructure supporting electric aircraft and ground support equipment.

In relation to Q2, the findings reveal that infrastructure constraints represent the
primary barriers to transition. The results indicate that the adoption of hydrogen and
electric propulsion may lead to a reduction in stand capacity of up to 16% and requires a
fundamental redesign of airport terminals. These challenges are further exacerbated by
regulatory misalignment, where technological advancements in hybrid propulsion systems
outpace existing legislative frameworks.

Regarding Q3, it can be concluded that the safety of alternative energy systems de-
pends on dynamic risk management approaches. While solar energy is primarily associated
with glare and electromagnetic interference, wind energy and hydrogen introduce critical
risks related to wake turbulence and the extensive separation distances required to mitigate
explosion hazards. Innovative solutions, such as metal hydrides for passive hydrogen stor-
age and Al-based models for atmospheric prediction, represent key enablers for achieving
an acceptable level of risk.

The main scientific contribution of this work lies in the development of a strategic
framework demonstrating that airport decarbonization is not merely a technological substi-
tution of fuel sources, but rather requires a holistic transformation of airport design and
operational processes. The study highlights the critical role of artificial intelligence as en-
abling tools for achieving safe and resilient airport decarbonization. This study contributes
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to the field by providing an integrated, safety-oriented framework that connects energy
transition pathways with airport infrastructure design and operational risk management.

Future research should focus on the quantification of cybersecurity risks in smart
airport microgrids and on a deeper assessment of environmental trade-offs associated with
the extraction of raw materials required for emerging energy technologies.
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