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Abstract

In recent years, the growing interest in sustainable mobility solutions and innovative trans-
port systems has fostered the development of electric vertical take-off and landing aircraft
(eVTOL), which are considered among the most promising technologies within Advanced
Air Mobility. In addition to urban passenger transport, such aircraft may also represent
a valid alternative for regional and island logistics missions, where rapid connectivity and
limited infrastructure availability constitute strategic factors. In this context, the Aeolian
Islands provide a particularly relevant case study for the aerial distribution of essential
goods between the Sicilian coast and the main islands of the archipelago. The aim of this
thesis is the development and application of a mission-based energy model for the assess-
ment of the performance and operational feasibility of a multicopter eVTOL employed in
inter-island logistics missions. The model, implemented in MATLAB, divides the mission
into successive flight segments (taxi, hover, vertical take-off, climb, cruise, descent, land-
ing and final taxi), estimating for each of them the corresponding time, required power
and energy consumption. The reference aircraft adopted is the Volocopter VoloCity, se-
lected on the basis of publicly available data and for its multicopter configuration, which
is consistent with the scenario under investigation. Particular attention has been devoted
to the modelling of the electrical energy storage system, including effects related to the
available state of charge and to performance variations with ambient temperature, based
on correlations available in the technical literature. The model has also been compared
with and validated against formulations presented in reference studies within the sector.
Subsequently, the developed framework has been applied to the reference mission and to
other possible connections within the Aeolian archipelago, carrying out sensitivity analy-
ses with respect to the main operational parameters, including cruise speed, transported
payload, mission distance, number of rotors, external temperature, wind conditions and
rate of climb. The results show that the energetic feasibility of the mission depends sig-
nificantly on the combination of payload, required distance and environmental conditions.
Furthermore, specific optimal operating speeds emerge, capable of minimising the overall
energy consumption. The study therefore highlights the potential of multicopter eVTOL
aircraft for short-range island logistics applications, while also underlining the limitations
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currently imposed by battery technology and by reduced efficiency in more demanding
missions. Finally, the work provides a useful tool for future design, optimisation and op-
erational planning activities concerning eVTOL services dedicated to sustainable logistics
in island and peripheral territories.
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Abstract in lingua italiana

Negli ultimi anni, il crescente interesse verso soluzioni di mobilità sostenibile e sistemi di
trasporto innovativi ha favorito lo sviluppo dei velivoli elettrici a decollo e atterraggio ver-
ticale (eVTOL), considerati tra le tecnologie più promettenti nell’ambito della Advanced
Air Mobility. Oltre al trasporto passeggeri urbano, tali velivoli possono rappresentare
una valida alternativa anche per missioni logistiche regionali e insulari, dove la rapidità
di collegamento e la limitata disponibilità infrastrutturale costituiscono fattori strategici.
In questo contesto, il territorio delle Isole Eolie risulta particolarmente interessante come
caso studio per applicazioni di distribuzione aerea di beni di prima necessità tra la costa
siciliana e le principali isole dell’arcipelago. L’obiettivo del presente lavoro di tesi è lo
sviluppo e l’applicazione di un modello energetico mission-based per la valutazione delle
prestazioni e della fattibilità operativa di un eVTOL multicottero impiegato in missioni
logistiche inter-isola. Il modello, implementato in ambiente MATLAB, suddivide la mis-
sione in segmenti successivi di volo (taxi, hover, decollo verticale, salita, crociera, discesa,
atterraggio e taxi finale), stimando per ciascuno di essi tempi, potenze richieste ed ener-
gia consumata. Il velivolo di riferimento adottato è il Volocopter VoloCity, scelto per la
disponibilità di dati pubblici e per la configurazione multicottero coerente con lo scenario
analizzato. Particolare attenzione è stata dedicata alla modellazione del sistema di ac-
cumulo elettrico, includendo effetti legati allo stato di carica disponibile e alla variazione
delle prestazioni con la temperatura ambiente, sulla base di correlazioni presenti in let-
teratura tecnica. Il modello è stato inoltre confrontato e validato rispetto a formulazioni
presenti in studi di riferimento del settore. Successivamente, il framework sviluppato è
stato applicato alla missione di riferimento e ad altri possibili collegamenti dell’arcipelago
eoliano, conducendo analisi di sensitività rispetto ai principali parametri operativi, alcuni
dei quali velocità di crociera, payload trasportato, distanza di missione, numero di rotori,
temperatura esterna, vento e rateo di salita. I risultati mostrano come la fattibilità en-
ergetica della missione dipenda in modo significativo dalla combinazione tra carico utile,
distanza richiesta e condizioni ambientali. Emergono inoltre specifiche velocità operative
ottimali in grado di minimizzare il consumo energetico complessivo. Lo studio evidenzia
quindi il potenziale dei multicotteri eVTOL per applicazioni logistiche insulari a corto rag-
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gio, pur sottolineando i limiti attualmente imposti dalla tecnologia delle batterie e dalla
ridotta efficienza in missioni più gravose. Il lavoro fornisce infine uno strumento utile
per future attività di progettazione, ottimizzazione e pianificazione operativa di servizi
eVTOL dedicati alla logistica sostenibile in territori insulari e periferici.
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1| Introduction

1.1. Background and Motivation

The global transport sector is undergoing a profound transformation driven by the need to
reduce greenhouse gas emissions, improve energy efficiency, and develop more sustainable
mobility systems. In this context, the progressive electrification of transport has become
one of the main technological pathways for achieving international environmental targets,
particularly in sectors traditionally characterised by high fuel consumption and significant
environmental impact. Although electrification has already reached a relatively mature
stage in road transport, its application to the aeronautical sector still presents considerable
technical and operational challenges. Among the emerging solutions in this field, electric
vertical take-off and landing aircraft, commonly referred to as eVTOLs, have attracted
considerable attention from both industry and academia. These aircraft are designed to
combine the operational flexibility typical of rotary-wing aircraft, such as vertical take-
off and landing capability, with the potential advantages of electric propulsion systems,
including reduced local emissions, lower noise levels, and simplified mechanical architec-
tures. Initially conceived mainly for urban passenger transport within the framework
of Advanced Air Mobility, eVTOL platforms are now increasingly being considered for
a wider range of applications, including emergency response, medical transport, surveil-
lance, and freight logistics. In particular, logistics missions based on light electric aircraft
can offer significant advantages in geographical areas where conventional transport sys-
tems are limited by natural barriers, reduced infrastructure, or long journey times. Island
territories represent a particularly significant example of such conditions. In these con-
texts, the transport of essential goods often depends on maritime connections, which may
be affected by weather conditions, timetable constraints, and relatively slow response
times. An aerial logistics network based on eVTOL aircraft could therefore provide a
complementary solution capable of increasing flexibility, resilience, and service continuity.
The Aeolian Islands, located off the northern coast of Sicily, represent a particularly rel-
evant case study for this type of application. The archipelago includes several inhabited
islands, characterised by different population sizes, tourist flows, and levels of accessi-
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bility. Ensuring the regular and rapid distribution of urgent goods, medical supplies, or
small payloads between the mainland and the islands, or between the islands themselves,
remains a non-negligible logistical challenge. For this reason, the area offers a realistic
and meaningful scenario in which to investigate the practical potential of eVTOL-based
logistics operations. Despite the growing interest in these technologies, many current
studies remain focused on aircraft conceptual design, certification pathways, or urban
mobility scenarios. Comparatively, less attention has been devoted to mission-oriented
energy assessments in real regional contexts, where route geometry, payload requirements,
environmental conditions, and battery limitations strongly influence operational feasibil-
ity. In particular, multicopter configurations, although mechanically simple and highly
controllable, are often penalised by high power requirements in hovering and limited cruise
efficiency, making accurate energy modelling essential. Within this framework, the present
thesis arises from the need to develop a quantitative and physically consistent method-
ology capable of assessing whether current multicopter eVTOL platforms can effectively
support short-range logistics services in island environments. Rather than limiting the
analysis to nominal range claims or simplified endurance estimates, this work adopts a
mission-based approach in which each flight phase explicitly contributes to the total en-
ergy consumption. This makes it possible to identify the critical segments, the main
factors influencing performance, and the operational feasibility envelopes. The combina-
tion of technological relevance, practical applicability, and engineering complexity makes
this topic particularly suitable for academic investigation. Understanding the real energy
capabilities and operational limitations of eVTOL systems is, in fact, a necessary step
towards their realistic integration into future sustainable transport systems.

1.2. Problem Statement

Although electric vertical take-off and landing aircraft (eVTOLs) are widely recognised
as promising solutions for the sustainable mobility of the future, their actual operational
capabilities remain strongly constrained by current technological limitations, particularly
in terms of battery performance, on-board available energy, and power required during
flight. This issue becomes even more relevant in the case of multicopter configurations,
whose operational simplicity and vertical flight capability are often offset by relatively
high energy consumption, especially during hovering, take-off, landing, and low-speed
flight phases. Consequently, the practical use of multicopter eVTOLs for logistics services
cannot be assessed solely on the basis of nominal range values or manufacturers’ claims.
A real mission consists of multiple flight segments, each characterised by different power
requirements, durations, and aerodynamic conditions. The cumulative contribution of
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these phases can significantly influence the overall mission energy demand and therefore
determine the actual operational feasibility of the route. This issue is particularly impor-
tant in island and peripheral regions, where transport systems are frequently subject to
geographical constraints, dependence on weather conditions, and limited service flexibility.
In such contexts, eVTOL aircraft could provide valuable support for the rapid transport of
essential goods, urgent supplies, or small payloads. However, these potential advantages
can only be realised if the aircraft is capable of completing the required mission while sat-
isfying payload constraints, battery reserve margins, and operational safety requirements.
To date, there is a clear gap between the theoretical potential of eVTOL-based logis-
tics applications and the quantitative assessment of their actual feasibility under specific
mission conditions. Many available studies focus on aircraft design concepts, regulatory
aspects, or generic urban mobility scenarios, while less attention has been devoted to re-
alistic regional operations through detailed segment-based energy analyses. Furthermore,
publicly available information regarding actual aircraft performance, battery limitations,
and environmental sensitivity is often limited, making independent engineering assess-
ments particularly valuable. Within this framework, the central problem addressed in
this thesis lies in the absence of a robust and physically consistent methodology capable
of assessing whether a multicopter eVTOL can effectively perform short-range logistics
missions in real island environments. In particular, it is necessary to determine how mis-
sion distance, transported payload, cruise speed, ambient temperature, wind conditions,
and aircraft configuration influence total energy consumption and overall feasibility. The
case study of the Aeolian Islands clearly reflects this issue. Although the distances in-
volved may appear compatible with the nominal capabilities of modern eVTOL aircraft,
the actual feasibility of routes such as Milazzo–Vulcano depends on the combined effect
of vertical flight segments, energy reserve constraints, battery performance degradation,
and required operational margins. Without a dedicated mission-level analysis, such feasi-
bility cannot be determined reliably. Therefore, the problem investigated in this work is
not simply whether an eVTOL can fly between two locations, but rather whether it can
do so efficiently, safely, and repeatedly under realistic operating conditions. Answering
this question requires a detailed mission-based modelling approach capable of translating
aircraft characteristics and route requirements into measurable performance indicators,
such as energy demand, power peaks, state-of-charge evolution, and operational feasibility
envelopes.
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1.3. Research Objectives

The general objective of this thesis is to develop and apply a mission-based engineer-
ing framework for the assessment of the energy performance and operational feasibility
of multicopter eVTOL aircraft employed in short-range logistics missions. The work is
specifically focused on realistic inter-island transport scenarios, in which route constraints,
payload requirements, and environmental conditions play a decisive role in defining the
actual sustainability of the mission. To achieve this general aim, the first objective is
to formulate a physically consistent energy model capable of representing the main flight
phases of a mission performed by a multicopter eVTOL. Rather than relying on simplified
range estimates, the model aims to describe the contribution of each mission segment, in-
cluding taxi, hovering, vertical take-off, climb, cruise, descent, landing, and final ground
operations. This enables a more realistic estimation of the overall energy demand and the
required power peaks. A second objective concerns the implementation of the proposed
framework in a numerical environment suitable for rapid simulations and parametric stud-
ies. To this end, the model is developed in MATLAB through a modular architecture,
which allows different mission assumptions, aircraft parameters, and environmental condi-
tions to be modified efficiently. This flexibility is essential both for repeated analyses and
for possible future extensions of the model. A further objective concerns the modelling
of the on-board energy storage system. Particular attention is devoted to battery-related
constraints, including effectively usable energy, state-of-charge evolution, reserve margins,
and performance sensitivity to ambient temperature. Since battery limitations currently
represent one of the main obstacles to the widespread adoption of eVTOL aircraft, their
explicit inclusion is considered fundamental for any realistic feasibility assessment. An-
other key objective is the validation of the developed methodology through comparison
with reference formulations and mission models available in the technical literature. This
phase is necessary to verify the consistency of the implemented equations, the plausibility
of the obtained results, and the overall reliability of the framework before its application
to real operational scenarios. Once validated, the model is subsequently applied to a
practical case study concerning logistics operations in the Aeolian Islands archipelago.
In particular, the Milazzo–Vulcano route is adopted as the reference mission, together
with other possible inter-island connections. The objective of this phase is to determine
whether a multicopter eVTOL can satisfy the required transport demand while main-
taining adequate energy and operational margins. A further objective is to identify the
main parameters influencing mission feasibility through dedicated sensitivity analyses.
Cruise speed, payload mass, mission distance, number of rotors, ambient temperature,
wind conditions, and climb rate are systematically varied in order to quantify their effects
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on total energy consumption, power peaks, final state of charge, and operational feasi-
bility envelopes. Finally, the thesis aims to provide engineering insight into the practical
potential of multicopter eVTOL systems for sustainable logistics applications in island
and peripheral territories. Beyond the specific case study, the work intends to highlight
current technological limitations, operational trade-offs, and possible future developments
required for wider real-world adoption. In doing so, starting from the reference mission,
the thesis proposes a possible business model in which dedicated take-off, landing, and
charging stations for eVTOL drones could be deployed within the Aeolian archipelago,
creating an actual distribution network. In this model, the island of Lipari is considered as
the main hub, owing to its geographically favourable position for all possible inter-island
connections.

1.4. Research Methodology

The research methodology adopted in this thesis is based on a quantitative engineering
approach aimed at assessing the energy performance and operational feasibility of multi-
copter eVTOL aircraft through mission-level simulation. The methodological framework
combines physical modelling, numerical implementation, literature-based validation, and
application to a realistic transport scenario. This structure was selected in order to en-
sure both technical rigour and practical relevance. The first phase of the methodology
consists of defining the problem and identifying the main variables that influence mission
feasibility. Starting from the operational characteristics of multicopter eVTOL aircraft,
the study considers the main constraints associated with battery technology, payload
capacity, mission distance, required power, and environmental conditions. In parallel,
the logistics requirements of island territories are analysed in order to define a meaning-
ful case study in which these variables can be investigated under realistic assumptions.
The second phase concerns the development of a mission-based energy model. Rather
than treating flight as a single time-averaged process, the mission is decomposed into
successive operational segments, each characterised by specific dynamics and energy re-
quirements. For each phase, suitable analytical or semi-empirical formulations are used
to estimate the required power, duration, and energy consumption. The overall mission
energy demand is then obtained from the cumulative contribution of all segments. The
third methodological phase concerns the modelling of the aircraft and battery system. A
reference multicopter eVTOL platform is selected on the basis of publicly available data,
with the Volocopter VoloCity adopted as the representative aircraft for the present study.
Mass properties, rotor configuration, and aircraft performance parameters are translated
into model inputs. In parallel, the electric energy storage system is represented through
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parameters such as specific energy, specific power, usable energy fraction, and state-of-
charge limits. Additional correction laws are introduced to account for battery sensitivity
to ambient temperature. The fourth phase consists of the numerical implementation of
the model in MATLAB. A modular code architecture is adopted, in which the mission
segments, aircraft data, battery-related calculations, and post-processing routines are
managed through dedicated functions. This approach improves code transparency, facili-
tates debugging, and enables rapid repeated simulations as the operating assumptions are
varied. A fifth methodological phase concerns model verification and validation. Internal
verification is carried out by checking the dimensional consistency of the equations, the
continuity between mission segments, and the plausibility of intermediate outputs, such as
power levels, mission times, and state-of-charge evolution. External validation is instead
conducted through comparison with reference formulations and results available in the
technical literature, in order to ensure that the developed framework is consistent with
established engineering approaches. Once validated, the methodology is applied to the
selected case study concerning logistics operations in the Aeolian Islands. The Milazzo–
Vulcano route is considered as the reference mission, while the distribution chain starting
from the hub located on the island of Lipari is introduced subsequently. For each mission,
the main outputs considered include total energy required, power peak, mission duration,
battery margins, and feasibility indicators. The final phase of the methodology consists of
parametric and sensitivity analyses. The main operational variables, such as cruise speed,
payload mass, mission distance, number of rotors, ambient temperature, wind conditions,
and climb rate, are systematically varied. Their influence on energy consumption and
feasibility is quantified through comparative plots, operational envelopes, and analysis of
the resulting trends. Overall, the adopted methodology combines theoretical modelling
and practical assessment of the application scenario, with the aim of moving from general
performance claims regarding eVTOL aircraft towards a mission-specific, quantitative,
and data-driven evaluation.

1.5. Thesis Structure

The thesis is organised as follows.

Chapter 2 introduces the state of the art on Advanced Air Mobility, eVTOL aircraft and
electric multicopter configurations, with particular attention to their potential role in
short-range transport and island logistics.

Chapter 3 defines the case study, the reference aircraft assumptions and the Aeolian
Islands transport scenario. The Milazzo–Vulcano route is introduced as the base mission,
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while the Lipari-centred hub-and-spoke network is used to extend the analysis to inter-
island operations.

Chapter 4 presents the mission-energy modelling approach. The flight is divided into
individual segments, and the main equations used to estimate power demand, energy
consumption, battery utilisation and mission feasibility are described.

Chapter 5 reports the MATLAB implementation and validation of the numerical model
against the reference literature formulation. This step is used to verify the consistency of
the code before applying it to the selected routes.

Chapter 6 presents the nominal mission results for the Milazzo–Vulcano base case and
for the Lipari-centred inter-island network. The chapter discusses energy demand, power
requirements, battery margins and route feasibility.

Chapter 7 investigates the sensitivity of the mission performance to the main operational
and design parameters, including cruise speed, payload, distance, rotor count, rate of
climb, temperature, wind and combined parametric effects.

Chapter 8 summarises and discusses the main outcomes of the analysis, focusing on the
operational meaning of the results, the role of the eVTOL concept in the Aeolian Islands
scenario, and the main strengths and limitations of the model.

Chapter 9 introduces certification and compliance considerations, including airworthiness,
vertiport infrastructure, airspace integration and operational constraints relevant to a
possible future implementation.

Chapter 10 discusses sustainability and future developments, including a comparison with
maritime logistics in terms of operating energy cost, emissions and travel time, as well
as possible improvements in batteries, aircraft design, infrastructure and certification
maturity.

Chapter 11 concludes the thesis by summarising the main contributions, answering the
research questions and identifying the most relevant directions for future work.
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2.1. eVTOL Aircraft Categories

Electric Vertical Take-Off and Landing aircraft represent a broad class of electrically pow-
ered vehicles capable of performing vertical take-off and landing without the need for a
conventional runway. Within the wider framework of Advanced Air Mobility, several eV-
TOL architectures have been proposed, each characterised by different aerodynamic lay-
outs, propulsion arrangements and operational capabilities. The choice of configuration
has a direct impact on energy consumption, range, payload capability, noise, mechanical
complexity and mission suitability. From an engineering point of view, eVTOL concepts
can be grouped into a limited number of main categories according to the way lift is
generated during hover and cruise. Some configurations rely entirely on rotors for both
vertical and forward flight, while others combine rotor-based vertical lift with fixed-wing
aerodynamic lift during cruise. This distinction is particularly important because the
energy efficiency of an eVTOL mission depends strongly on whether the aircraft oper-
ates as a pure rotorcraft throughout the flight or transitions to wing-borne flight after
take-off. The most common eVTOL categories discussed in the literature are multicopter,
lift-and-cruise and vectored-thrust configurations. Multicopters are mechanically simpler
and highly suited to vertical operations, but generally suffer from limited cruise efficiency
and range. Lift-and-cruise aircraft introduce fixed wings and dedicated propulsion sys-
tems for forward flight, improving cruise efficiency at the cost of increased mass and
architectural complexity. Vectored-thrust concepts seek to combine vertical and forward
flight propulsion within the same propulsion units, offering potentially higher performance
but requiring more complex control and mechanical systems. Understanding the charac-
teristics, advantages and limitations of these configurations is essential for selecting a
suitable reference aircraft and for interpreting the energy performance results obtained
in this thesis. Since the present work focuses on a multicopter eVTOL applied to short-
range logistics missions, the following subsections first provide a general overview of the
main eVTOL categories and then highlight the specific features that make the multicopter
architecture relevant for the selected case study.
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2.1.1. Multicopter

Multicopter eVTOL aircraft represent one of the simplest and most direct configurations
among electrically powered vertical take-off and landing vehicles. In this architecture, lift
is generated by a set of multiple electrically driven rotors distributed around the aircraft
structure. Unlike lift-and-cruise or vectored-thrust concepts, multicopters generally do
not rely on a fixed wing to generate aerodynamic lift during cruise. As a consequence,
the aircraft remains primarily rotor-borne throughout the entire mission, including hover,
climb, cruise, descent and landing. The working principle of a multicopter is conceptually
similar to that of conventional small unmanned multirotor aircraft, but scaled to carry
passengers or useful payload. Vertical take-off and landing are achieved by producing a
total rotor thrust greater than the aircraft weight, while translational motion is obtained
by tilting the resultant thrust vector through differential rotor control or slight aircraft
attitude changes. Yaw, pitch and roll control are typically generated by varying the thrust
of individual rotors or rotor groups. This architecture eliminates the need for complex
tilting mechanisms and allows a high degree of control authority during low-speed flight
and hovering. One of the main advantages of multicopter configurations is their mechan-
ical simplicity. Since the rotors are usually fixed in orientation, the propulsion system
does not require the mechanical complexity associated with tilting wings, tilting rotors
or transition mechanisms. This can lead to simplified maintenance, improved reliability
and easier integration of redundant propulsion units. The presence of several indepen-
dent rotors also provides a natural path towards fault-tolerant design, since the aircraft
can potentially maintain controllability after the failure of one or more propulsion units,
depending on the specific configuration and control strategy. Another important advan-
tage is operational flexibility. Multicopters can take off and land vertically from compact
areas and do not require runways or long approach paths. This makes them particularly
attractive for urban mobility, emergency response and short-range logistics applications.
In island or peripheral regions, where ground and maritime infrastructures may be lim-
ited or weather-dependent, the ability to operate from small landing areas can represent
a significant practical benefit. However, the same features that make multicopters sim-
ple and flexible also impose relevant energetic limitations. Since these aircraft do not
use wings to support their weight in forward flight, the rotors must continuously provide
most of the required lift. This results in higher power consumption compared with wing-
borne configurations, especially during hover and low-speed flight. Moreover, in cruise,
the absence of a fixed wing limits the aerodynamic efficiency of the aircraft. As a re-
sult, multicopter eVTOL vehicles are generally characterised by shorter range and lower
cruise efficiency than lift-and-cruise or vectored-thrust designs. For this reason, multi-
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copter eVTOL aircraft are usually more suitable for short-range missions, where vertical
take-off and landing capability, simplicity and operational flexibility are more important
than maximum range. Typical applications include urban air taxi services, airport shut-
tle missions, medical transport, surveillance and lightweight cargo delivery. Their use
in logistics applications is particularly interesting when the payload is moderate and the
route distance remains within the energetic limits imposed by current battery technology.
Several real aircraft illustrate the multicopter approach.

The Volocopter VoloCity is one of the most representative examples of passenger mul-
ticopter eVTOL architecture. It employs 18 fixed-pitch rotors and 18 electric motors,
powered by nine rechargeable lithium-ion batteries with a battery-swapping concept in-
tended to reduce turnaround time. Its published design specifications indicate a cruise
speed of about 90 km/h, a maximum airspeed of about 100 km/h, and an expected range
of approximately 20 km including safety margins under moderate headwind conditions.
These characteristics make the VoloCity particularly relevant for short urban or regional
missions rather than long-distance transport.

Figure 2.1: Volocopter VoloCity multicopter eVTOL configuration.

Another relevant example is the EHang EH216-S, an autonomous two-seat multicopter
eVTOL developed for advanced air mobility operations. According to publicly available
specifications, the aircraft has a maximum take-off weight of about 620 kg, a range of
approximately 30 km and a maximum design speed of 130 km/h. These data confirm
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the typical operating envelope of multicopter eVTOL vehicles, which is oriented towards
short-range missions with limited endurance.

Figure 2.2: EHang EH216-S autonomous passenger multicopter eVTOL.

Smaller single-seat multicopter concepts are also present in the current eVTOL landscape.
The LIFT Aircraft HEXA, for example, is an ultralight electric multicopter designed for
personal flight, with 18 rotors and a flight endurance of approximately 15 minutes while
retaining a battery reserve. Similarly, the Jetson ONE is a compact personal eVTOL
with eight electric motors, a flight time of about 20 minutes and a top speed close to 102
km/h. Although these vehicles are not directly comparable to passenger air taxis in terms
of mission purpose or certification basis, they further demonstrate the short-endurance
nature of purely rotor-borne electric aircraft.

Overall, existing multicopter eVTOL examples show a consistent trend: the architecture
offers excellent vertical-flight capability, compact operations and mechanical simplicity,
but remains strongly constrained by battery energy density and rotor-borne cruise ineffi-
ciency. This trade-off is central to the present thesis, since the selected mission scenario
involves short-range logistics operations in the Aeolian Islands, where the feasibility of
the service depends not only on nominal aircraft range, but on the detailed energy con-
sumption accumulated across all mission segments.

For this reason, the multicopter configuration is both attractive and challenging for the
proposed application. It is attractive because it can operate without runways and can
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potentially provide fast connections between islands or between the mainland and the
archipelago. At the same time, it is challenging because the energy margins are expected
to be limited, especially when payload, environmental conditions and reserve requirements
are considered. A segment-based energy model is therefore necessary to assess whether
the mission can be performed safely and repeatedly under realistic operating assumptions.

2.1.2. Lift-and-Cruise

Lift-and-cruise eVTOL aircraft represent an intermediate configuration between pure mul-
ticopters and vectored-thrust concepts. In this architecture, the functions of vertical lift
and forward propulsion are generally assigned to separate propulsive systems. Dedicated
lift rotors are used during vertical take-off, landing and low-speed manoeuvres, while one
or more cruise propellers provide thrust during forward flight. At the same time, a fixed
wing generates most of the lift in cruise, allowing the aircraft to operate in a wing-borne
regime after the vertical phases of the mission. The main principle behind lift-and-cruise
configurations is therefore the decoupling of hover and cruise requirements. During take-
off and landing, the lift rotors provide the vertical thrust required to balance or exceed the
aircraft weight. Once sufficient forward speed is reached, the aircraft transitions to wing-
borne flight and the lift rotors are usually stopped, folded or left windmilling depending on
the specific design. In cruise, the aircraft behaves more similarly to a conventional fixed-
wing aircraft, with the wing supporting the vehicle weight and the cruise propulsor mainly
overcoming aerodynamic drag. This architecture offers important energetic advantages
compared with multicopter configurations. Since the aircraft is not required to remain
fully rotor-borne throughout the whole mission, the power required during cruise can be
significantly reduced. The lift-to-drag ratio of the wing becomes a key parameter, and the
total mission energy is less dominated by rotor-induced power than in pure multicopters.
As a result, lift-and-cruise aircraft are generally more suitable for longer routes and higher
cruise speeds, especially when the mission includes a substantial cruise segment. Another
advantage of lift-and-cruise concepts is their relative mechanical simplicity compared with
vectored-thrust aircraft. Since the lift rotors and cruise propulsors are separate, the air-
craft does not necessarily require complex tilting mechanisms to redirect thrust between
vertical and horizontal flight. This can reduce mechanical risk and simplify some aspects
of the design, even though the presence of both lift and cruise propulsion systems in-
creases the number of components and the structural integration complexity. However,
the configuration also presents relevant limitations. Dedicated lift rotors are primarily
useful only during vertical phases and may become inactive mass during cruise. This can
penalise overall aircraft efficiency, since the vehicle carries propulsion hardware that does
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not contribute to forward-flight thrust. Furthermore, stopped or exposed lift rotors can
generate aerodynamic drag if they are not properly integrated or stowed. The presence
of both wing and multiple rotor systems also increases structural mass and may compli-
cate maintenance compared with simpler multicopter layouts. From an operational point
of view, lift-and-cruise aircraft are well suited to missions where the cruise distance is
sufficiently long to compensate for the additional mass of the fixed wing and dedicated
propulsion systems. In short-range missions, the benefits of wing-borne cruise may be less
pronounced, since a significant fraction of the mission energy can still be associated with
take-off, landing and transition phases. For this reason, the suitability of lift-and-cruise
vehicles depends strongly on route length, payload, mission profile and required reserves.
Several current eVTOL projects adopt or approximate the lift-and-cruise philosophy.

Wisk Aero’s Generation 6 aircraft, for example, is a four-passenger autonomous eVTOL
designed for urban and regional air mobility. Publicly available specifications report a
cruise speed of approximately 138 mph and a range of about 90 miles including reserves,
values that are significantly higher than those typically associated with pure multicopter
aircraft. The aircraft uses a wing for efficient forward flight, while distributed rotors
provide vertical lift capability during take-off and landing.

Figure 2.3: Wisk Aero Generation 6 eVTOL, an example of a winged lift-and-cruise
architecture developed for Advanced Air Mobility operations.

Another relevant example is BETA Technologies’ ALIA aircraft family. The ALIA-250
eVTOL prototype is characterised by a high wing, four vertical lift propellers and one rear
pusher propeller for forward flight. This layout clearly illustrates the separation between
lift and cruise propulsion typical of lift-and-cruise configurations. Public data indicate
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that the aircraft is intended for passenger and cargo applications, with BETA reporting
a five-passenger capability and a propulsion system composed of four electric lift motors
and one electric cruise motor.

Figure 2.4: BETA Technologies ALIA lift-and-cruise eVTOL concept, showing separate
vertical lift propellers and a dedicated rear cruise propeller.

A further relevant example of this architectural class is the Airbus CityAirbus NextGen.
This aircraft is an all-electric, four-seat eVTOL prototype developed by Airbus for Ad-
vanced Air Mobility applications. According to Airbus, the CityAirbus NextGen is based
on a lift-and-cruise concept and is designed for an operational range of approximately 80
km and a cruise speed of 120 km/h. Its configuration includes fixed wings, a V-shaped
tail and eight electrically powered propellers arranged within a distributed propulsion
system. Airbus presented the full-scale prototype in 2024, describing it as a two-tonne
class aircraft with a wingspan of approximately 12 m. From an architectural point of
view, the CityAirbus NextGen is particularly interesting because it combines wing-borne
cruise with distributed electric propulsion while avoiding complex tilting mechanisms.
The fixed wing contributes to lift generation during forward flight, thereby reducing the
energy required in cruise compared with pure multicopter configurations. At the same
time, the distributed propulsive layout provides vertical take-off and landing capability,
making the aircraft suitable for urban and regional missions where runway-independent
operations are required. Compared with a multicopter such as the Volocopter VoloCity,
the CityAirbus NextGen represents a more range-oriented design philosophy. While the
multicopter architecture prioritises mechanical simplicity, compactness and hover con-
trol, the lift-and-cruise arrangement adopted by Airbus aims to improve cruise efficiency
through aerodynamic lift. This distinction is directly relevant to mission-energy analy-
sis: for short missions dominated by vertical flight, a multicopter may remain attractive,
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whereas for longer routes the presence of a fixed wing can significantly reduce the cruise
energy demand.

Figure 2.5: Airbus CityAirbus NextGen lift-and-cruise eVTOL concept for Advanced Air
Mobility applications.

2.1.3. Vectored Thrust

Vectored-thrust eVTOL aircraft represent one of the most advanced and performance-
oriented configurations within the Advanced Air Mobility landscape. In this architecture,
the same propulsion units are used to provide both vertical lift during take-off and landing
and forward thrust during cruise. This is typically achieved by tilting propellers, rotors,
nacelles or entire propulsion assemblies, allowing the thrust vector to be progressively
reoriented from a vertical direction to a horizontal direction during the transition phase.
The fundamental idea behind vectored-thrust configurations is to combine the vertical
flight capability of rotorcraft with the cruise efficiency of wing-borne aircraft. During
hover and vertical take-off, the propulsive system directs thrust predominantly upwards
in order to balance the aircraft weight. As forward speed increases, the thrust vector
is gradually tilted forward while the wing progressively assumes a larger fraction of the
lift generation. Once the aircraft reaches cruise conditions, the wing supports most of
the weight and the propulsion system primarily provides the thrust needed to overcome
aerodynamic drag. Compared with multicopter configurations, vectored-thrust aircraft
can achieve significantly better cruise efficiency because they are not required to remain
fully rotor-borne during forward flight. The use of a fixed wing enables a higher lift-to-drag
ratio and therefore reduces the power required in cruise. Compared with lift-and-cruise
concepts, vectored-thrust architectures may also avoid carrying a fully separate set of
lift-only rotors that become inactive during cruise. In this sense, the same propulsive
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units are used throughout the mission, potentially improving propulsion utilisation and
overall aircraft efficiency. However, these advantages are obtained at the cost of increased
mechanical, aerodynamic and control complexity. The transition from vertical to forward
flight is a critical phase in which the aircraft must remain stable while lift generation
shifts from rotors to wings. This requires accurate flight control laws, reliable actuation
systems and careful integration between propulsion, aerodynamics and flight mechanics.
Furthermore, tilting mechanisms and articulated nacelles introduce additional structural
mass, maintenance requirements and possible failure modes. The energetic performance
of vectored-thrust aircraft is therefore strongly mission-dependent. For routes with a
sufficiently long cruise segment, the improved aerodynamic efficiency can compensate
for the added system complexity and make vectored-thrust concepts highly attractive.
Conversely, for very short missions dominated by take-off, landing and transition, the
benefit of wing-borne cruise may be less pronounced. This makes mission-level modelling
essential when comparing vectored-thrust aircraft with multicopter and lift-and-cruise
configurations.

A representative example of vectored-thrust eVTOL architecture is the Joby Aviation
S4. Joby describes its aircraft as using a tilting propeller system that combines vertical
take-off capability with high-speed fixed-wing cruise. The configuration includes six elec-
tric propellers integrated with a wing and tail surfaces, enabling the aircraft to operate
vertically during take-off and landing and efficiently in wing-borne cruise. This architec-
ture is intended to provide both runway independence and improved lift-to-drag efficiency
compared with purely rotor-borne configurations.
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Figure 2.6: Joby Aviation S4 vectored-thrust eVTOL concept, featuring tilting electric
propellers for vertical take-off and efficient wing-borne cruise.

Another important example is Archer Aviation’s Midnight aircraft. Midnight is a piloted
four-passenger eVTOL designed for urban air mobility operations. The aircraft combines
wing-borne cruise with a distributed electric propulsion system and is designed to reach
speeds of up to 150 mph. Its architecture includes both lift and cruise capabilities, with
the objective of providing efficient short-range air taxi missions while maintaining vertical
take-off and landing capability.
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Figure 2.7: Archer Midnight eVTOL aircraft, an example of a winged distributed-
propulsion configuration designed for Advanced Air Mobility operations.

A further example is the Vertical Aerospace VX4, recently evolved into the Valo aircraft
family. Vertical Aerospace presents the aircraft as a four-passenger, one-pilot eVTOL
equipped with eight tilt-shift propellers, designed for a cruise speed of approximately 150
mph and a range of about 100 miles. This type of configuration illustrates the use of
tilting propulsion systems to combine vertical flight capability with efficient wing-borne
cruise.
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Figure 2.8: Vertical Aerospace Valo/VX4 eVTOL concept, based on tilt-shift propellers
to combine vertical flight capability with fixed-wing cruise efficiency.

Overall, vectored-thrust aircraft can be considered among the most energy-efficient eV-
TOL configurations for missions involving substantial cruise segments. Their ability to
exploit wing-borne lift while reusing the same propulsion units for vertical and forward
flight offers important performance advantages. Nevertheless, their higher mechanical
and control complexity represents a significant design and certification challenge. In the
context of the present thesis, vectored-thrust architectures provide a useful benchmark for
understanding the limitations of multicopter configurations. Although the selected ref-
erence aircraft is a multicopter, the comparison with vectored-thrust vehicles highlights
how cruise efficiency can be improved when lift generation is transferred from rotors to
wings. This reinforces the importance of mission segmentation and energy modelling
when evaluating the suitability of different eVTOL architectures for inter-island logistics
operations.

2.2. Energy Performance of eVTOL Vehicles
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2.2.1. General Energy Challenges in eVTOL Operations

The energy performance of electric Vertical Take-Off and Landing aircraft represents one
of the central challenges for their practical deployment. Unlike conventional aircraft,
which rely on hydrocarbon fuels with very high specific energy, eVTOL vehicles depend
on electrochemical energy storage systems whose specific energy is still significantly lower.
As a result, the available onboard energy is limited, and the balance between battery mass,
payload capability and mission range becomes a primary design constraint. This limita-
tion is particularly relevant for aircraft required to perform vertical take-off and landing.
Vertical flight demands high propulsive power because the aircraft must generate lift di-
rectly through rotor or propeller thrust rather than through aerodynamic lift produced
by a wing. Even when vertical phases are relatively short, they can strongly influence the
peak power requirement and reduce the useful energy available for the remaining parts
of the mission. For this reason, eVTOL performance cannot be assessed only in terms of
nominal range, but must also consider the power demand associated with take-off, land-
ing, hover and low-speed manoeuvres. Another important aspect is that eVTOL aircraft
are generally characterised by strict mass sensitivity. Increasing battery capacity may ex-
tend the available energy, but it also increases the aircraft weight, which in turn raises the
power required for lift generation. Similarly, increasing the payload directly affects both
energy consumption and operational margins. This creates a strong coupling between ve-
hicle mass, mission distance and battery sizing, making the energetic feasibility of a given
route highly dependent on the specific operating conditions. In addition to total energy
demand, power availability is also a critical performance factor. Some mission phases
may require short but significant power peaks, especially during vertical take-off, climb or
contingency conditions. Therefore, a mission can be limited not only by the total energy
stored in the battery, but also by the maximum power that the propulsion and battery
systems can safely deliver. This distinction between energy-limited and power-limited op-
eration is particularly important in the evaluation of electric aircraft. Environmental and
operational conditions further affect eVTOL energy performance. Wind can modify the
effective ground speed and therefore the time spent in cruise, while ambient temperature
can influence battery behaviour and available capacity. Reserve requirements and opera-
tional safety margins also reduce the portion of battery energy that can actually be used
during a mission. Consequently, the real usable range of an eVTOL aircraft may differ
significantly from ideal or nominal values. Overall, the energy challenge in eVTOL oper-
ations arises from the combination of limited battery energy density, high power demand
during vertical flight, strong mass sensitivity and the need for adequate safety margins.
These factors make mission-specific energy assessment essential when evaluating the feasi-
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bility of eVTOL applications, especially for logistics missions in which payload and route
length directly influence operational viability.

2.2.2. Influence of Aircraft Architecture on Energy Efficiency

The energy efficiency of an eVTOL aircraft is strongly influenced by its overall architec-
ture. The way in which lift and thrust are generated during the different phases of flight
determines the power required by the propulsion system and, consequently, the achievable
range, endurance and payload capability. For this reason, the comparison between mul-
ticopter, lift-and-cruise and vectored-thrust configurations is not only a matter of layout
or mechanical design, but also a fundamental aspect of energy performance. Multicopter
configurations are generally the simplest from an architectural point of view, since lift
is produced by multiple fixed rotors throughout the entire mission. This makes them
highly suitable for vertical operations and low-speed manoeuvring, but it also means that
the aircraft remains mainly rotor-borne during forward flight. As a result, the cruise
phase does not benefit significantly from wing-generated aerodynamic lift. This leads
to comparatively high energy consumption and limits the range of purely multicopter
vehicles, especially when the cruise segment becomes a large portion of the mission. Lift-
and-cruise aircraft address this limitation by introducing a fixed wing and separating the
vertical lift system from the cruise propulsion system. During forward flight, the wing
carries most of the aircraft weight, reducing the propulsive power required to remain
airborne. This generally improves cruise efficiency and enables longer routes compared
with pure multicopters. However, the presence of dedicated lift rotors that are mainly
used during take-off and landing introduces additional mass and potential aerodynamic
drag during cruise. Vectored-thrust configurations aim to further improve propulsion util-
isation by using the same propulsive units for both vertical lift and forward thrust. In
cruise, these aircraft can operate in a wing-borne condition, similarly to lift-and-cruise
concepts, but without necessarily carrying a completely separate set of lift-only rotors.
This can provide favourable energy performance for missions with substantial cruise seg-
ments. Nevertheless, the efficiency advantage is accompanied by greater mechanical and
control complexity, particularly during the transition between vertical and forward flight.
From an energy perspective, the key distinction among these architectures is the extent to
which the aircraft can transfer lift generation from rotors to wings during cruise. Purely
rotor-borne configurations tend to be more penalised in terms of range, whereas wing-
borne configurations can achieve better cruise efficiency. However, this improvement is
not free, since wings, transition systems and additional propulsion components increase
mass and design complexity. Therefore, the most suitable architecture depends strongly
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on the intended mission profile. For short missions dominated by vertical flight, hovering
or frequent take-off and landing operations, multicopters may remain attractive because
of their simplicity and operational flexibility. Conversely, for longer missions with a signif-
icant cruise portion, lift-and-cruise and vectored-thrust aircraft are generally expected to
offer better energy efficiency. This architecture-dependent behaviour is one of the reasons
why eVTOL performance must be evaluated in relation to the specific mission rather than
through generic vehicle specifications alone.

2.2.3. Energy and Power as Performance Metrics

The performance of an eVTOL aircraft is commonly described through quantities such as
range, endurance, cruise speed and payload capability. However, for electric aircraft, two
additional indicators are particularly important: the total energy required to complete a
mission and the maximum power required during the most demanding flight phases. These
two quantities are related but not equivalent, and both must be considered when assessing
operational feasibility. The total mission energy determines whether the aircraft can
complete a route within the usable capacity of its battery system, including the required
reserve margins. It is therefore directly linked to range capability and payload transport.
The maximum power requirement, on the other hand, is associated with short-duration
but critical phases such as vertical take-off, hover, climb or contingency manoeuvres.
Even if the total energy demand is acceptable, a mission may still be infeasible if the
battery and propulsion system cannot deliver the required peak power safely. For this
reason, eVTOL performance is often constrained by a combined energy–power balance.
Multicopter aircraft, for example, may experience high power demand during vertical and
low-speed phases, while longer cruise segments mainly affect the total energy consumption.
Winged configurations may reduce cruise energy demand, but still require sufficient power
for vertical flight. The relative importance of energy and power constraints therefore
depends on both aircraft architecture and mission profile. In practical mission assessment,
useful performance indicators include total energy consumption, peak power, average
power, final state of charge, energy margin and power margin. These metrics provide
a more complete description of aircraft capability than nominal range alone, especially
when payload, environmental conditions and safety reserves are included. Consequently,
energy and power metrics represent essential tools for comparing eVTOL configurations
and for evaluating their suitability for specific operational scenarios.



24 2| State of the Art

2.2.4. Reported Performance Trends of Existing eVTOL Con-

cepts

The performance values reported for eVTOL aircraft vary significantly depending on
the considered architecture, mission profile and operational assumptions. Manufacturer-
declared range values are useful to identify the intended market segment of a vehicle,
but they do not necessarily represent the achievable range under realistic operating con-
ditions. For this reason, several studies emphasise that eVTOL performance should be
interpreted together with mission-specific constraints such as hover time, wind conditions,
reserve requirements and battery capacity [18]. A common trend in the literature is that
purely rotor-borne aircraft, such as multicopters and quadcopters, are generally more
constrained in range and endurance than winged eVTOL configurations. This is mainly
due to the need to generate lift through rotor thrust during most or all phases of flight.
Michel et al. identify energy performance as one of the main limiting factors for mul-
tirotor eVTOL systems, since it directly affects flight time and range. They also report
that small multirotor systems are typically limited to flight times of the order of tens of
minutes, while prospective passenger-scale eVTOL applications would require significantly
higher energy-system performance [24]. Operational conditions can further reduce the ef-
fective range with respect to nominal values. Hagag et al. show that realistic operational
constraints may strongly penalise the achievable range of eVTOL vehicles. In particu-
lar, extended hover phases can produce a severe range reduction, while strong headwind
conditions can also significantly decrease the final achievable range. This confirms that
eVTOL performance cannot be evaluated only from ideal specifications, but must account
for external and operational factors [18]. The literature also shows that the energy de-
mand of electric rotorcraft is not only a function of distance, but also of the selected speed
and manoeuvre profile. Suwe et al. developed mission-based power profiles for different
multirotor UAV missions and showed that the highest power requirements occur during
accelerated climb manoeuvres. The same study also indicates that horizontal flight can
represent the largest share of mission energy when it occupies most of the flight time, and
that an energy-optimal horizontal speed can exist for a given aircraft mass [26]. Overall,
reported performance trends confirm that eVTOL aircraft should be evaluated through
mission-level indicators rather than isolated specifications. Range, endurance and pay-
load capability depend on the combined effect of architecture, battery performance, hover
duration, cruise efficiency, wind and operational reserves. This is particularly important
for logistics applications, where the payload-distance combination directly determines the
feasibility of the service.
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2.3. Mission-Based Modelling Approaches

The evaluation of eVTOL performance cannot rely exclusively on nominal range or en-
durance values, since these quantities are strongly dependent on the assumed mission
profile. For electric aircraft, the time spent in each flight phase and the corresponding
power demand directly affect battery discharge and operational feasibility. As a result,
several studies in the literature adopt mission-based modelling approaches, in which the
flight is represented as a sequence of distinct operational segments rather than as a single
averaged process. A typical eVTOL mission may include taxi, vertical take-off, climb,
cruise, descent, landing and, depending on the aircraft architecture, transition phases
between vertical and horizontal flight. This representation is particularly relevant be-
cause different segments have different energetic impacts. Vertical flight and hovering are
usually associated with high power demand, while cruise may dominate the total energy
consumption when it occupies most of the mission duration. Therefore, the distribution of
time and power among the mission phases can significantly influence the estimated range
and feasibility of the aircraft. Bruhl et al. propose a flight performance modelling frame-
work for air taxi operations based on the calculation of power requirements for individual
mission segments. Their work compares vectored-thrust, lift-and-cruise and multicopter
eVTOL configurations, showing that the estimated range varies considerably with air-
craft architecture and battery assumptions. In their application, the resulting ranges are
approximately 115 km for a vectored-thrust configuration, 70 km for a lift-and-cruise con-
figuration and 50 km for a multicopter configuration, highlighting the strong influence
of both architecture and mission modelling assumptions on performance assessment [2].
Mission-based approaches are therefore useful because they provide a more realistic inter-
pretation of eVTOL capabilities than isolated manufacturer specifications. They allow the
effect of operational choices, such as hover duration, cruise segment length, vertical flight
requirements and reserve margins, to be considered within the performance assessment.
At the same time, their accuracy remains dependent on the availability and reliability of
input parameters, which are often limited for aircraft still under development. Within the
state of the art, mission-based modelling can thus be regarded as a necessary intermediate
step between conceptual aircraft specifications and realistic operational assessment. This
is especially important for short-range logistics applications, where payload, route length
and vertical flight requirements may determine whether the mission is practically feasible.
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Figure 2.9: Representative mission profile of the multicopter eVTOL, including initial taxi,
take-off hover, vertical take-off, forward climb, cruise, forward descent, vertical landing,
landing hover and final taxi.

2.4. Battery Technologies for eVTOL Applications

Battery technology represents one of the most critical enabling factors for eVTOL air-
craft. In fully electric vertical flight, the battery system directly affects range, endurance,
payload capability, aircraft mass, safety margins and operational turnaround time. Unlike
conventional aircraft, where the fuel mass decreases during flight, battery-powered air-
craft carry almost the same battery mass throughout the mission. Therefore, the battery
must provide sufficient energy and power while remaining compatible with strict weight,
thermal and safety constraints [20]. Lithium-ion batteries are currently the dominant
technology for electric aircraft concepts because of their relatively high specific energy,
high power capability and technological maturity compared with other rechargeable bat-
tery chemistries. However, their performance remains significantly lower than that of
hydrocarbon fuels in terms of gravimetric energy density. This limitation is particularly
relevant for eVTOL vehicles, since vertical take-off and landing require high power while
useful range depends mainly on the available energy capacity. As a result, the same bat-
tery system must satisfy both energy and power requirements [24]. Two parameters are
especially important when assessing batteries for eVTOL applications: specific energy,
usually expressed in Wh/kg, and specific power, usually expressed in W/kg. Specific en-
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ergy determines how much energy can be stored per unit battery mass and therefore has a
direct influence on range and endurance. Specific power determines how much power can
be delivered per unit battery mass and is particularly important during vertical take-off,
landing, hover and climb phases. A battery optimised only for energy capacity may not
be able to deliver sufficient power during demanding vertical segments, while a battery
optimised for high power may penalise range because of lower energy density. The distinc-
tion between cell-level and pack-level performance is also fundamental. Values reported
at cell level are generally higher than those available at module or pack level, because
the complete battery system includes packaging, cooling, structural containment, elec-
trical connections, monitoring electronics and safety protections. Hagag et al. report
typical lithium-ion specific energy values of approximately 160–260 Wh/kg at cell level
and 150–200 Wh/kg at battery level, also noting performance losses when moving from
cell to module and system level [18]. This difference is important because aircraft-level
performance depends on the installed battery system, not on idealised cell data. Current
battery technology imposes a strong constraint on multirotor and eVTOL performance.
Michel et al. indicate that small multirotor systems are typically limited to flight times of
the order of tens of minutes, while prospective passenger-scale eVTOL applications would
require substantially higher energy-system performance. In particular, they report that
mission targets around one hour of flight time and more than 70 miles of range would
require energy densities of approximately 350–400 Wh/kg at system level, whereas cur-
rent lithium-ion technology is closer to about 150 Wh/kg at system level [24]. This gap
highlights why battery technology remains one of the main barriers to extended eVTOL
operations. Besides nominal capacity, the usable portion of the battery energy must be
considered. In practical operation, the full nominal battery capacity cannot be used,
because minimum state-of-charge limits and reserve requirements are needed for safety,
battery life and contingency management. Bruhl et al. account for this by distinguishing
between total and usable battery energy and power, including the effects of battery effi-
ciency and depth of discharge. They also refer to reserve constraints, with a remaining
state of charge used as a safety margin rather than allowing full depletion of the battery
[2]. This means that the effective energy available for a nominal mission is lower than the
theoretical installed energy. Battery behaviour is also affected by operating conditions.
Temperature can influence available capacity, internal resistance, power capability and
long-term degradation. Low temperatures generally reduce available capacity and power
delivery, while high temperatures may accelerate ageing and raise thermal management
concerns. For this reason, battery modelling for aircraft applications often requires at
least a simplified representation of temperature effects, especially when operational feasi-
bility is assessed under realistic environmental conditions. Hagag et al. explicitly identify
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temperature as a relevant factor for eVTOL range and report that cold conditions can
reduce the achievable range compared with nominal assumptions [18]. The modelling of
batteries for electric aircraft can be approached at different levels of fidelity. Horton et
al. classify battery models into electrochemical, mathematical and electrical approaches.
Electrochemical models are generally the most detailed, but require substantial infor-
mation about cell chemistry and are computationally expensive. Mathematical models
are simpler and often based on empirical relationships, while electrical equivalent-circuit
models represent the battery through components such as voltage sources, resistances and
capacitances. For conceptual aircraft design, the selected model must balance accuracy,
computational cost and availability of input data [20]. For eVTOL applications, battery
modelling is particularly important because battery dynamics are coupled with propulsion
performance. Michel et al. show that changes in battery voltage during discharge can
affect motor and propeller behaviour, reducing attainable thrust and therefore influencing
acceleration limits and achievable flight performance [24]. This confirms that the battery
should not be treated only as a static energy reservoir in high-fidelity studies, since its
electrical behaviour can influence the propulsion system throughout the mission. Overall,
the literature indicates that batteries remain one of the dominant constraints for eVTOL
feasibility. Improvements in specific energy, specific power, thermal behaviour, cycle life
and safety are necessary to expand the operational envelope of electric vertical flight. At
the same time, current battery limitations make it essential to distinguish between nom-
inal and usable energy, cell-level and pack-level data, and energy and power constraints.
These considerations are especially relevant for multicopter eVTOL vehicles, where the
combination of vertical-flight power demand and limited cruise efficiency places severe
requirements on the onboard energy storage system.

2.5. Logistics Applications of eVTOL Systems

Although eVTOL aircraft are often associated with passenger transport and urban air
taxi services, their potential field of application is broader and includes several logistics-
oriented missions. Advanced Air Mobility is increasingly described as an ecosystem not
limited to urban passenger mobility, but also including cargo delivery, public service op-
erations, airport shuttle services, emergency response and connections with underserved
or geographically constrained communities [19]. This broader perspective is particularly
relevant because the operational advantages of eVTOL aircraft are not only related to
speed, but also to their ability to operate without conventional runway infrastructure.
Logistics applications are especially attractive when the transported payload is relatively
small, time-sensitive or valuable. In this sense, eVTOL and multirotor platforms can be
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considered for the distribution of medical supplies, urgent goods, lightweight commercial
packages, spare parts and essential commodities. Studies on multirotor UAV missions
already identify delivery as one of the main civil application sectors, together with moni-
toring and event-related operations [26]. In a representative delivery mission, the aircraft
typically transports a package from an origin to a destination and may return without
payload, leading to asymmetric outbound and return energy requirements due to the dif-
ference in carried mass [26]. From an operational point of view, eVTOL logistics may
provide advantages in areas where conventional transport is limited by congestion, ge-
ography or infrastructure availability. The literature on Urban Air Mobility highlights
that eVTOL systems could support not only dense urban areas, but also peripheral and
underserved regions, where they may help bridge infrastructure gaps [19]. This aspect
is relevant for cargo and supply missions because aerial distribution can reduce depen-
dency on road or maritime links, particularly when rapid delivery or service continuity is
required. However, logistics operations impose specific constraints that differ from pas-
senger transport. Payload mass has a direct effect on total aircraft weight and therefore
on power demand, energy consumption and achievable range. For multirotor delivery
missions, Suwe et al. show that payload influences both power and energy requirements,
and that the return flight after payload delivery can require noticeably less power because
of the reduced mass [26]. This confirms that logistics feasibility cannot be evaluated only
through route distance, but must also consider payload, mission profile and return con-
ditions. Energy performance remains one of the main limiting factors for the practical
use of eVTOL and multirotor aircraft in logistics. Michel et al. identify energy perfor-
mance as a major constraint for both unmanned and manned multirotor applications,
since it determines flight time and range [24]. For delivery-oriented missions, this lim-
itation is particularly important because the aircraft must reserve part of its available
energy for vertical flight, contingency margins and possible return operations. Another
relevant aspect is the need for mission-level power and energy assessment. In logistics
applications, the most demanding phase may not coincide with the phase consuming the
largest amount of energy. For instance, multirotor power-profile studies show that acceler-
ated climb can determine the maximum power requirement, whereas horizontal flight may
dominate total energy consumption when it represents the largest portion of the mission
time [26]. Therefore, both peak power and total energy must be considered when eval-
uating the suitability of an eVTOL platform for cargo transport. In addition to aircraft
performance, the deployment of eVTOL logistics services requires suitable ground infras-
tructure and operational integration. Vertiports or landing areas must support take-off,
landing, loading, unloading, charging or battery replacement, and safe interaction with
other transport modes. In the context of UAM, airports and vertiports are expected to



30 2| State of the Art

play an important role as intermodal nodes, connecting emerging aerial mobility services
with existing transport networks [19]. For logistics applications, this infrastructure role
becomes even more important because turnaround time and charging availability directly
affect service frequency. Overall, the literature suggests that eVTOL logistics is promis-
ing but strongly mission-dependent. The most favourable applications are expected to
involve short-range routes, moderate payloads, high time sensitivity and locations where
conventional transport is inefficient or constrained. At the same time, current limitations
in battery energy density, payload capability and operational infrastructure make detailed
feasibility assessment necessary before considering real deployment. This motivates the
use of mission-based energy analysis for evaluating eVTOL logistics services in specific
geographical scenarios.

2.6. Research Gaps and Motivation for This Thesis

The literature reviewed in the previous sections shows that eVTOL aircraft are a promising
technology for future Advanced Air Mobility applications, including passenger transport,
emergency services and lightweight logistics. However, several open issues remain when
considering their practical use in realistic regional and island scenarios. In particular,
there is still a gap between the conceptual promise of eVTOL-based logistics and the
quantitative assessment of their operational feasibility under mission-specific constraints.
A first limitation concerns the frequent use of nominal aircraft specifications, such as de-
clared range, cruise speed or payload, as direct indicators of operational capability. These
values are useful for comparing aircraft concepts, but they do not necessarily represent
the actual performance achievable in a real mission. As shown by mission-based stud-
ies, eVTOL range and energy demand depend strongly on hover time, wind conditions,
reserve requirements, battery assumptions and the time distribution among the different
flight phases [2, 18]. Therefore, a more detailed mission-level assessment is required before
drawing conclusions on the feasibility of a specific route. A second gap is related to the
limited availability of detailed performance data for eVTOL aircraft. Many vehicles are
still at prototype or pre-certification stage, and public information is often incomplete
or based on manufacturer targets. This makes independent modelling particularly im-
portant. In this context, simplified but physically consistent models can provide useful
engineering insight, provided that their assumptions are clearly stated and that the results
are interpreted with appropriate caution [2]. A further limitation concerns the treatment
of multicopter eVTOL vehicles. Multicopters are attractive because of their mechanical
simplicity, vertical-flight capability and compatibility with compact landing areas. Nev-
ertheless, they are also energetically demanding, since they remain mainly rotor-borne
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during the mission. The literature identifies energy performance as a major constraint for
multirotor systems, directly affecting flight time, range and payload capability [24]. For
this reason, multicopter applications require careful assessment of energy consumption,
peak power demand and battery margins. Most existing studies focus either on generic
urban air mobility scenarios or on simplified reference missions. Less attention is devoted
to regional and insular logistics networks, where the mission is not a single isolated flight
but part of a wider distribution system. In such a context, several additional aspects be-
come relevant: the position of a central hub, the distance between islands, the availability
of peripheral vertiports or landing areas, charging or battery-swapping infrastructure,
payload demand and mission frequency. These elements make the problem not only an
aircraft-performance issue, but also an energy and network-planning problem. This thesis
is motivated by the need to bridge this gap by developing a mission-based energy model
that can be used as a first engineering tool for the assessment of eVTOL logistics opera-
tions in island environments. The objective is not only to estimate the energy required by
a single flight, but also to provide a framework that can support future evaluations of an
inter-island distribution network based on a central hub and multiple peripheral landing
or charging points. In this perspective, the Aeolian Islands represent a meaningful case
study, since they combine short-to-medium distances, logistical constraints, maritime de-
pendency and the need for rapid distribution of essential goods. The proposed approach
is therefore intended to connect vehicle-level energy modelling with future network-level
planning. By estimating total mission energy, peak power, state of charge evolution and
feasibility margins for different routes and operating conditions, the model can help iden-
tify which connections are technically feasible, which parameters most affect performance
and which infrastructure requirements may become critical. Such information is necessary
before considering more advanced optimisation of fleet size, charging strategy, vertiport
placement or service scheduling. Overall, the research gap addressed by this thesis lies in
the lack of a dedicated mission-based energy assessment for multicopter eVTOL logistics
in insular scenarios. The work aims to contribute to this field by providing a physically
coherent, modular and extendable modelling framework, applied to a realistic geograph-
ical context and capable of supporting future developments towards a complete aerial
distribution network.
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3.1. The Aeolian Islands Transport Network

The Aeolian Islands are located in the southern Tyrrhenian Sea, off the northern coast
of Sicily, and include Lipari, Vulcano, Salina, Panarea, Stromboli, Filicudi and Alicudi.
Their insular distribution makes maritime transport the primary connection mode both
with the Sicilian mainland and within the archipelago. Milazzo is one of the main main-
land gateways to the islands. Regular maritime services from this port support passenger
mobility, tourism and the supply of goods required by local communities. Within the
archipelago, Lipari plays a particularly important role because of its population, services
and central geographical position, making it a natural intermediate node for inter-island
connections. The existing transport network is based mainly on hydrofoils, fast vessels
and ferries. Hydrofoils and fast vessels provide shorter travel times and are primarily used
for passenger transport, while ferries are essential for heavier freight, vehicles and regular
supply operations. Together, these services form the backbone of mobility and logistics in
the archipelago. From the perspective of this thesis, the maritime network represents the
operational baseline rather than a system to be replaced. Ferries and hydrofoils remain
indispensable for high-capacity passenger and freight movement. The purpose of the eV-
TOL analysis is instead to investigate whether an additional aerial layer could support
selected missions in parallel with maritime operations, especially for lightweight, urgent
and time-sensitive payloads. In this context, an eVTOL service would be most relevant
as a complementary transport option. It could provide direct inter-island links or rapid
mainland-to-island delivery for specific logistics needs, while the conventional maritime
system would continue to handle the majority of passenger flows, vehicles and bulk cargo.
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Figure 3.1: Geographical overview of the Aeolian Islands and their main connection with
the Sicilian mainland.

3.2. Geographic and Logistic Constraints

The Aeolian Islands present a set of geographic and logistic constraints that make trans-
port planning intrinsically more complex than in mainland areas. The archipelago is
composed of several inhabited islands separated by sea channels, with different distances
from the Sicilian coast and from each other. This spatial distribution creates a naturally
fragmented transport system, in which mobility and goods distribution depend on a lim-
ited number of access points and scheduled maritime connections. A first constraint is
related to insularity itself. Each island requires independent supply flows for residents,
local services and tourism-related activities. Essential goods, medical supplies, main-
tenance materials and commercial products must be transported across the sea, often
through routes that are not interchangeable. As a result, the logistics of the archipelago
cannot be treated as a continuous land-based network, but rather as a set of discrete nodes
connected by maritime links. A second important aspect is the different role played by
each island. Lipari is the most populated island and acts as the main service centre of
the archipelago, while smaller islands such as Alicudi, Filicudi, Panarea and Stromboli
have more limited infrastructure and lower accessibility. Vulcano is geographically close
to the Sicilian mainland and represents one of the shortest connections from Milazzo,
whereas the more remote islands require longer travel times and more complex routing.
These differences influence both the frequency of transport services and the organisa-
tion of supply operations. The seasonal variation of demand represents another relevant
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constraint. During the summer period, tourist flows significantly increase the need for
passenger mobility, food supply, medical readiness and general logistics. In contrast, dur-
ing the low season, the resident population is smaller and transport demand is reduced,
but continuity of service remains essential. This variability makes the design of a flex-
ible distribution system particularly challenging, since the same network must support
both ordinary supply and peak-season demand. Weather and sea conditions also play a
central role in island logistics. Maritime transport may be affected by rough sea, strong
wind or reduced visibility, which can lead to delays, cancellations or reduced service fre-
quency. Even when the maritime network remains operational, adverse conditions can
increase uncertainty in delivery times. For time-sensitive goods, such as medical supplies
or urgent spare parts, this uncertainty may represent a significant operational limita-
tion. Finally, the availability of infrastructure differs considerably among the islands.
Larger islands generally have better port facilities, services and storage capacity, while
smaller islands may rely on more limited landing areas, port accessibility and logistics
support. This affects not only the movement of passengers and goods, but also the pos-
sibility of introducing alternative transport modes. Any future aerial distribution system
would therefore need to consider not only flight distance, but also the presence of suit-
able landing areas, charging infrastructure, ground handling procedures and integration
with existing maritime logistics. Overall, the Aeolian Islands represent a constrained and
heterogeneous operational environment. Their geography, seasonal demand, maritime de-
pendency and uneven infrastructure distribution make the archipelago a meaningful case
study for assessing complementary logistics solutions. These constraints justify the need
for a structured evaluation of possible aerial distribution concepts, based on realistic route
distances, payload requirements and operational margins.

3.3. Potential Role of Aerial Distribution Systems

Given the geographic and logistic constraints described above, aerial distribution systems
may represent a complementary solution for selected transport needs within the Aeo-
lian Islands. The objective would not be to replace the existing maritime network, which
remains essential for passengers, vehicles and heavy freight, but rather to support it in spe-
cific missions where speed, flexibility and reduced dependence on fixed maritime schedules
are relevant. Electric vertical take-off and landing aircraft are particularly interesting in
this context because they can operate without conventional runway infrastructure. Their
ability to take off and land vertically makes them potentially suitable for short-range
point-to-point connections between a central hub and peripheral islands, provided that
appropriate landing areas, charging systems and operational procedures are available.
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This feature is especially relevant for insular territories, where the construction of con-
ventional aviation infrastructure may be impractical, costly or environmentally invasive.
From a logistics perspective, the most suitable applications would involve lightweight and
time-sensitive cargo. Examples include medical supplies, urgent documents, small spare
parts, emergency equipment and essential goods required with short notice. These payload
categories are compatible with the limited carrying capacity of current eVTOL platforms
and can benefit more directly from reduced delivery time compared with conventional
transport modes. A further aspect concerns environmental impact. Since eVTOL air-
craft use electric propulsion, they produce no direct exhaust emissions during flight. This
may represent an advantage in environmentally sensitive territories such as small islands,
where air quality, noise exposure and landscape preservation are relevant considerations.
If the electricity used for charging were supplied partly or entirely from renewable sources,
the overall environmental benefit could be further improved. Nevertheless, the environ-
mental assessment must not be limited to local emissions: battery production, electricity
generation mix, infrastructure installation, maintenance and end-of-life management also
contribute to the total life-cycle impact of the system. Aerial distribution could also im-
prove the resilience of the transport network. In situations where maritime services are
delayed, reduced or temporarily unavailable, an eVTOL-based service could provide an
additional layer of connectivity for critical supplies. Such a system would be particularly
useful if organised around a hub-and-spoke logic, with a main hub located on the mainland
or on a central island and smaller peripheral landing or charging areas distributed across
the archipelago. However, the introduction of aerial distribution systems would require
careful technical, environmental and operational assessment. The feasibility of each route
depends on mission distance, payload mass, available battery energy, reserve require-
ments, environmental conditions and turnaround operations. In addition, infrastructure
availability, safety procedures, airspace integration, noise footprint and local acceptance
would need to be considered before any real deployment. For these reasons, the role of
aerial distribution systems in the Aeolian Islands should be interpreted as complementary
and mission-specific. Their potential value lies in providing fast, flexible and potentially
lower-emission support for selected logistics operations, while the broader maritime net-
work continues to serve as the main transport backbone. This thesis therefore focuses on
the energy feasibility of representative eVTOL missions as a preliminary step towards the
possible future development of a sustainable insular aerial distribution network.
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3.4. Selected Mission Routes

The selection of representative mission routes is a key step in translating the operational
context of the Aeolian Islands into a structured case study. Since the archipelago includes
several islands with different distances from the Sicilian mainland and from each other,
the analysis is organised into two complementary levels: a mainland-to-island base case
and an internal hub-and-spoke distribution network. The first level of analysis is repre-
sented by the Milazzo–Vulcano route, which is selected as the base case study. Milazzo
represents one of the main mainland gateways to the Aeolian Islands and is already a
relevant departure point for existing maritime connections. Vulcano, being one of the
closest islands to the Sicilian coast, represents a suitable first destination for assessing the
feasibility of a short-range eVTOL logistics mission. This route is therefore used as an
initial reference mission to evaluate energy demand, power requirements and operational
margins under realistic insular conditions. The second level of analysis extends the study
from a single route to an internal distribution concept within the Aeolian archipelago. In
this configuration, Lipari is selected as the central island hub because of its geographi-
cal position, population, services and central role within the archipelago. From Lipari,
goods can be redistributed towards the surrounding peripheral islands through shorter
inter-island eVTOL missions. The peripheral nodes considered in the hub-and-spoke net-
work are Vulcano, Salina, Panarea, Stromboli, Filicudi and Alicudi. Each of these islands
is treated as a possible destination equipped, in principle, with a suitable landing and
charging area. This network structure allows the analysis to move beyond the single
Milazzo–Vulcano mission and to evaluate whether a multicopter eVTOL could support a
broader inter-island distribution service. This distinction between the two levels of anal-
ysis is important. Milazzo is treated as the mainland logistics gateway, while Lipari is
treated as the central archipelago hub for internal redistribution. The Milazzo–Vulcano
route provides the base case for mainland-to-island operations, whereas the Lipari-based
routes provide a quantitative assessment of the feasibility of an island-to-island aerial
logistics network. The selected routes are not intended to replace the existing maritime
transport system, but to define representative missions for evaluating the role of eVTOL
aircraft as a complementary logistics solution. The quantitative analysis of both the base
case and the Lipari-centred network enables the identification of feasible routes, critical
distances and operational limits for a possible future aerial distribution system in the
Aeolian Islands.
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Table 3.1: Selected routes and operational roles for the eVTOL logistics analysis in the
Aeolian Islands.

Route / Node Operational role Use in this thesis

Milazzo–Vulcano Mainland-to-island base case Quantitative analysis

Milazzo Mainland logistics gateway Departure point for the base case

Lipari Central archipelago hub Inter-island network analysis

Lipari–Vulcano Hub-and-spoke inter-island route Quantitative analysis

Lipari–Salina Hub-and-spoke inter-island route Quantitative analysis

Lipari–Panarea Hub-and-spoke inter-island route Quantitative analysis

Lipari–Stromboli Hub-and-spoke inter-island route Quantitative analysis

Lipari–Filicudi Hub-and-spoke inter-island route Quantitative analysis

Lipari–Alicudi Hub-and-spoke inter-island route Quantitative analysis

3.4.1. Base Case Route: Milazzo–Vulcano

The Milazzo–Vulcano route is selected as the base case mission for the first level of the
analysis. This route represents a mainland-to-island connection between one of the main
Sicilian gateways to the Aeolian archipelago and one of the closest islands to the coast.
For this reason, it provides a suitable initial scenario for assessing the applicability of a
multicopter eVTOL to short-range insular logistics operations. Milazzo is considered as
the mainland logistics gateway, where goods can be collected, prepared and loaded before
departure. Vulcano is selected as the reference island destination because of its proximity
to the Sicilian coast and its role as one of the main access points to the archipelago.
The mission therefore represents a realistic first application for the aerial distribution of
lightweight and time-sensitive goods from the mainland towards the islands. The choice
of a single base case route allows the analysis to focus on a clearly defined operational
problem before extending the study to a wider inter-island network. From an engineer-
ing perspective, this is important because the feasibility of a more complex distribution
system depends first on the ability of the aircraft to complete an individual mission while
satisfying energy, power, payload and reserve constraints. In this thesis, the Milazzo–
Vulcano mission is treated as a fixed-distance route. The route distance is used as one of
the main inputs for the subsequent mission definition and energy assessment. The flight
is considered as a point-to-point logistics mission, with the aircraft departing from the
mainland gateway and reaching the island node. The detailed values of payload, cruise
altitude, cruise speed and reserve assumptions are introduced in the mission requirements
section. The Milazzo–Vulcano base case is therefore used as the first quantitative bench-
mark of the study. Its purpose is not to describe the complete future distribution system,
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but to establish a representative reference mission against which the energetic capability
of the selected eVTOL configuration can be assessed.

Table 3.2: Main characteristics of the Milazzo–Vulcano base case route.

Item Description

Route Milazzo–Vulcano

Mission type Mainland-to-island logistics connection

Origin Milazzo mainland logistics gateway

Destination Vulcano island node

Role in the thesis Base case quantitative mission

Operational purpose Initial assessment of short-range eVTOL logistics fea-
sibility

Main transported goods Lightweight and time-sensitive cargo

3.4.2. Inter-Island Connections

After the definition of the Milazzo–Vulcano base case, the analysis is extended to an
internal distribution network within the Aeolian archipelago. This second level of the
study is based on a hub-and-spoke concept, in which Lipari is selected as the central
island hub and the surrounding islands are treated as peripheral nodes. Lipari is cho-
sen as the central hub because of its geographical position within the archipelago and
its role as the main service centre among the Aeolian Islands. In the proposed eVTOL
scenario, Lipari is not only considered as a departure point for flights, but also as a lo-
cal logistics consolidation node. This means that a stock of lightweight goods, urgent
supplies or high-priority items is assumed to be already available on the island before
the inter-island eVTOL mission is activated. This assumption is important for the oper-
ational interpretation of the network. The inter-island eVTOL routes are not modelled
as direct continuations of every mainland shipment arriving from Milazzo. Instead, the
concept assumes that goods can be transported to Lipari through the existing maritime
logistics system, stored or consolidated locally, and then redistributed by eVTOL when
rapid delivery to another island is required. In this way, the aerial service acts as a fast
last-mile or middle-mile island distribution layer, rather than as a complete replacement
for maritime supply chains. The peripheral nodes considered in the network are Vul-
cano, Salina, Panarea, Stromboli, Filicudi and Alicudi. Each of these islands is assumed
to represent a potential destination for lightweight logistics operations and, in principle,
could host a suitable landing and charging area. The corresponding routes are analysed
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as individual point-to-point missions departing from Lipari. The hub-and-spoke represen-
tation is useful because it reflects a scalable distribution logic. Instead of requiring direct
eVTOL connections between every pair of islands, the distribution problem is structured
around a central stock point. Shorter routes may represent more favourable applications,
while longer routes towards the more remote islands are used to explore the operational
limits of the system and the possible need for intermediate stops or additional charging
points. In this thesis, the Lipari-centred network is treated as a quantitative extension
of the Milazzo–Vulcano base case. The mainland-to-island route provides a demanding
reference mission, while the Lipari hub-and-spoke network represents a more distributed
operational concept based on pre-positioned goods and local inter-island redistribution.
This framework connects the single route analysis with a broader logistics scenario for the
Aeolian archipelago, while preserving the complementary role of maritime transport for
bulk supply and regular stock replenishment.

Table 3.3: Routes considered in the Lipari-centred hub-and-spoke network.

Route Peripheral node Role in the analysis

Lipari–Vulcano Vulcano Quantitative inter-island route assessment

Lipari–Salina Salina Quantitative inter-island route assessment

Lipari–Panarea Panarea Quantitative inter-island route assessment

Lipari–Stromboli Stromboli Quantitative inter-island route assessment

Lipari–Filicudi Filicudi Quantitative inter-island route assessment

Lipari–Alicudi Alicudi Quantitative inter-island route assessment

3.5. Reference Aircraft Selection

The reference aircraft adopted in this thesis is based on the Volocopter multicopter design
family. In particular, the VoloCity is used as the main architectural reference because it
represents the more recent commercial eVTOL concept developed by Volocopter and is
therefore closer to the aircraft class considered in this work. However, the thesis does not
attempt to reproduce the real VoloCity aircraft in every proprietary detail.

Publicly available data for the VoloCity provide useful information about the general
configuration, such as the multicopter layout, number of rotors, payload class, battery-
swapping concept and order of magnitude of the vehicle mass. However, detailed aircraft-
level and battery-level data are not fully disclosed. For this reason, selected technical
parameters from the earlier Volocopter 2X prototype are also considered when more de-
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tailed open information is required, such as rotor geometry, mass breakdown, climb and
descent rates and battery-system architecture.

The resulting reference configuration should therefore be interpreted as a VoloCity-like
multicopter eVTOL, not as the certified or commercially intended VoloCity aircraft. This
distinction is important because the mission analysis explores routes and operating con-
ditions that may extend beyond the publicly declared operational capability of the actual
VoloCity. In particular, recent public specifications indicate an operational range of ap-
proximately 20 km when operational margins and safety constraints are included, while
earlier public material reported higher calculated range values. This highlights the differ-
ence between design-level estimates and operational range values including reserves and
constraints.

Consequently, the Milazzo–Vulcano mission is not introduced as a route that the real
VoloCity is claimed to perform directly. Instead, it is treated as an energy-critical refer-
ence case used to evaluate how a representative multicopter eVTOL configuration behaves
when applied to a demanding short-range island mission. All results obtained for routes
beyond the published operational range should therefore be interpreted as mission-level
feasibility explorations of a VoloCity-like configuration, not as statements about the cer-
tified capability of the actual aircraft.

Figure 3.2: Volocopter VoloCity multicopter eVTOL.
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Table 3.4: Comparison between Volocopter 2X and VoloCity public specifications.

Parameter Volocopter 2X VoloCity

General characteristics

Aircraft role Prototype / demonstrator Commercial air taxi concept

Aircraft category Electric multicopter VTOL Electric multicopter eVTOL

Passenger capacity 2 pax 2 seats

Certification target German ultralight / light sport multi-
copter

EASA SC-VTOL enhanced category

Mass and payload

Maximum take-off mass 450 kg ∼900–1000 kg

Operating empty weight 290 kg Not publicly specified

Maximum payload 160 kg ∼200 kg

Performance

Range 27 km at MTOM ∼20–35 km

Cruise speed 70 km/h for maximum range 90 km/h

Maximum airspeed 100 km/h 100–110 km/h

Maximum flight time 27 min at MTOM Not publicly specified

Rate of climb 3.0 m/s Not publicly specified

Rate of descent 2.5 m/s Not publicly specified

Propulsion and energy system

Motors / rotors 18 / 18 18 / 18

Battery packs 9 independent Li-ion packs 9 rechargeable battery packs

Battery replacement Quick-change plug-in system Battery swapping concept

Battery cooling Active air cooling Not publicly specified

Geometry and structure

Single rotor diameter 1.80 m ∼2.30 m

Rotor rim diameter 9.15 m, including propellers ∼11.3 m, including propellers

Overall height 2.15 m ∼2.5–2.7 m

Primary structure Fibre-composite lightweight structure Composite structure

Table 3.4 shows the rationale behind the mixed-data approach adopted in this thesis.
The VoloCity provides the most relevant conceptual reference for the target aircraft class,
while the Volocopter 2X provides more detailed public technical data useful for modelling
purposes. Whenever parameters are transferred from the Volocopter 2X or introduced
through engineering assumptions, they are explicitly defined in the model input section
and treated as approximations.

This approach allows the thesis to remain connected to a realistic eVTOL aircraft family
while preserving a transparent and reproducible modelling framework. The mission re-
quirements are therefore formulated for a representative short-range multicopter eVTOL
configuration applied to the Aeolian Islands scenario, with particular attention to logis-
tics and lightweight transport missions rather than to the direct reproduction of a specific
passenger air-taxi service.
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3.6. Mission Requirements

The definition of mission requirements is necessary to translate the selected routes into
a consistent set of inputs for the energy assessment. In this thesis, the considered mis-
sions are defined as short-range logistics operations aimed at transporting lightweight and
time-sensitive goods between selected nodes of the Aeolian Islands distribution network.
The objective is not to model passenger transport or heavy freight operations, but to
evaluate whether a multicopter eVTOL can support complementary aerial distribution
services under realistic operating assumptions. Each route is treated as a point-to-point
mission with fixed distance. The aircraft departs from the origin node, performs the
complete flight sequence and reaches the destination node, where landing and potential
recharging or battery replacement are assumed to be available in the broader network
concept. Return flights or subsequent redistribution operations can be represented as
additional point-to-point missions using the same modelling logic. A nominal logistics
payload is assigned to the mission in order to represent the transported goods, packaging
and handling equipment. This payload is treated as part of the aircraft take-off mass
and therefore directly affects the power required during vertical flight, climb and cruise.
Since payload is one of the most influential parameters for logistics applications, its ef-
fect is later investigated through dedicated sensitivity analyses. The mission profile is
represented through a sequence of flight segments, including initial taxi, take-off hover,
vertical take-off, forward climb, cruise, forward descent, vertical landing, landing hover
and final taxi. This segment-based structure allows the different energetic contributions of
vertical, horizontal and transitional phases to be considered separately while maintaining
a simple and transparent mission definition. For the nominal case, reference atmospheric
conditions and zero wind are assumed. Environmental effects are not neglected, but are
analysed separately through temperature and wind sensitivity studies. This approach
makes it possible to first define a clear baseline mission and then evaluate how external
conditions modify the energy and feasibility margins. The feasibility of each mission is
assessed with respect to both energy and power constraints. A route is considered fea-
sible only if the total mission energy remains below the usable battery energy and the
maximum required power remains below the available battery power, while maintaining
the prescribed battery reserve. These requirements provide the operational basis for the
numerical model developed in the following chapter.
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3.6.1. Operational Mission Assumptions

The analysed missions are defined as point-to-point logistics flights between selected nodes
of the Aeolian Islands distribution network. The aircraft is assumed to depart from a
prepared landing area, complete the assigned route and land at the destination node,
where ground handling and charging or battery replacement could be made available in
a future operational implementation.

The following assumptions are adopted:

• the mission is intended for lightweight cargo transport or passenger service;

• each route is analysed as an independent fixed-distance flight;

• vertical take-off and landing are required at both origin and destination;

• the aircraft operates without conventional runway infrastructure;

• the destination node is assumed to provide a suitable landing area;

• charging or battery replacement is considered as part of the future network concept,
but not explicitly sized in this chapter;

• return flights can be represented as additional point-to-point missions.

3.6.2. Route Distance Requirements

The route distance represents one of the main mission requirements because it directly
affects cruise duration and total energy demand. In this work, distances are treated as
fixed mission inputs for the energy model. The Milazzo–Vulcano route is used as the
mainland-to-island base case, while the Lipari-centred routes are used for the hub-and-
spoke network assessment.
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Table 3.5: Route distance requirements adopted for the mission analysis.

Route Distance [km] Role

Milazzo–Vulcano ≈ 37 Base case mainland-to-island mission

Lipari–Vulcano ≈ 9 Hub-to-node route

Lipari–Salina ≈ 12 Hub-to-node route

Lipari–Panarea ≈ 20 Hub-to-node route

Lipari–Stromboli ≈ 42 Hub-to-node route

Lipari–Filicudi ≈ 34 Hub-to-node route

Lipari–Alicudi ≈ 53 Hub-to-node route

The distances are evaluated as direct point-to-point route lengths between the selected
origin and destination nodes. Additional route corrections due to airspace constraints are
not included at this stage.

3.6.3. Payload and Mass Assumptions

A nominal payload is assigned to the mission in order to represent the useful load trans-
ported by the aircraft. In the present analysis, the payload is treated as a generic mission
payload, which may include lightweight goods, packaging, handling equipment, passen-
gers, or a combination of these depending on the operational scenario considered. This
choice allows the same modelling framework to be applied both to aerial distribution mis-
sions and to possible short-range passenger service applications. For the baseline case, a
nominal payload of 200 kg is adopted. This value is consistent with a two-passenger con-
figuration or, alternatively, with a compact logistics load including goods and supporting
equipment. In both cases, the payload contributes directly to the aircraft take-off mass
and therefore affects the power required during vertical flight, climb, cruise and landing.
Since payload is one of the most influential parameters in eVTOL operations, its effect is
further investigated through dedicated sensitivity analyses.
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Table 3.6: Nominal payload and mass assumptions for the reference mission.

Parameter Nominal value Description

Payload mass 200 kg Useful load for passengers,
cargo or mixed payload

Battery mass 300 kg Installed battery mass
adopted in the model

Maximum take-off mass 900 kg Reference multicopter mass
assumption

Mission type Logistics / passenger Short-range mission depend-
ing on payload use

The adopted mass values are representative modelling assumptions based on publicly
available Volocopter data and literature-based scaling. They are not intended to reproduce
a proprietary certified aircraft configuration, but to define a realistic reference multicopter
configuration suitable for mission-level energy assessment.
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3.6.4. Flight Segment Definition

The mission is represented through a sequence of operational segments. This structure
allows the different contributions of vertical flight, climb, cruise, descent and ground
operations to be identified separately in the subsequent energy model.

Table 3.7: Mission segments considered in the energy assessment.

Segment Description

Initial taxi Low-power repositioning before take-off

Take-off hover Short stabilisation phase before vertical climb

Vertical take-off Vertical climb from the departure area

Forward climb Climb to cruise altitude while covering horizontal distance

Cruise Main horizontal flight segment along the route

Forward descent Descent towards the destination while covering horizontal dis-
tance

Vertical landing Final vertical descent before touchdown

Landing hover Short stabilisation phase before landing completion

Final taxi Low-power repositioning after landing

For the multicopter configuration considered in this thesis, no explicit transition segment
is introduced, since the aircraft remains rotor-borne throughout the mission.

3.6.5. Nominal Environmental Conditions

The baseline mission is evaluated under reference environmental conditions. This choice
allows the nominal energy demand of each route to be assessed before introducing external
disturbances such as wind or temperature variation.

Table 3.8: Nominal environmental assumptions for the baseline mission.

Parameter Nominal value Description

Ambient temperature 25 ◦C Reference battery and atmosphere
condition

Wind speed 0 m/s No headwind or tailwind in the
baseline case

Air density 1.225 kg/m3 Sea-level ISA reference value

Route type Direct Point-to-point route approximation
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Temperature and wind effects are not neglected, but are investigated separately through
dedicated sensitivity analyses.

3.6.6. Feasibility Criteria

The selected missions are evaluated according to a set of feasibility criteria. These criteria
are used to determine whether a route can be completed while respecting aircraft, battery
and operational constraints.

A mission is considered feasible only if the following conditions are satisfied:

• Geometric feasibility: the route distance must be sufficient to include climb,
cruise and descent segments.

• Energy feasibility: the total mission energy must remain below the usable battery
energy.

• Power feasibility: the maximum required mission power must remain below the
available battery power.

• Reserve requirement: the final state of charge must remain compatible with the
prescribed battery reserve.

These criteria provide the operational basis for the energy model developed in the following
chapter. They also allow the results of different routes and sensitivity analyses to be
compared through consistent feasibility indicators.



49

4| Energy Model Development

4.1. General Modelling Framework

The energy model developed in this thesis is based on a mission-level, segment-based
approach. The objective of the model is to estimate the power demand, energy consump-
tion and battery utilisation of a multicopter eVTOL aircraft operating over predefined
routes in the Aeolian Islands scenario. Rather than relying on nominal range values or
average endurance estimates, the mission is decomposed into individual flight segments,
each characterised by a specific duration, power requirement and energy contribution.

The modelling philosophy follows the approach proposed by Bruhl et al. in Air Taxi
Flight Performance Modeling and Application, where the total energy consumption of an
eVTOL mission is obtained by evaluating the power required in each flight segment and
multiplying it by the corresponding segment duration [2]. This structure is particularly
suitable for electric vertical take-off and landing aircraft, since different phases of flight
may impose very different energy and power demands on the battery system.

In general form, the energy required by a generic mission segment i is calculated as:

Ei = Pi ti (4.1)

where Ei is the energy consumed in the segment, Pi is the mean power required during
the segment and ti is the segment duration. When power is expressed in watts and time
in seconds, the corresponding energy in watt-hours is obtained as:

Ei[Wh] =
Pi[W ] ti[s]

3600
(4.2)

The total mission energy is then computed as the sum of the energy contributions of all
mission segments:
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Emission =
N∑
i=1

Ei (4.3)

where N is the total number of segments considered in the mission. This formulation al-
lows the contribution of each flight phase to be evaluated separately and makes it possible
to identify the most energy-demanding portions of the mission.

In addition to total energy consumption, the model also evaluates the maximum power
required during the mission. This value is relevant because electric aircraft feasibility is
constrained not only by the total amount of energy stored in the battery, but also by the
maximum power that the battery and propulsion system can deliver safely. The peak
mission power is therefore defined as:

Pmax = max (P1, P2, ..., PN) (4.4)

The overall feasibility of a mission is assessed by comparing the required mission en-
ergy and peak power with the available battery energy and battery power. A mission is
considered energetically feasible if:

Emission ≤ Ebatt,use (4.5)

and power-feasible if:

Pmax ≤ Pbatt,max (4.6)

where Ebatt,use is the usable battery energy after accounting for efficiency and reserve
constraints, and Pbatt,max is the maximum usable battery power. These two conditions
are both required, since a mission may be limited either by total energy capacity or by
peak power availability.

The state of charge evolution is obtained by progressively subtracting the cumulative
mission energy from the available battery energy. At a generic time or segment index, the
remaining usable state of charge can be expressed as:

SOC = 100

(
1− Eused

Ebatt,use

)
(4.7)
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where Eused is the cumulative energy consumed up to that point. This quantity is used
to evaluate the remaining battery margin at the end of the mission.

For the present thesis, the general framework is adapted to a multicopter eVTOL config-
uration. Since a multicopter remains rotor-borne throughout the mission and does not
perform a conversion from vertical to wing-borne flight, no explicit transition segment is
included. This differs from lift-and-cruise or vectored-thrust eVTOL models, where tran-
sition phases are required to describe the change between vertical and horizontal flight.
The adopted mission structure is therefore simplified with respect to multi-configuration
eVTOL aircraft, but remains physically consistent with the selected reference architecture.
The implemented model receives as inputs the aircraft parameters, battery characteristics,
mission geometry and environmental conditions. It then computes the derived quantities
required for the energy assessment, including total weight, rotor disk area, disk loading,
hover power, segment durations, segment energies, total mission energy, peak power, final
state of charge and feasibility margins. The resulting framework provides a transparent
basis for comparing the Milazzo–Vulcano base case and the Lipari-centred inter-island
routes under consistent assumptions. Overall, the model is intended as a mission-level
performance tool rather than a high-fidelity aerodynamic simulation. Its purpose is to
provide an engineering estimate of the energetic feasibility of eVTOL operations in the Ae-
olian Islands scenario, while keeping the formulation simple enough to support parametric
studies and sensitivity analyses.

4.2. Segment-Based Mission Architecture

The mission architecture adopted in this thesis follows a segment-based logic. The com-
plete flight is divided into a sequence of operational phases, each characterised by a specific
duration, power requirement and energy consumption. This approach is consistent with
the modelling philosophy adopted in the reference eVTOL mission model by Bruhl and
co-authors [2], where the total mission energy is obtained by evaluating the power required
in each segment and integrating it over the corresponding time interval. For the present
work, the mission structure is adapted to a multicopter eVTOL configuration. Since the
selected aircraft does not require a dedicated transition phase between vertical and for-
ward flight, no explicit transition segment is introduced. The flight profile is therefore
represented through ground-operation, vertical-flight and forward-flight segments. The
adopted sequence consists of initial taxi, take-off hover, vertical take-off, forward climb,
cruise, forward descent, vertical landing, landing hover and final taxi. Taxi and hover
account for low-speed operations before and after the main flight. Vertical take-off and
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landing describe the near-ground vertical motion at departure and arrival. Forward climb
and forward descent allow the aircraft to reach and leave the cruise altitude while covering
part of the route distance. The cruise segment is assigned to the remaining horizontal
distance flown at the nominal cruise speed. A key aspect of the model is that the total
point-to-point distance is not assigned entirely to cruise. Part of the horizontal distance
is covered during forward climb and forward descent. Therefore, the cruise distance is
computed as:

dcruise = dmission − dclimb − ddescent (4.8)

where dmission is the total route distance, while dclimb and ddescent are the horizontal dis-
tances covered during climb and descent.

The climb time is calculated from the altitude difference between the cruise altitude and
the height reached after vertical take-off:

tclimb =
hcruise − hVTO

RoCclimb

(4.9)

and the corresponding horizontal distance is:

dclimb = Vclimb tclimb (4.10)

Similarly, the descent time is:

tdescent =
hcruise − hVLAND

RoDdescent

(4.11)

with horizontal descent distance:

ddescent = Vdescent tdescent (4.12)

Before computing the energy balance, the selected flight profile must satisfy the geometric
condition:

dmission > dclimb + ddescent (4.13)

If this condition is not satisfied, the cruise distance becomes zero or negative, meaning
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that the prescribed climb, cruise and descent structure is not compatible with the route
length. This check is particularly relevant for short inter-island missions, where climb and
descent can represent a significant portion of the total horizontal distance.

Table 4.1: Segment-based mission architecture adopted for the multicopter eVTOL model.

Segment Physical meaning Main output

Initial taxi Low-power repositioning before
take-off

Energy and time

Take-off hover Stabilisation before vertical climb Hover energy and power

Vertical take-off Vertical climb from the departure
area

Take-off energy and power

Forward climb Climb to cruise altitude while
covering horizontal distance

Climb time, distance and energy

Cruise Main horizontal segment at
nearly constant altitude

Cruise energy and duration

Forward descent Descent to destination while cov-
ering horizontal distance

Descent time, distance and en-
ergy

Vertical landing Final vertical descent before
touchdown

Landing energy and power

Landing hover Stabilisation before landing com-
pletion

Hover energy and power

Final taxi Low-power repositioning after
landing

Energy and time

This mission architecture provides a consistent basis for the subsequent power and energy
calculations. Each segment is treated independently, but the total mission performance
is obtained by combining all segment contributions into a single energy and feasibility
assessment.

4.3. Hover Energy Model

Hovering flight is one of the most characteristic and energy-demanding operating condi-
tions for a multicopter eVTOL. During hover, the aircraft maintains approximately zero
translational speed and the rotor system must generate a total thrust equal to the air-
craft weight. Since no fixed wing is present, the entire lift requirement is provided by the
rotors. For this reason, the hover power represents a fundamental reference quantity for
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the modelling of vertical take-off, landing and low-speed stabilisation phases.

The hover model adopted in this thesis is based on momentum theory and follows the
same general formulation used in the reference air taxi performance model by Bruhl et
al. [2]. The total aircraft weight is defined as:

W = mTOg (4.14)

where mTO is the take-off mass and g is the gravitational acceleration.

For a multicopter with nrotor rotors, each with radius Rrotor, the total rotor disk area is:

AR = nrotorπR
2
rotor (4.15)

The corresponding disk loading is then:

DL =
W

AR

(4.16)

Disk loading is an important parameter because it relates the aircraft weight to the total
rotor area available for generating lift. A lower disk loading generally reduces the induced
velocity required in hover and therefore decreases the ideal hover power. Conversely, a
higher disk loading leads to higher induced power and lower hover efficiency.

Under ideal actuator disk theory, the induced velocity in hover is given by:

vh =

√
W

2ρAR

(4.17)

where ρ is the air density. The ideal induced hover power is therefore:

Ph,ideal = Wvh (4.18)

Substituting Eq. (4.17) into Eq. (4.18), the ideal hover power becomes:

Ph,ideal = W

√
W

2ρAR

(4.19)

or, equivalently, using the disk loading definition:
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Ph,ideal = W

√
DL

2ρ
(4.20)

In real operating conditions, additional losses are present due to non-ideal rotor behaviour,
blade profile drag, inflow non-uniformity, motor losses and propulsive inefficiencies. These
effects are included through an overall hover efficiency factor ηhover. The required hover
power is therefore expressed as:

Phover =
W

ηhover

√
DL

2ρ
(4.21)

This formulation is particularly suitable for preliminary mission-level energy modelling
because it captures the dominant dependence of hover power on aircraft weight, rotor
disk area and air density while keeping the model sufficiently compact for parametric
analysis.

The hover energy associated with a hover segment of duration thover is calculated as:

Ehover =
Phoverthover

3600
(4.22)

where Phover is expressed in watts, thover in seconds and Ehover in watt-hours.

In the mission architecture adopted in this thesis, the hover model is used for the short
stabilisation phases before vertical take-off and before landing. These phases are included
to represent the time required for aircraft stabilisation, control checks, clearance or final
positioning near the landing area. Although their duration is limited, hover segments
may contribute noticeably to total energy consumption because the required power is
high compared with other low-speed operations.

For the multicopter configuration considered here, hover power is also a useful reference
for interpreting vertical take-off and landing power. Since the aircraft remains rotor-borne
throughout the mission, the hover model provides the baseline from which vertical climb
and descent power are derived in the following sections.
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Table 4.2: Main quantities used in the hover energy model.

Symbol Unit Description

W N Aircraft weight

mTO kg Take-off mass

AR m2 Total rotor disc area

DL N/m2 Disc loading

ρ kg/m3 Air density

vh m/s Induced velocity in hover

ηhover – Hover efficiency factor

Phover W Required hover power

Ehover Wh Hover segment energy

4.4. Vertical Take-Off and Landing Model

Vertical take-off and landing are fundamental phases of an eVTOL multicopter mission.
During these segments, the aircraft performs primarily vertical motion while remaining
supported by rotor thrust. Since the selected aircraft configuration does not rely on fixed-
wing lift, the vertical phases are directly related to the hover model introduced in the
previous section.

The formulation adopted in this thesis follows the approach used by Bruhl et al. for
eVTOL air taxi performance modelling, in which vertical take-off and landing power
are derived from hover power and corrected for the imposed vertical speed [2]. This is
consistent with the multicopter architecture considered in the present work, where vertical
flight is performed through the same rotor system used for hovering.

4.4.1. Vertical Take-Off

During vertical take-off, the aircraft climbs from the departure landing area to a prescribed
height before starting the forward climb phase. The required power is larger than pure
hover power because the aircraft must not only balance its weight, but also generate an
upward rate of climb.

The vertical take-off power is expressed as:
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PVTO = Phover

RoCVTO

2vh
+

√(
RoCVTO

2vh

)2

+ 1

 (4.23)

where Phover is the hover power, RoCVTO is the vertical rate of climb during take-off and
vh is the induced velocity in hover.

The duration of the vertical take-off segment is calculated as:

tVTO =
hVTO

RoCVTO

(4.24)

where hVTO is the vertical height reached before the forward climb begins. The corre-
sponding energy consumption is:

EVTO =
PVTOtVTO

3600
(4.25)

with PVTO expressed in watts, tVTO in seconds and EVTO in watt-hours.

This formulation shows that the take-off power increases with the prescribed vertical climb
rate. Therefore, a faster vertical take-off reduces the segment duration but increases the
instantaneous power demand. This trade-off is relevant for battery power sizing and for
the assessment of peak power requirements.

4.4.2. Vertical Landing

The vertical landing segment describes the final descent from a prescribed height above
the destination area to touchdown. In principle, vertical descent power can also be derived
from momentum theory. However, rotorcraft descent is more complex than vertical climb
because some descent rates may lead to vortex ring state, where the flow through the
rotor becomes highly disturbed.

Following the reference modelling approach, the vertical landing power is written as:

PVL = Phover

[
RoDVL

vh
+

vi
vh

]
(4.26)

where RoDVL is the vertical rate of descent and vi is the induced velocity during vertical
descent. In the sign convention adopted here, RoDVL is negative for descending flight.

For descent rates outside the vortex ring state region, analytical momentum-theory expres-
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sions may be used. However, for the low descent rates typically associated with passenger
comfort and controlled landing operations, the aircraft may operate in the region:

−2 ≤ RoDVL

vh
≤ 0 (4.27)

In this region, the induced velocity ratio is approximated through the empirical polynomial
adopted in the reference paper:

vi
vh

= k + k1

(
RoDVL

vh

)
+ k2

(
RoDVL

vh

)2

+ k3

(
RoDVL

vh

)3

+ k4

(
RoDVL

vh

)4

(4.28)

with:

k = 0.974, k1 = −1.125, k2 = −1.372, k3 = −1.718, k4 = −0.655

(4.29)

The vertical landing duration is computed as:

tVL =
hVL

|RoDVL|
(4.30)

where hVL is the height from which the final vertical landing segment begins. The landing
energy is then:

EVL =
PVLtVL

3600
(4.31)

In the implemented model, vertical landing is treated consistently with the paper-based
formulation. The use of the empirical induced-velocity approximation avoids applying a
simple momentum-theory expression in a region where the flow can become physically
complex. This is important because the descent rates adopted for a controlled eVTOL
landing are usually moderate and may fall within the vortex ring state range.

4.4.3. Implementation in the Mission Model

In the mission architecture adopted in this thesis, vertical take-off and landing are treated
as separate segments from hover and forward climb/descent. This distinction is useful
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because each phase has a different physical meaning:

• hover segments represent short stabilisation or positioning phases;

• vertical take-off represents the initial upward climb near the departure area;

• vertical landing represents the final controlled descent near the destination area.

The outputs of the vertical take-off and landing model are the segment power, dura-
tion and energy. These quantities are then included in the total mission energy balance
together with the contributions from taxi, hover, climb, cruise and descent.

Table 4.3: Main quantities used in the vertical take-off and landing model.

Symbol Unit Description

Phover W Reference hover power

vh m/s Hover induced velocity

RoCVTO m/s Vertical take-off rate of climb

RoDVL m/s Vertical landing rate of descent

hVTO m Vertical take-off height

hVL m Vertical landing height

tVTO s Vertical take-off duration

tVL s Vertical landing duration

PVTO W Vertical take-off power

PVL W Vertical landing power

EVTO Wh Vertical take-off energy

EVL Wh Vertical landing energy

Overall, the vertical take-off and landing model preserves the structure of the reference
air taxi performance formulation while adapting it to the selected multicopter mission
architecture. These phases are particularly important for the power feasibility assessment,
since they can contribute significantly to the peak power demand even when their duration
is relatively short.

4.4.4. Forward Climb and Forward Descent

After the vertical take-off phase, the aircraft performs a forward climb segment in order
to reach the prescribed cruise altitude while also covering part of the route distance.
Similarly, before the final vertical landing phase, the aircraft performs a forward descent
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segment from cruise altitude towards the destination area. These phases are necessary to
connect the purely vertical portions of the mission with the main cruise segment.

In the adopted segment-based model, climb and descent are treated both from a kinematic
and energetic point of view. Their kinematic role is important because part of the total
route distance is covered before and after cruise. Therefore, the cruise distance is not
assumed equal to the total mission distance, but is obtained as the residual distance after
subtracting the horizontal distance covered during climb and descent.

The altitude increment covered during forward climb is defined as:

∆hclimb = hcruise − hVTO (4.32)

where hcruise is the selected cruise altitude and hVTO is the altitude reached after vertical
take-off. Assuming a constant rate of climb, the climb time is:

tclimb =
∆hclimb

RoCclimb

(4.33)

and the horizontal distance covered during climb is:

dclimb = Vclimbtclimb (4.34)

where Vclimb is the forward climb speed.

Following the simplified force-balance approach adopted in the reference air taxi perfor-
mance model, the climb power is estimated as:

Pclimb =
W

ηclimb

(
RoCclimb +

Vclimb

(L/D)climb

)
(4.35)

where W is the aircraft weight, ηclimb is the climb efficiency and (L/D)climb is the lift-to-
drag ratio adopted for the climb condition. The first term represents the power associated
with altitude gain, while the second term accounts for the power required to overcome
aerodynamic drag during forward motion.

The climb energy is then:

Eclimb =
Pclimbtclimb

3600
(4.36)
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with Pclimb in watts, tclimb in seconds and Eclimb in watt-hours.

The forward descent segment is treated in an analogous way from the kinematic point of
view. The altitude variation during descent is:

∆hdesc = hcruise − hVL (4.37)

where hVL is the altitude at which the final vertical landing segment begins. Assuming a
constant rate of descent, expressed here as a positive magnitude, the descent time is:

tdesc =
∆hdesc

RoDdesc

(4.38)

and the horizontal distance covered during descent is:

ddesc = Vdesctdesc (4.39)

where Vdesc is the forward descent speed.

For the descent power, the model follows the conservative logic adopted in the reference
formulation, where detailed descent performance is not modelled through an indepen-
dent aerodynamic descent law. Instead, the forward descent is treated consistently with
forward-flight power requirements, without assuming energy recovery or glide benefits.
This is appropriate for a multicopter eVTOL, since the aircraft remains powered and
rotor-borne throughout the mission.

The descent power is therefore written as:

Pdesc =
WVdesc

ηdesc(L/D)desc
(4.40)

and the descent energy is:

Edesc =
Pdesctdesc
3600

(4.41)

The climb and descent distances are then used to determine the remaining cruise distance:

dcruise = dmission − dclimb − ddesc (4.42)
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A geometric feasibility condition is imposed to ensure that the selected mission profile is
compatible with the assigned route distance:

dcruise > 0 (4.43)

or equivalently:

dmission > dclimb + ddesc (4.44)

If this condition is not satisfied, the prescribed climb and descent phases occupy the entire
route length and no cruise segment remains. This check is particularly relevant for short
inter-island routes, where the combination of cruise altitude, climb rate, descent rate and
forward speeds can significantly affect the available cruise distance.

Table 4.4: Main quantities used for forward climb and descent modelling.

Symbol Unit Description

hcruise m Cruise altitude

hVTO m Altitude after vertical take-off

hVL m Altitude before vertical landing

RoCclimb m/s Forward-climb rate of climb

RoDdesc m/s Forward-descent rate of descent

Vclimb m/s Forward climb speed

Vdesc m/s Forward descent speed

dclimb m Horizontal climb distance

ddesc m Horizontal descent distance

dcruise m Residual cruise distance

Pclimb W Required climb power

Pdesc W Required descent power

Eclimb Wh Forward climb energy

Edesc Wh Forward descent energy

4.5. Cruise Power Model

The cruise segment represents the main horizontal flight phase of the mission. After the
aircraft has completed vertical take-off and forward climb, it flies the remaining route
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distance at approximately constant altitude and nominal cruise speed. For the routes
considered in this thesis, the cruise segment usually represents a significant portion of
the total mission distance and can therefore have a major influence on the total energy
demand.

The cruise power model adopted in this work follows the simplified formulation used
in the reference air taxi performance model by Bruhl et al. [2]. In cruise, the required
propulsive power is obtained from the product of thrust and flight speed, corrected by the
cruise propulsive efficiency. Under steady forward-flight conditions, thrust is assumed to
balance drag:

Tcruise = Dcruise (4.45)

The aerodynamic drag is expressed through the aircraft weight and the equivalent lift-to-
drag ratio:

Dcruise =
W

(L/D)cruise
(4.46)

where W is the aircraft weight and (L/D)cruise is the lift-to-drag ratio adopted for the
cruise condition.

The cruise power is therefore written as:

Pcruise =
TcruiseVcruise

ηcruise
=

WVcruise

ηcruise(L/D)cruise
(4.47)

where Vcruise is the cruise speed and ηcruise is the cruise propulsive efficiency.

For winged eVTOL configurations, the lift-to-drag ratio represents the aerodynamic ef-
ficiency associated with wing-borne cruise. In the present thesis, however, the selected
reference aircraft is a multicopter. Therefore, (L/D)cruise must be interpreted as an equiv-
alent forward-flight efficiency parameter rather than as the aerodynamic efficiency of a
conventional fixed-wing aircraft. This distinction is important because the multicopter
remains primarily rotor-borne during the mission and does not benefit from an efficient
wing in cruise. As a consequence, the adopted cruise efficiency is lower than that of
lift-and-cruise or vectored-thrust architectures.

The cruise distance is not assumed equal to the total route distance. As described in the
mission architecture, part of the horizontal distance is already covered during forward
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climb and forward descent. The remaining cruise distance is computed as:

dcruise = dmission − dclimb − ddesc (4.48)

The cruise time is then obtained from:

tcruise =
dcruise
Vcruise

(4.49)

and the corresponding cruise energy is:

Ecruise =
Pcruisetcruise

3600
(4.50)

where Pcruise is expressed in watts, tcruise in seconds and Ecruise in watt-hours.

In the nominal mission analysis, the cruise speed is treated as a fixed input parameter.
This allows the Milazzo–Vulcano base case and the Lipari-centred network routes to be
compared under consistent operating assumptions. The effect of varying cruise speed is
instead investigated separately through dedicated sensitivity analysis, since cruise speed
influences both the instantaneous power demand and the time spent in the cruise segment.

In the baseline case, wind is not included and the cruise speed is assumed to coincide with
the ground speed. When wind effects are considered, the distinction between airspeed
and ground speed becomes relevant. In that case, the aerodynamic power depends on the
airspeed, while the cruise duration depends on the ground speed along the route. This
extension is introduced in the wind sensitivity analysis rather than in the nominal cruise
model.

The cruise model adopted here is intentionally compact and consistent with the reference
paper. It does not aim to reproduce the full aerodynamic and rotorcraft performance
behaviour of a multicopter in forward flight, but provides a transparent mission-level esti-
mate suitable for route feasibility assessment. This choice is appropriate for the objective
of the thesis, where the main focus is the comparison of route energy demand, battery
utilisation and feasibility margins rather than high-fidelity aerodynamic simulation.
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Table 4.5: Main quantities used in the cruise power model.

Symbol Unit Description

W N Aircraft weight

Vcruise m/s Nominal cruise speed

(L/D)cruise – Equivalent cruise lift-to-drag ratio

ηcruise – Cruise propulsive efficiency

dmission m Total route distance

dclimb m Horizontal climb distance

ddesc m Horizontal descent distance

dcruise m Remaining cruise distance

tcruise s Cruise duration

Pcruise W Required cruise power

Ecruise Wh Cruise energy consumption

It is important to note that the simplified cruise model in Eq. (4.47) is not intended to
predict an energy-optimal cruise speed by itself. Since the equivalent lift-to-drag ratio
and cruise efficiency are treated as fixed parameters, the formulation provides a paper-
consistent estimate of cruise power for a prescribed operating speed, but it does not
reproduce the complete speed-dependent behaviour of a rotorcraft in forward flight. In
particular, it cannot fully capture the trade-off between low-speed inefficiency, induced
power effects and high-speed drag penalties. For this reason, the cruise speed optimisation
analysis presented later in the thesis is performed using a dedicated speed-dependent
model. That analysis is introduced as a sensitivity and optimisation extension, separate
from the baseline mission model. The baseline model is instead used to evaluate route
feasibility under fixed and consistent mission assumptions derived from the reference air
taxi performance framework.

4.6. Battery Energy Model

The battery model represents the link between the aircraft energy demand and the actual
feasibility of the mission. Since the selected eVTOL configuration is fully electric, all flight
phases are powered by the onboard battery system. Therefore, the battery must provide
both the total energy required to complete the route and the peak power required during
the most demanding mission segments.

The battery modelling approach adopted in this thesis follows the simplified mission-level
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treatment used by Bruhl et al. [2]. In this framework, the battery is not represented
through a detailed electrochemical model, but through a set of aircraft-level parameters
suitable for preliminary performance assessment. The main quantities are the battery
mass, the specific energy, the specific power, the battery efficiency and the usable depth
of discharge.

The nominal installed battery energy is computed as:

Ebatt,nom = E∗Mbatt (4.51)

where E∗ is the battery specific energy and Mbatt is the installed battery mass. If E∗ is
expressed in Wh/kg and Mbatt in kg, the resulting energy is obtained in Wh.

However, the full nominal battery energy cannot be used during a real mission. Part of the
energy is unavailable because of electrical losses, reserve requirements and battery pro-
tection limits. Following the reference formulation, the usable battery energy is therefore
expressed as:

Ebatt,use = E∗Mbatt ηbattDoD (4.52)

where ηbatt is the battery efficiency and DoD is the usable depth of discharge. The DoD

term accounts for the fact that the battery should not be fully depleted during nominal
operation. Equivalently, a final reserve state of charge is preserved to avoid operating
close to the battery floor.

In the same way, the nominal battery power capability is calculated from the specific
power:

Pbatt,nom = P ∗Mbatt (4.53)

where P ∗ is the battery specific power. The usable battery power is then defined as:

Pbatt,max = P ∗Mbatt ηbattDoD (4.54)

This expression is consistent with the simplified aircraft-level treatment used in the ref-
erence model, where battery efficiency and usable operating range are applied to both
available energy and available power. In a higher-fidelity model, power capability would
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depend more explicitly on state of charge, temperature, C-rate and voltage limits; how-
ever, these effects require detailed proprietary battery data and are therefore not included
in the baseline formulation.

The total mission energy obtained from the segment-based model is compared with the
usable battery energy. The energy margin is defined as:

∆Emargin = Ebatt,use − Emission (4.55)

where Emission is the total energy required by the complete mission. A positive value of
∆Emargin indicates that the mission can be completed within the available usable battery
energy, while a negative value indicates an energy-infeasible mission.

Similarly, the power margin is defined as:

∆Pmargin = Pbatt,max − Pmax (4.56)

where Pmax is the maximum power required among all mission segments. This quantity
is important because an eVTOL mission may be energetically feasible but still infeasible
from a power-delivery perspective if the battery cannot provide the required peak power.

The final usable state of charge is computed from the remaining usable battery energy at
the end of the mission:

SOCfinal,use = 100

(
Ebatt,use − Emission

Ebatt,use

)
(4.57)

This value represents the remaining fraction of the usable energy window. In the imple-
mented model, it is used as an immediate indicator of the residual mission margin. If
SOCfinal,use becomes negative, the mission requires more energy than the usable battery
capacity and is therefore not feasible.

A physical state of charge can also be defined with respect to the total available physical
battery energy after efficiency losses but before applying the usable depth-of-discharge
constraint:

Ebatt,phys = E∗Mbatt ηbatt (4.58)

and:
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SOCfinal,phys = 100

(
Ebatt,phys − Emission

Ebatt,phys

)
(4.59)

The distinction between usable and physical state of charge is useful because the usable
SOC describes the mission margin within the allowed operating window, whereas the
physical SOC provides an indication of the remaining energy with respect to the total
effective battery capacity.

The feasibility logic adopted in the model is therefore based on two main conditions:

Emission ≤ Ebatt,use (4.60)

Pmax ≤ Pbatt,max (4.61)

Both conditions must be satisfied for the mission to be considered feasible. The first
condition checks the total energy balance, while the second verifies that the battery and
propulsion system can sustain the highest power demand occurring during the mission.

The baseline battery model is intentionally simple and transparent. It is suitable for
mission-level feasibility assessment because it captures the main sizing variables affecting
eVTOL performance: battery mass, specific energy, specific power, efficiency and reserve
fraction. More detailed effects, such as temperature-dependent capacity reduction, in-
ternal resistance variation, ageing and degradation, are treated as model extensions and
sensitivity analyses rather than as part of the nominal battery formulation.
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Table 4.6: Main quantities used in the battery energy model.

Symbol Unit Description

Mbatt kg Installed battery mass

E∗ Wh/kg Battery specific energy

P ∗ W/kg Battery specific power

ηbatt – Battery efficiency factor

DoD – Usable depth of discharge

Ebatt,nom Wh Nominal installed battery energy

Ebatt,use Wh Usable battery energy

Pbatt,max W Maximum usable battery power

Emission Wh Total mission energy demand

Pmax W Maximum mission power demand

∆Emargin Wh Energy margin after mission

∆Pmargin W Power margin at peak demand

SOCfinal,use % Final usable SOC

SOCfinal,phys % Final physical SOC

4.7. Temperature Effects on Battery Performance

Battery performance is strongly influenced by operating temperature. For an eVTOL
aircraft, this effect is relevant because the battery system determines both the available
energy for completing the mission and the available power for the most demanding flight
phases. In the baseline model presented in the previous sections, the battery is represented
through nominal values of specific energy, specific power, efficiency and usable depth
of discharge. However, these values are generally referred to standard or near-optimal
temperature conditions and may not remain constant when the aircraft operates in colder
or hotter environments.

The reference air taxi performance model adopted as the basis for this thesis does not
explicitly include temperature effects in the battery model. In fact, Bruhl et al. state that
the influence of temperature on range is not considered in their application, although they
recognise that temperature should affect battery behaviour and therefore the achievable
range [2]. For this reason, the present work introduces a temperature-dependent extension
of the battery model, while keeping the main mission-energy formulation consistent with
the reference paper.
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The aim of this extension is not to develop a detailed electrochemical battery model, but to
include the dominant temperature effect at mission level. In particular, the model corrects
the available battery capacity and, optionally, the available battery power as functions of
ambient temperature. This approach is suitable for preliminary eVTOL feasibility studies
because it preserves the simplicity of the mission-based model while accounting for a
physically meaningful battery limitation.

4.7.1. Capacity Correction Factor

The primary temperature effect considered in this thesis is the variation of available
battery capacity with temperature. Experimental and modelling studies show that the
discharge capacity of lithium-ion batteries generally decreases at low temperature and may
increase slightly around moderate warm conditions, before high-temperature operation
becomes critical mainly from an ageing and safety perspective.

Johnson et al. at NREL tested high-power lithium-ion cells and observed that capacity
varies with temperature: at 0◦C the measured capacity was approximately 15% lower
than the ambient value, while at 40◦C it increased by approximately 6% with respect
to ambient conditions [22]. The same study also reports that open-circuit voltage does
not vary strongly between ambient and 40◦C, whereas low-temperature behaviour differs
because of the reduction in available capacity [22].

A further NREL study on field-aged lithium-ion battery systems expresses the tempera-
ture dependence of battery capacity through an empirical relation implemented in battery
performance and lifetime models [3]. The capacity at temperature T can be represented
as:

Q0(T ) = Q0,r exp

[
−E1

kB

(
1

T
− 1

T0

)
−
(
E2

kB

)2(
1

T
− 1

T0

)2
]

(4.62)

where Q0(T ) is the temperature-dependent capacity, Q0,r is the reference capacity, T

is the battery temperature in kelvin, T0 is the reference temperature, kB is the Boltz-
mann constant, and E1, E2 are empirical coefficients. This expression is used here as the
mathematical basis for defining a normalised capacity correction factor.

The capacity correction factor is defined as:

kQ(T ) =
Q0(T )

Q0(Tref)
(4.63)
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where Tref is the reference temperature adopted for the nominal battery model. In this
thesis, the reference temperature is taken as:

Tref = 25◦C (4.64)

which is a standard reference value for battery characterisation and performance compar-
ison.

The usable battery energy corrected for temperature is then written as:

Ebatt,use(T ) = Ebatt,use,ref kQ(T ) (4.65)

where Ebatt,use,ref is the usable battery energy at the reference temperature. Since:

Ebatt,use,ref = E∗MbattηbattDoD (4.66)

the complete temperature-corrected expression becomes:

Ebatt,use(T ) = E∗MbattηbattDoD kQ(T ) (4.67)

This formulation means that the mission energy demand is compared against the actual
usable battery energy available at the considered temperature, rather than against the
nominal value at reference conditions.

4.7.2. Power Correction Factor

In addition to capacity reduction, temperature also affects the internal resistance of
lithium-ion batteries. This is important for eVTOL applications because the battery
must deliver high power during vertical take-off, hover, climb and landing. Higher inter-
nal resistance produces larger voltage drops and reduces the practical power capability of
the battery system.

Johnson et al. report that the internal resistance variation between 25◦C and 40◦C is rela-
tively small, while the resistance at 0◦C increases by approximately three times compared
with ambient values [22]. This behaviour justifies the introduction of a low-temperature
power derating factor.

A simple temperature-dependent resistance ratio can be defined as:



72 4| Energy Model Development

kR(T ) =
Rint(T )

Rint(Tref)
(4.68)

where Rint(T ) is the internal resistance at temperature T . Since the available power
decreases as internal resistance increases, a corresponding power correction factor is in-
troduced as:

kP (T ) =
1

kR(T )
(4.69)

The temperature-corrected available battery power is then:

Pbatt,max(T ) = Pbatt,max,ref kP (T ) (4.70)

where Pbatt,max,ref is the usable battery power at the reference temperature.

In the MATLAB implementation, the capacity correction is treated as the primary tem-
perature effect, while the power derating can be activated as an optional conservative
correction. This distinction is useful because the available literature provides clearer
quantitative trends for capacity variation than for complete aircraft-level power limita-
tion. The power derating is therefore interpreted as a conservative sensitivity extension
rather than as a full battery management system model.

4.7.3. Temperature-Corrected Feasibility Assessment

The temperature correction is applied on the battery side of the mission model. The flight
mechanics and segment power equations remain unchanged in the battery-only tempera-
ture sweep. Therefore, for a fixed mission profile, the total mission energy remains:

Emission =
N∑
i=1

Ei (4.71)

while the available usable battery energy becomes temperature-dependent:

Ebatt,use = Ebatt,use(T ) (4.72)

The temperature-dependent energy margin is therefore:
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∆Emargin(T ) = Ebatt,use(T )− Emission (4.73)

and the corresponding temperature-dependent power margin is:

∆Pmargin(T ) = Pbatt,max(T )− Pmax (4.74)

The final usable state of charge at temperature T is computed as:

SOCfinal,use(T ) = 100

(
Ebatt,use(T )− Emission

Ebatt,use(T )

)
(4.75)

A mission is considered energy-feasible at a given temperature if:

∆Emargin(T ) ≥ 0 (4.76)

and power-feasible if:

∆Pmargin(T ) ≥ 0 (4.77)

The complete temperature-dependent feasibility condition is therefore:

Feasible(T ) = [∆Emargin(T ) ≥ 0] ∩ [∆Pmargin(T ) ≥ 0] (4.78)

This formulation allows the model to identify the temperature range in which a given
route remains feasible.

4.7.4. Modelling Assumptions

The temperature-dependent battery model adopted in this thesis is based on the following
assumptions:

• the battery temperature is assumed equal to the ambient temperature;

• no transient thermal model of the battery pack is included;

• the main temperature effect is represented through the capacity correction factor
kQ(T );
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• low-temperature power reduction may be included through the optional factor kP (T );

• the mission energy demand is not modified in the battery-only temperature sweep;

• battery ageing and degradation are not included in the nominal mission simulation;

• high-temperature operation is treated in terms of available capacity, while long-term
ageing and safety effects are discussed qualitatively.

The first assumption is a simplification. In a real aircraft, battery temperature would
depend on ambient conditions, heat generation, thermal mass, cooling system operation
and mission duration. Horton et al. show that more detailed battery models for electric
aircraft may include voltage, resistance, capacitance, state of charge and temperature-
dependent parameters, but such models require extensive cell-level testing and detailed
battery data [20]. Since these proprietary data are not publicly available for the selected
reference aircraft, a mission-level correction model is considered more appropriate for the
present thesis. The exclusion of ageing from the nominal temperature sweep is also inten-
tional. High temperatures may improve short-term measured capacity but can accelerate
long-term degradation. Deline et al. distinguish between instantaneous performance ef-
fects, such as temperature-dependent capacity, and lifetime mechanisms such as calendar
ageing and cycling loss, both of which depend on temperature and state of charge [3].
In this work, the focus is on single-mission feasibility, while ageing effects are left for
future model development. Since detailed temperature-dependent battery data for the
Volocopter battery pack are not publicly available, a surrogate-cell approach is adopted.
The empirical coefficients used to implement the temperature-dependent capacity cor-
rection are based on publicly available data for the Molicel INR-21700-P42A lithium-ion
cell. This cell is a cylindrical 21700 high-power Li-ion cell, with a nominal voltage of 3.6
V, a typical capacity of 4.2 Ah and a maximum continuous discharge current of 45 A.
It is selected as a representative surrogate because it belongs to a high-power lithium-
ion cell class suitable for demanding electric mobility applications, including drones and
eVTOL-oriented systems. The Molicel INR-21700-P42A is not assumed to be the ex-
act cell installed in the Volocopter battery pack. Rather, it is used as a surrogate cell
to provide realistic temperature-dependent capacity behaviour in the absence of propri-
etary aircraft battery data. Therefore, the resulting temperature correction should be
interpreted as a literature- and datasheet-based approximation for a high-power Li-ion
battery system, not as a manufacturer-specific model of the VoloCity battery pack.
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4.7.5. Interpretation for the eVTOL Mission

The practical consequence of the temperature correction is that the same route can have
different feasibility outcomes depending on ambient temperature. At low temperature,
the available battery capacity decreases and internal resistance increases; therefore, the
energy margin, power margin and final state of charge are reduced. Around reference
conditions, the battery operates close to its nominal performance. At moderately higher
temperatures, the available capacity may increase slightly, but this should not be inter-
preted as unlimited improvement, because thermal management, safety limits and ageing
effects become increasingly important. For the Aeolian Islands case study, this modelling
choice is relevant because the aircraft may operate in different seasonal conditions. A
route that is feasible under nominal conditions may become critical in colder conditions
if the available battery energy decreases. Conversely, warmer conditions may slightly
improve short-term capacity, but the model does not assume that high temperatures are
automatically beneficial from an operational or lifetime perspective. The temperature-
dependent battery model therefore provides a more realistic feasibility assessment than
the nominal battery model alone. It allows the mission analysis to quantify how environ-
mental conditions affect the usable energy reserve and to identify operating conditions
where additional safety margins, reduced payload, shorter routes or charging strategies
may be required.

Table 4.7: Main quantities used in the temperature-dependent battery model.

Symbol Unit Description

T K Battery or ambient temperature

Tref K Reference temperature

Q0(T ) Ah Temperature-dependent capacity

kQ(T ) – Capacity correction factor

Rint(T ) Ω Internal resistance at temperature T

kR(T ) – Internal resistance ratio

kP (T ) – Power correction factor

Ebatt,use(T ) Wh Corrected usable battery energy

Pbatt,max(T ) W Corrected available battery power

∆Emargin(T ) Wh Temperature-dependent energy margin

∆Pmargin(T ) W Temperature-dependent power margin

SOCfinal,use(T ) % Final usable SOC at temperature T
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4.8. Derived Parameters

Before the mission segments are evaluated, a set of derived parameters is computed from
the aircraft, battery and environmental inputs. These quantities provide the physical basis
for the subsequent calculation of power, energy consumption, state of charge evolution
and feasibility margins. The purpose of this step is to ensure that all segment models are
based on consistent aircraft-level parameters.

The first derived quantity is the aircraft take-off mass. In the present model, the take-off
mass is obtained as the sum of empty mass, battery mass and useful payload:

mTO = mempty +Mbatt +mpayload (4.79)

where mempty is the empty mass of the aircraft, Mbatt is the installed battery mass and
mpayload is the useful mission payload. The corresponding aircraft weight is:

W = mTOg (4.80)

where g is the gravitational acceleration.

For the multicopter architecture, the total rotor disk area is computed from the number
of rotors and the radius of each rotor:

AR = nrotorπR
2
rotor (4.81)

where nrotor is the number of rotors and Rrotor is the rotor radius. The corresponding disk
loading is then:

DL =
W

AR

(4.82)

Disk loading is one of the most important derived parameters for a multicopter because
it directly influences the induced velocity and the hover power requirement. A lower disk
loading generally corresponds to lower induced power in hover, while a higher disk loading
increases the power required for vertical flight.

The induced velocity in hover is calculated as:
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vh =

√
W

2ρAR

(4.83)

where ρ is the air density. This value is used in the hover, vertical take-off and vertical
landing formulations.

The hover power is then computed as:

Phover =
W

ηhover

√
DL

2ρ
(4.84)

where ηhover is the hover efficiency. This quantity is stored as a reference power level for
the vertical phases of the mission.

The battery-related derived parameters are calculated from the installed battery mass,
specific energy, specific power, battery efficiency and usable depth of discharge. The
usable battery energy is:

Ebatt,use = E∗MbattηbattDoD (4.85)

where E∗ is the battery specific energy, ηbatt is the battery efficiency and DoD is the
usable depth of discharge. Similarly, the maximum usable battery power is:

Pbatt,max = P ∗MbattηbattDoD (4.86)

where P ∗ is the battery specific power. These two quantities are later used to evaluate
energy and power feasibility.

In addition to aircraft and battery parameters, the model also derives the geometric
quantities associated with the flight profile. The forward climb time is:

tclimb =
hcruise − hVTO

RoCclimb

(4.87)

and the corresponding horizontal distance covered during climb is:

dclimb = Vclimbtclimb (4.88)
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The forward descent time is:

tdesc =
hcruise − hVL

RoDdesc

(4.89)

where RoDdesc is treated as a positive magnitude. The corresponding horizontal descent
distance is:

ddesc = Vdesctdesc (4.90)

The remaining cruise distance is then obtained as:

dcruise = dmission − dclimb − ddesc (4.91)

A geometric feasibility check is applied before the energy calculation:

dcruise > 0 (4.92)

If this condition is not satisfied, the selected mission profile is not compatible with the
assigned route distance, because the climb and descent segments would require more
horizontal distance than the available mission length.

The derived-parameter block therefore acts as an intermediate layer between the input
data and the mission simulation. It ensures that the quantities used in the segment models
are internally consistent and that infeasible mission geometries are detected before the
energy balance is evaluated.
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Table 4.8: Main derived parameters computed before mission simulation.

Parameter Unit Description

mTO kg Aircraft take-off mass

W N Aircraft weight

AR m2 Total rotor disc area

DL N/m2 Rotor disc loading

vh m/s Hover induced velocity

Phover W Reference hover power

Ebatt,use Wh Usable battery energy

Pbatt,max W Maximum usable battery power

tclimb s Forward climb duration

dclimb m Horizontal climb distance

tdesc s Forward descent duration

ddesc m Horizontal descent distance

dcruise m Residual cruise distance

The derived parameters are recalculated for every mission case and for every sensitivity
analysis. This is particularly important when payload, battery mass, rotor number, tem-
perature or route distance are varied, because each of these inputs modifies one or more
derived quantities and therefore affects the final energy and feasibility assessment.

4.9. MATLAB Implementation Structure

The energy model described in the previous sections is implemented in MATLAB through
a modular structure. The objective of the numerical implementation is to translate the
segment-based analytical formulation into a flexible simulation framework capable of eval-
uating different routes, payload values, environmental conditions and aircraft assump-
tions. A modular approach is adopted in order to keep the model transparent, easy to
verify and suitable for sensitivity analyses.

The MATLAB implementation is organised around three main levels:

• input definition, where aircraft, battery, mission and environmental parameters
are assigned;

• mission simulation, where derived parameters and segment energy contributions
are computed;
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• post-processing, where mission summaries, feasibility indicators, battery profiles
and plots are generated.

This structure allows the same energy model to be applied both to the Milazzo–Vulcano
base case and to the Lipari-centred hub-and-spoke routes. Only the route distance, pay-
load or selected operating conditions need to be modified, while the underlying mission
architecture remains unchanged.

4.9.1. Input Definition

The input file contains all the parameters required by the mission model. These include
aircraft mass properties, rotor configuration, battery parameters, mission geometry, flight
speeds, climb and descent rates, efficiency factors and environmental assumptions. In
the MATLAB implementation, these quantities are stored in a parameter structure, here
denoted as p. This structure is passed through the different functions of the model,
ensuring that all segments use consistent input data.

The main groups of input parameters are:

• aircraft parameters: empty mass, payload mass, battery mass, number of rotors
and rotor radius;

• battery parameters: specific energy, specific power, battery efficiency and usable
depth of discharge;

• mission parameters: route distance, cruise altitude, take-off and landing heights,
segment durations and flight speeds;

• environmental parameters: air density, temperature and wind assumptions;

• model settings: cruise model, descent model and mission mode.

For the Aeolian Islands case study, a dedicated input file is used to define the reference
aircraft and baseline mission assumptions. This file acts as the starting point for all
subsequent simulations and sensitivity analyses.

4.9.2. Derived Parameter Calculation

After the input structure is created, the model computes the derived parameters required
by the segment equations. This step corresponds to the theoretical quantities introduced
in Section 4.8, such as take-off mass, aircraft weight, rotor disk area, disk loading, hover
induced velocity, hover power, usable battery energy and usable battery power.
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In the MATLAB workflow, this operation is performed before the segment simulation so
that all flight phases receive a complete and consistent set of parameters. The derived-
parameter function also evaluates the mission geometry, including climb distance, descent
distance and residual cruise distance. If the selected route distance is not sufficient to
include climb, cruise and descent, the mission is flagged as geometrically infeasible before
the energy balance is evaluated.

4.9.3. Segment Functions

The mission simulation is performed by evaluating each flight segment independently.
Each segment function receives the parameter structure and returns the main quantities
associated with that phase: duration, distance, power and energy. The segment outputs
are then collected into a mission segment list.

The segment-based implementation follows the same physical structure introduced in the
analytical model:

• taxi and hover segments are evaluated through prescribed duration and reference
power assumptions;

• vertical take-off is computed from the hover power and vertical rate of climb;

• forward climb is computed from climb speed, rate of climb and equivalent aerody-
namic efficiency;

• cruise is computed from residual cruise distance, cruise speed and cruise power;

• forward descent is treated consistently with the paper-based forward-flight approach;

• vertical landing is computed using the descent formulation introduced in the vertical
flight model.

The multicopter architecture does not include a transition segment, since no conversion
between vertical and wing-borne flight is performed. This is consistent with the reference
paper and with the physical behaviour of the selected aircraft configuration.

4.9.4. Mission Assembly and Summary

Once all segment contributions have been computed, the mission solver assembles them
into a complete mission profile. The total mission time is obtained by summing all segment
durations:
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tmission =
N∑
i=1

ti (4.93)

The total mission energy is obtained as:

Emission =
N∑
i=1

Ei (4.94)

and the maximum mission power is computed as:

Pmax = max(Pi) (4.95)

These quantities are stored in a summary structure together with the final state of charge,
energy margin, power margin and feasibility flags. The main feasibility indicators are:

• geometry feasibility, based on the availability of a positive cruise distance;

• energy feasibility, based on the comparison between mission energy and usable
battery energy;

• power feasibility, based on the comparison between peak mission power and avail-
able battery power;

• mission feasibility, obtained when all previous feasibility checks are satisfied.

4.9.5. Battery Profile and Post-Processing

The battery state-of-charge profile is reconstructed after the mission segments are com-
puted. Starting from a fully available usable battery window, the energy consumed in each
segment is progressively subtracted from the available energy. This allows the evolution
of state of charge over mission time to be plotted and inspected.

The post-processing routines are used to generate:

• mission energy breakdowns by segment;

• power profiles by segment;

• cumulative energy consumption;

• state-of-charge profiles;
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• route feasibility summaries;

• sensitivity-analysis plots.

This separation between simulation and post-processing improves the readability of the
code and allows the same mission solver to be reused for different analyses.

4.9.6. Sensitivity Analysis Workflow

One of the main advantages of the MATLAB implementation is the possibility of per-
forming parametric studies. In each sensitivity script, one or more input parameters are
varied while the mission solver remains unchanged. For each case, the model recomputes
the derived parameters, runs the complete mission and stores the resulting performance
indicators.

The sensitivity analyses developed in this thesis include variations of:

• cruise speed;

• payload mass;

• mission distance;

• rotor number;

• ambient temperature;

• wind condition;

• climb and descent parameters.

This workflow makes it possible to identify the parameters that most strongly affect energy
consumption, peak power, final state of charge and feasibility margins.

4.9.7. Implementation Logic

The overall MATLAB workflow can be summarised as follows:

1. define aircraft, battery, mission and environmental inputs;

2. compute derived aircraft and battery parameters;

3. check mission geometry and cruise distance;

4. evaluate each mission segment independently;

5. assemble segment outputs into the full mission profile;
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6. compute total energy, maximum power and mission duration;

7. evaluate battery state of charge and feasibility margins;

8. generate summary tables, plots and sensitivity outputs.

A simplified representation of the implementation structure is given in Table 4.9.

Table 4.9: Main MATLAB implementation blocks of the mission energy model.

Block Purpose Typical outputs

Input definition Defines aircraft, battery, mission
and environmental inputs

Parameter structure p

Derived parameters Computes mass, weight, disc
loading, hover power and bat-
tery limits

Updated parameter structure

Mission geometry Computes climb, descent and
residual cruise distance

Geometric feasibility flag

Segment models Evaluates power, time and en-
ergy for each segment

Segment list

Mission assembly Sums segment energy and iden-
tifies peak power

Mission summary

Battery profile Computes cumulative energy
and SOC evolution

SOC history

Post-processing Produces plots, tables and feasi-
bility maps

Figures and result structures

Sensitivity scripts Repeats the mission over param-
eter sweeps

Parametric trends

Overall, the MATLAB implementation provides a transparent and reproducible numer-
ical framework for applying the analytical model to the Aeolian Islands case study. Its
modular structure allows the baseline mission, route network and sensitivity analyses to
be evaluated using the same underlying equations and assumptions.
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5.1. Reference Literature Model

The validation of the proposed mission-based energy model is performed with respect to
the reference framework presented by Bruhl et al. in Air Taxi Flight Performance Mod-
eling and Application. This paper was selected because it provides a complete and trans-
parent methodology for estimating the power demand, energy consumption and range
capability of different eVTOL aircraft architectures using a segment-based mission ap-
proach.

The reference study addresses the problem of estimating realistic eVTOL flight perfor-
mance by considering the limitations of current battery technology. The authors point
out that publicly available performance data are often based on manufacturer declarations
and may be optimistic when compared with the actual state of battery energy density
and power capability. For this reason, they propose an independent analytical framework
in which the mission is divided into individual flight segments and the required power is
computed separately for each segment.

The model considers three representative eVTOL configurations:

• a vectored-thrust eVTOL;

• a lift-and-cruise eVTOL;

• a multicopter eVTOL.

This distinction is important because each architecture produces lift in a different way
during the mission. Vectored-thrust and lift-and-cruise aircraft are assumed to behave
as fixed-wing aircraft during cruise, while the multicopter remains rotor-borne and there-
fore has lower forward-flight efficiency. Since the present thesis focuses on a multicopter
configuration, the multicopter case of the reference paper is used as the main validation
benchmark.

The general mission profile adopted in the reference model includes taxi, vertical take-off,
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transition, climb, cruise and descent, second transition, vertical landing and final taxi.
However, the transition segments are only applied to vectored-thrust and lift-and-cruise
aircraft. For the multicopter configuration, no transition is included because the aircraft
does not perform a conversion between vertical and horizontal flight configurations. This
assumption is directly relevant to the present work, where the selected aircraft remains
rotor-borne throughout the mission.

In the reference paper, the energy consumption of each segment is calculated from the
corresponding segment power and duration:

Ei = Piti (5.1)

and the total mission energy is obtained by summing all segment contributions:

Etot =
N∑
i=1

Ei (5.2)

This formulation is the same fundamental structure adopted in the MATLAB model
developed in this thesis. The validation procedure therefore focuses on verifying that
the implemented model can reproduce the reference multicopter mission behaviour under
equivalent input assumptions. For the multicopter case, the reference paper adopts a
Volocopter-like aircraft with a maximum take-off mass of 900 kg, a payload of 200 kg and
a battery mass of 300 kg. The battery is characterised by a specific energy of 180 Wh/kg,
a specific power of 1100 W/kg, a battery efficiency of 0.95 and a usable depth of discharge
of 0.8. These assumptions lead to a usable battery energy of approximately 41 kWh and
a usable battery power of approximately 251 kW. The main aerodynamic and propulsion
parameters adopted for the multicopter in the reference model include a hover efficiency
of 0.80, a cruise efficiency of 0.60, a climb efficiency of 0.70, a cruise lift-to-drag ratio of 4
and a climb lift-to-drag ratio of 3. The multicopter is modelled with 18 rotors and a rotor
diameter of 2.3 m, resulting in a total rotor disk area of approximately 74.8 m2. The ref-
erence mission duration is assumed to be 1800 s. For the multicopter, the transition times
used for other configurations are redistributed into the climb and cruise/descent portions
of the mission, since the multicopter does not perform explicit transition segments. The
resulting mission energy for the multicopter is reported as approximately 45.41 kWh. This
value is higher than the usable battery energy adopted in the reference paper, indicating
that the mission is not feasible with the assumed usable battery capacity. However, the
mission energy remains below the total installed battery energy, showing the importance
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of depth of discharge and reserve assumptions in feasibility assessment. The same study
estimates a theoretical range of approximately 52 km for the multicopter configuration,
compared with approximately 73 km for the lift-and-cruise configuration and 115 km for
the vectored-thrust configuration. These results confirm the expected architectural trend:
multicopters are mechanically simple and effective in vertical flight, but are more limited
in cruise efficiency and range than winged eVTOL configurations. The purpose of using
this reference model is not to reproduce a certified Volocopter aircraft in every detail,
but to verify the consistency of the implemented mission-energy framework. Since the
reference paper provides aircraft parameters, segment definitions, battery assumptions,
segment powers and segment energies, it represents a suitable benchmark for checking the
correctness of the MATLAB implementation before applying the model to the Aeolian
Islands case study.

5.2. Validation Assumptions

The validation process is performed by reproducing, as closely as possible, the multicopter
case presented in the reference literature model. Since the objective of the validation is
to verify the correctness of the MATLAB implementation, the input parameters, mission
duration, aircraft mass properties, battery assumptions and modelling simplifications are
aligned with the data reported by Bruhl et al. [2]. The validation is not intended to
demonstrate that the reference aircraft can perform the Aeolian Islands missions. Instead,
it is used as an intermediate verification step: before applying the model to the Milazzo–
Vulcano base case and to the Lipari-centred network, the implemented equations must be
able to reproduce the behaviour of a known literature case under equivalent assumptions.
For this reason, the validation case is separated from the final case-study simulations. In
the validation setup, the mission parameters are taken from the reference paper, whereas
the Aeolian routes, temperature corrections, wind effects and network-specific assumptions
are not included. This ensures that any difference between the MATLAB output and the
reference results is mainly due to implementation choices rather than to different mission
definitions.

The main assumptions adopted for the validation are summarised as follows:

• the aircraft is modelled as a multicopter configuration;

• the maximum take-off mass, payload mass and battery mass are set equal to the
values reported in the reference paper;

• the same battery specific energy, specific power, efficiency and usable depth of dis-
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charge are adopted;

• the same rotor number, rotor diameter and total rotor disk area are used;

• the same hover, climb and cruise efficiency factors are applied;

• the same equivalent lift-to-drag ratios for climb and cruise are adopted;

• the total mission duration is set to 1800 s, consistently with the reference mission;

• no transition segment is included, because the reference multicopter does not per-
form conversion between vertical and horizontal flight;

• temperature effects, wind effects and battery ageing corrections are disabled during
validation.

The exclusion of the transition segment is particularly important. In the reference paper,
transition phases are included only for vectored-thrust and lift-and-cruise eVTOL config-
urations. The multicopter is assumed to pass directly from vertical take-off to climb and
from forward flight to landing without any explicit conversion segment. The MATLAB
validation case follows the same assumption in order to remain physically consistent with
the multicopter architecture.

The battery model is also kept consistent with the reference formulation. The usable
battery energy is calculated as:

Ebatt,use = E∗MbattηbattDoD (5.3)

and the usable battery power as:

Pbatt,use = P ∗MbattηbattDoD (5.4)

where E∗ is the specific energy, P ∗ is the specific power, Mbatt is the battery mass, ηbatt
is the battery efficiency and DoD is the usable depth of discharge. This treatment allows
the validation to reproduce the energy and power limits used in the reference study.

During validation, the segment energy is computed using the same general relation adopted
in the paper:

Ei =
Piti
3600

(5.5)
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where Pi is the segment power in watts, ti is the segment duration in seconds and Ei is
the segment energy in watt-hours. The total mission energy is then obtained by summing
all segment contributions:

Emission =
N∑
i=1

Ei (5.6)

A further assumption concerns the treatment of the cruise and descent phases. The
reference paper groups cruise and descent in a simplified forward-flight formulation be-
cause detailed descent data are not available. In the validation case, this simplification
is preserved so that the MATLAB model remains comparable with the published results.
The more detailed mission geometry used for the Aeolian Islands case study is therefore
introduced only after the validation step.

The validation is assessed by comparing the MATLAB outputs with the reference values
reported in the literature model. The main quantities considered are:

• required power per segment;

• energy consumption per segment;

• total mission energy;

• usable battery energy;

• energy feasibility with respect to usable battery capacity;

• estimated multicopter range.

The validation is considered satisfactory if the implemented model reproduces the same
order of magnitude and the same energetic trends reported in the reference paper. Small
differences may arise from rounding, unit conversions, implementation details or slightly
different treatment of segment timing. However, the model must preserve the fundamental
conclusions of the reference case: the multicopter has relatively low hover power compared
with the other eVTOL architectures, but its cruise efficiency is limited and the reference
mission exceeds the usable battery energy.
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Table 5.1: Main assumptions adopted for the validation case.

Assumption Description

Reference configuration Multicopter eVTOL case from the reference literature
model

Mission duration 1800 s, consistent with the reference paper

Aircraft mass properties Set equal to the reference multicopter values

Battery model Specific energy, power, efficiency and DoD from the ref-
erence model

Rotor system 18 rotors with reference rotor diameter and disc area

Transition segment Not included for the multicopter architecture

Cruise/descent treatment Consistent with the simplified reference formulation

Temperature effects Disabled during validation

Wind effects Disabled during validation

Battery ageing Not included in the validation case

Validation outputs Segment power, energy and feasibility indicators

Overall, the validation assumptions are selected to isolate the implementation of the
analytical model from the later case-study extensions. Once the MATLAB model is
shown to reproduce the reference multicopter behaviour, it can be applied with greater
confidence to the Aeolian Islands mission scenarios.

5.3. Comparison Metrics

The validation of the MATLAB implementation is based on a set of comparison metrics
selected to verify both local and global consistency with the reference literature model.
Since the model is segment-based, the comparison is not limited to the total mission
energy, but also includes the power and energy contributions of the individual mission
phases.

The first group of metrics concerns the required power per segment. Segment power is
important because it allows the physical behaviour of each flight phase to be checked
independently. For example, hover and vertical take-off power are mainly influenced by
aircraft weight, rotor disk loading and hover efficiency, while climb and cruise power
depend also on forward speed, climb rate, propulsive efficiency and equivalent lift-to-drag
ratio. A correct implementation should therefore reproduce the same order of magnitude
and relative distribution of segment powers reported in the reference paper.
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The second group of metrics concerns the energy consumption per segment. Since segment
energy is calculated as the product of segment power and duration, this metric verifies
not only the correctness of the power equations, but also the consistency of the assumed
segment times. For each segment, the energy contribution is computed as:

Ei =
Piti
3600

(5.7)

where Pi is the required power in watts, ti is the segment duration in seconds and Ei is
the corresponding energy in watt-hours.

The total mission energy is then used as a global validation metric:

Emission =
N∑
i=1

Ei (5.8)

This quantity is compared with the total multicopter mission energy reported in the
reference study. Since the total energy is obtained by summing all segment contributions,
it provides an overall check of the complete mission implementation.

In addition to energy consumption, the battery feasibility indicators are also compared.
The usable battery energy is calculated as:

Ebatt,use = E∗MbattηbattDoD (5.9)

where E∗ is the battery specific energy, Mbatt is the battery mass, ηbatt is the battery
efficiency and DoD is the usable depth of discharge. The comparison between Emission

and Ebatt,use determines whether the mission is feasible from an energy point of view.

The energy margin is defined as:

∆Emargin = Ebatt,use − Emission (5.10)

A positive value indicates that the mission can be completed within the usable battery
capacity, while a negative value indicates that the required mission energy exceeds the
usable battery energy.

The relative error between the MATLAB result and the reference value is used to quantify
the agreement for numerical quantities:
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εx =
|xMATLAB − xref |

xref

· 100 (5.11)

where xMATLAB is the value obtained from the implemented model and xref is the corre-
sponding value reported in the reference paper. This metric can be applied to segment
powers, segment energies, total mission energy and battery-related quantities.

However, validation is not based only on exact numerical matching. Since the reference
model includes assumptions, rounded parameters and simplified segment durations, small
discrepancies are expected. Therefore, the validation also considers qualitative consis-
tency, namely:

• the same order of magnitude of segment powers;

• the same dominant energy-consuming phases;

• the same total mission energy trend;

• the same conclusion regarding energy feasibility;

• the same physical interpretation of the multicopter limitations.

For the multicopter case, the most important validation outcome is the ability of the
model to reproduce the reference conclusion that the mission energy is slightly higher
than the usable battery energy. This means that the aircraft may be close to feasibility
when considering total installed energy, but not feasible when battery efficiency and usable
depth of discharge are included. Reproducing this result is essential because it confirms
that the implemented model correctly captures the role of battery reserves in eVTOL
mission assessment.

The comparison metrics adopted for the validation are summarised in Table 5.2.
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Table 5.2: Comparison metrics used for model validation.

Metric Purpose Validation role

Segment power Power required in each mission
phase

Checks the physical power
models

Segment energy Energy consumed by each seg-
ment

Checks power-time consistency

Total mission energy Sum of all segment energy con-
tributions

Main global energy comparison

Peak power Maximum mission power de-
mand

Verifies peak-demand consis-
tency

Usable battery energy Energy available within the us-
able window

Checks the battery model

Energy margin Difference between usable en-
ergy and mission energy

Determines energy feasibility

Relative error Percentage difference from ref-
erence values

Quantifies numerical agreement

Feasibility outcome Energy-feasible or non-feasible
mission result

Checks the reference conclusion

Overall, these metrics allow the validation to assess both the numerical accuracy and the
physical consistency of the implemented model. Once the segment-level and mission-level
outputs are shown to be aligned with the reference literature case, the model can be
applied to the Aeolian Islands scenarios with a higher degree of confidence.

5.4. Validation Results

The validation case was simulated in MATLAB using the assumptions described in the
previous sections. The objective was to reproduce the multicopter benchmark reported
in the reference paper and to verify that the implemented segment-based model provides
consistent results in terms of segment power, segment energy, total mission energy and
battery feasibility.

Table 5.3 reports the comparison between the MATLAB model and the reference multi-
copter values. The agreement is very good for the main flight segments. In particular, the
relative errors for take-off, climb, cruise/descent, landing and final taxi are close to zero.
This confirms that the implemented equations for vertical flight, climb, cruise/descent
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and landing correctly reproduce the reference model under equivalent assumptions.

Table 5.3: Comparison between MATLAB validation results and reference paper values.

Quantity Model Paper Abs. error Rel. error [%]

Ptaxi,1 [kW] 8.829 54.170 -45.341 -83.701

Ptake−off [kW] 57.001 57.000 0.001 0.001

Pclimb [kW] 192.699 192.680 0.019 0.010

Pcruise+desc [kW] 88.290 88.290 0.000 0.000

Planding [kW] 52.776 52.780 -0.004 -0.007

Ptaxi,2 [kW] 8.829 8.830 -0.001 -0.011

Etaxi,1 [kWh] 0.074 0.450 -0.376 -83.650

Etake−off [kWh] 0.713 0.710 0.003 0.353

Eclimb [kWh] 5.620 5.630 -0.010 -0.171

Ecruise+desc [kWh] 37.891 37.890 0.001 0.003

Elanding [kWh] 0.660 0.660 -0.000 -0.045

Etaxi,2 [kWh] 0.074 0.070 0.004 5.107

Etotal [kWh] 45.031 45.410 -0.379 -0.835

The only significant discrepancy is observed in the first taxi segment. This difference is
not due to an error in the flight model, but to the different physical interpretation assigned
to the first taxi block. In the reference paper, the authors distinguish between different
taxiing possibilities, including hovering flight, rolling on the aircraft landing gear, or the
use of dedicated ground infrastructure. In their application case, the first taxi segment
is modelled as a hovering taxi flight, whereas the second taxi segment is assumed to be
performed on the aircraft landing gear. As a consequence, the first taxi segment has a
power level close to hovering and vertical take-off, while the final taxi segment has a much
lower power requirement. In the thesis implementation, instead, the Taxi 1 segment is
treated as a low-power ground operation, consistently with the operational assumptions
adopted for the Aeolian Islands case study. This explains why the implemented model
gives approximately the same power for Taxi 1 and Taxi 2, while the reference paper
reports a much higher value for Taxi 1. This interpretation was verified by performing an
additional paper-equivalent validation check in which the first taxi block was treated as
a hover taxi, consistently with the reference paper. Under this convention, the MATLAB
model reproduced the complete benchmark with almost negligible error. Therefore, the
discrepancy shown in Table 5.3 is not related to the hover, climb, cruise, descent or
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landing equations, but only to the taxi-mode convention adopted for the initial low-speed
segment.

The difference in Taxi 1 energy is approximately:

∆Etaxi,1 = 0.074− 0.450 = −0.376 kWh (5.12)

which is almost equal to the total energy difference between the MATLAB model and the
paper:

∆Etotal = 45.031− 45.410 = −0.379 kWh (5.13)

This confirms that the global mismatch is almost entirely explained by the different treat-
ment of the first taxi block. The remaining flight segments reproduce the reference paper
with negligible error.

The total mission energy obtained from the MATLAB model is:

Emission,model = 45.031 kWh (5.14)

while the reference paper reports:

Emission,paper = 45.410 kWh (5.15)

The resulting relative error is:

εE =
45.031− 45.410

45.410
· 100 = −0.835% (5.16)

This error is considered acceptable for a mission-level analytical model, especially because
the discrepancy is concentrated in a short auxiliary segment rather than in the main
energy-consuming flight phases. Moreover, when the Taxi 1 block is treated using the same
hover-taxi convention as the reference paper, the total energy error becomes practically
negligible.

The battery feasibility comparison is reported in Table 5.4. Both the MATLAB model
and the reference paper use the same usable battery energy of 41.040 kWh. In both cases,
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the total mission energy exceeds the usable battery energy, leading to a negative energy
margin and therefore to an energy-infeasible mission.

Table 5.4: Energy feasibility comparison for the validation case.

Quantity Model Paper

Usable battery energy [kWh] 41.040 41.040

Mission energy [kWh] 45.031 45.410

Energy margin [kWh] -3.991 -4.370

Energy feasible [-] 0 0

The validation therefore reproduces the main conclusion of the reference paper: under the
adopted battery assumptions, the multicopter benchmark mission is not feasible within
the usable battery energy window. This result is particularly important because it con-
firms that the implemented model correctly captures the influence of battery efficiency and
usable depth of discharge on mission feasibility. The validation also confirms the physical
consistency of the main mission phases. The climb segment is characterised by the high-
est power demand among the main forward-flight phases, while the cruise/descent block
dominates the total energy consumption because of its long duration. This behaviour is
consistent with the segment-based structure of the reference model and with the expected
performance of a multicopter eVTOL, where long forward-flight phases can become ener-
getically dominant even when vertical phases require high instantaneous power. Overall,
the validation demonstrates that the MATLAB implementation is consistent with the
reference multicopter model. The main flight segments show near-perfect agreement, the
total mission energy differs by less than 1% when the thesis taxi convention is used, and
the same feasibility conclusion is obtained. In addition, the paper-equivalent validation
check showed that, when the first taxi segment is modelled as hover taxi as in the refer-
ence paper, the complete benchmark is reproduced with almost zero error. The model is
therefore considered suitable for application to the Aeolian Islands case study.
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(a) Segment energy comparison. (b) Segment power comparison.

Figure 5.1: Benchmark validation of segment energy and power against the reference
paper.

5.5. Model Credibility and Limitations

The validation presented in this chapter provides the basis for assessing the credibility of
the developed mission-based energy model. By reproducing the multicopter benchmark
from the reference literature model, the MATLAB implementation has been shown to be
consistent with the analytical framework adopted by Bruhl et al. [2]. The main flight
segments, including take-off, climb, cruise/descent and landing, show very small discrep-
ancies with respect to the reference values, confirming that the core equations have been
implemented correctly.

The only significant difference concerns the first taxi segment. This discrepancy is ex-
plained by the taxi-mode convention adopted in the reference paper. In the paper, the
first taxi phase is treated as hover taxi, whereas the second taxi phase is performed on
the landing gear. In the thesis model, Taxi 1 is instead represented as a low-power ground
operation, consistently with the mission architecture adopted for the Aeolian Islands case
study. When the first taxi block is treated according to the same hover-taxi convention as
the reference paper, the complete benchmark is reproduced with almost negligible error.
Therefore, the discrepancy does not affect the credibility of the main flight model. From a
global perspective, the total mission energy obtained with the thesis segmentation differs
from the reference value by less than 1%. This level of agreement is considered satisfac-
tory for a mission-level analytical model. The objective of the model is not to reproduce
the detailed certified performance of a specific aircraft, but to provide an engineering tool
for estimating energy consumption, power demand, battery margins and route feasibility
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under consistent assumptions. The model credibility is further supported by its physical
transparency. Each mission segment is associated with a specific power and duration,
and the total mission energy is obtained as the sum of all segment contributions. This
makes it possible to identify which phases dominate the energy consumption and which
phases determine the peak power requirement. The model is therefore not a black-box
tool, but a traceable calculation framework in which each result can be linked to a specific
physical assumption. Nevertheless, several limitations must be acknowledged. First, the
model is validated against a literature-based analytical framework rather than against
experimental flight data. As a result, the validation confirms consistency with the se-
lected reference model, but it does not represent a full experimental validation of a real
aircraft. This limitation is particularly relevant because detailed flight-test data for the
selected reference eVTOL are not publicly available. Second, the aircraft model is based
on publicly available Volocopter information and literature-derived assumptions. The
numerical configuration used in the thesis should therefore be interpreted as a representa-
tive Volocopter-like multicopter architecture, not as an exact reproduction of a certified
VoloCity aircraft. Proprietary data such as detailed motor maps, propeller performance
curves, battery pack architecture, battery management logic and thermal management
characteristics are not available. Third, the aerodynamic model is intentionally simpli-
fied. The cruise and climb formulations are based on equivalent efficiency and lift-to-drag
parameters, following the reference paper. This approach is appropriate for preliminary
mission-level assessment, but it cannot capture the full speed-dependent rotorcraft aero-
dynamics, detailed propeller inflow effects, body drag variation, control losses or unsteady
manoeuvres. For this reason, the baseline model is more suitable for route comparison
and feasibility assessment than for detailed aircraft design. Fourth, the battery model
is simplified at aircraft level. Battery capacity, usable energy and available power are
represented through specific energy, specific power, efficiency and usable depth of dis-
charge. Temperature effects are introduced through a literature-based correction, but the
model does not include a full electrochemical representation, transient thermal dynam-
ics, voltage sag, C-rate dependence, cell balancing, ageing or degradation mechanisms.
These aspects would require detailed cell-level and pack-level data that are not publicly
available for the reference aircraft. Fifth, the operational scenario is idealised. Routes
are modelled as direct point-to-point connections, and the baseline case assumes nominal
atmospheric conditions and zero wind. Airspace constraints, no-fly zones, detailed ver-
tiport procedures, contingency routing, traffic separation, charging infrastructure sizing,
turnaround operations and regulatory constraints are not explicitly modelled in the core
energy calculation. These aspects are important for real deployment, but they are out-
side the primary scope of the present mission-energy analysis. Despite these limitations,
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the model is considered credible for the objectives of this thesis. It reproduces the ref-
erence multicopter benchmark with good accuracy, captures the same energy-feasibility
conclusion, and provides physically consistent trends when mission parameters are var-
ied. The framework is therefore suitable for comparing route energy demand, evaluating
battery margins, identifying critical operating conditions and performing sensitivity anal-
yses for the Aeolian Islands case study. The results obtained in the following chapters
should consequently be interpreted as mission-level feasibility estimates rather than exact
operational predictions. Within this scope, the model provides a consistent and transpar-
ent engineering basis for assessing whether multicopter eVTOL operations could support
short-range insular transport applications.
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Islands Distribution Mission

6.1. Mission Setup: Milazzo–Vulcano

The first application of the validated mission-energy model is the Milazzo–Vulcano route,
which is selected as the base case for the Aeolian Islands distribution mission. This route
represents a mainland-to-island connection between one of the main Sicilian gateways
to the archipelago and one of the closest islands to the northern coast of Sicily. For
this reason, it provides a suitable initial case for evaluating the feasibility of short-range
eVTOL operations in an insular environment. The purpose of the base case is to translate
the general modelling framework into a realistic operational mission. Milazzo is treated
as the mainland departure node, while Vulcano is considered as the destination island
node. The mission is analysed as a point-to-point flight, with the aircraft completing
the full sequence of taxi, hover, vertical take-off, forward climb, cruise, forward descent,
vertical landing and final taxi. This allows the complete segment-based energy balance to
be evaluated under a fixed route-distance constraint. In the numerical implementation,
the Milazzo–Vulcano mission is simulated using the fixed_distance mode. This means
that the total mission distance is imposed as an input, rather than being derived from a
prescribed mission duration. The model first computes the horizontal distances covered
during forward climb and forward descent; the remaining distance is then assigned to the
cruise segment. Therefore, the cruise distance is obtained as:

dcruise = dmission − dclimb − ddesc (6.1)

where dmission is the imposed Milazzo–Vulcano route distance, while dclimb and ddesc are
the horizontal distances covered during climb and descent. This formulation ensures that
the mission geometry is consistent with the selected altitude, climb rate, descent rate and
flight speeds. The base case is evaluated using the paper-consistent cruise formulation
introduced in Chapter 4. In this approach, cruise power is computed from the aircraft
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weight, cruise speed, cruise efficiency and equivalent lift-to-drag ratio. This choice pre-
serves consistency with the reference model used for validation while allowing the same
framework to be applied to the real route distance of the Aeolian Islands scenario. The
payload adopted in the base case represents the useful load carried by the aircraft. De-
pending on the operational interpretation, this payload may correspond to lightweight
logistics goods, passengers, or a mixed useful load. In all cases, the payload contributes
to the take-off mass and therefore directly affects the power and energy required during
the mission. This is particularly relevant for multicopter eVTOL aircraft, where vertical
flight and rotor-borne cruise are strongly mass-dependent.

The nominal base case assumptions are summarised in Table 6.1. These values define
the reference operating condition against which the subsequent route comparison and
sensitivity analyses are evaluated.

Table 6.1: Nominal assumptions for the Milazzo–Vulcano base case mission.

Parameter Value Description

Mission route Milazzo–Vulcano Mainland-to-island base case

Mission mode Fixed distance Route distance imposed as
model input

Route distance 37 km Approximate point-to-point
mission distance

Aircraft configuration Multicopter eVTOL Reference Volocopter-like ar-
chitecture

Payload 200 kg Useful load for cargo, passen-
gers or mixed mission

Cruise model Paper-consistent Based on equivalent cruise effi-
ciency and lift-to-drag ratio

Descent model Paper-consistent Forward-flight descent included
in mission energy

Wind condition 0 m/s No headwind or tailwind in the
nominal case

Temperature condition 25 ◦C Reference condition for nomi-
nal battery performance

The Milazzo–Vulcano mission is used as the first quantitative application of the validated
model to a real route. The results obtained from this base case provide a reference point for
understanding the energy demand, power requirements, battery utilisation and feasibility
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margins of the selected multicopter eVTOL configuration.

6.2. Lipari-Centred Hub-and-Spoke Network Setup

After the definition of the Milazzo–Vulcano base case, the analysis is extended to a Lipari-
centred hub-and-spoke distribution network. This second application is introduced to
evaluate whether the same multicopter eVTOL model can support inter-island operations
within the Aeolian archipelago, beyond the single mainland-to-island reference route. In
this network configuration, Lipari is selected as the central island hub. This choice is
motivated by its geographical position within the archipelago and by its role as one of the
main service centres of the Aeolian Islands. From an operational perspective, Lipari can
be interpreted as an internal distribution node where goods, equipment or passengers may
be consolidated before being redistributed towards the peripheral islands. The peripheral
nodes considered in the network are Vulcano, Salina, Panarea, Stromboli, Filicudi and
Alicudi. Each connection is analysed as an independent point-to-point mission departing
from Lipari and reaching the selected destination island. Therefore, the hub-and-spoke
network is not simulated as a single continuous multi-stop flight, but as a set of individual
route missions evaluated with the same modelling assumptions. The adopted route set
is summarised in Table 6.2. The route distance represents the main geometric input for
each mission and directly affects the cruise duration, total energy consumption and final
battery margin.

Table 6.2: Lipari-centred hub-and-spoke routes considered in the network analysis.

Route Distance [km] Operational role

Lipari–Vulcano 9 Short hub-to-node connection

Lipari–Salina 12 Short hub-to-node connection

Lipari–Panarea 20 Medium hub-to-node connection

Lipari–Stromboli 42 Long hub-to-node connection

Lipari–Filicudi 34 Long hub-to-node connection

Lipari–Alicudi 53 Critical hub-to-node connection

For each route, the same segment-based mission architecture introduced in Chapter 4 is
applied. The aircraft performs taxi, hover, vertical take-off, forward climb, cruise, forward
descent, vertical landing and final taxi. The total distance is imposed as a fixed input, and
the model computes the residual cruise distance after subtracting the horizontal distances
covered during climb and descent:
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dcruise,j = dmission,j − dclimb − ddesc (6.2)

where j identifies the considered route of the network. The climb and descent distances
are kept consistent with the nominal aircraft and mission assumptions, while dmission,j

changes from one island connection to another.

A route is geometrically admissible only if the resulting cruise distance is positive:

dcruise,j > 0 (6.3)

This condition is especially relevant for the shortest routes, such as Lipari–Vulcano and
Lipari–Salina. If the prescribed climb and descent profiles require too much horizontal
distance, the mission may become geometrically inconsistent before the energy balance is
even evaluated. This aspect is considered explicitly in the feasibility assessment.

The same reference aircraft configuration used for the Milazzo–Vulcano base case is
adopted for the network analysis. The payload, battery assumptions, cruise model, de-
scent model, wind condition and nominal temperature are kept unchanged. This allows
the different routes to be compared under consistent operating conditions, so that differ-
ences in energy consumption and feasibility are mainly driven by route distance.

The network setup is therefore based on the following assumptions:

• Lipari is treated as the central archipelago hub;

• Vulcano, Salina, Panarea, Stromboli, Filicudi and Alicudi are treated as peripheral
nodes;

• each hub-to-node route is simulated independently;

• the aircraft starts each mission from a fully available usable battery window;

• charging or battery replacement at the hub is assumed possible at network level,
but is not explicitly sized in this chapter;

• the same aircraft, payload and environmental assumptions are used for all routes.

This approach allows the network to be analysed at mission level without introducing
fleet scheduling, infrastructure sizing or multi-stop routing constraints. The objective is
to determine which individual inter-island routes are compatible with the selected multi-
copter eVTOL configuration and which routes become critical from an energy, power or
geometric feasibility perspective.
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The Lipari-centred network analysis complements the Milazzo–Vulcano base case. While
the base case evaluates a mainland-to-island mission, the hub-and-spoke setup assesses
the potential of an internal aerial distribution system within the archipelago. Together,
these two levels provide a quantitative basis for discussing the possible role of eVTOL
aircraft in future Aeolian Islands transport and distribution applications.

6.3. Segment Results

The first level of output of the mission-energy model is represented by the segment re-
sults. For each simulated route, the model computes the duration, horizontal distance,
mean power, peak power and energy consumption associated with each flight phase. This
allows the mission to be analysed before considering global indicators such as total energy
demand, final state of charge, energy margin and feasibility. The segment-based repre-
sentation is particularly useful for multicopter eVTOL missions because different flight
phases have different physical meanings and different energetic impacts. Vertical flight
and climb are generally associated with high power demand, while cruise may dominate
the total energy consumption when it occupies a large fraction of the mission duration.
Therefore, separating the mission into individual segments makes it possible to identify
which phases are critical for power sizing and which phases drive the total energy re-
quirement. For the Milazzo–Vulcano base case, the complete set of segment outputs is
reported in Table 6.3. The same modelling logic is then applied to the Lipari-centred
hub-and-spoke routes, whose route-level segment summaries are reported in Table 6.5.

Table 6.3: Segment results for the Milazzo–Vulcano base case mission.

Segment Duration [s] Mean power [kW] Peak power [kW] Energy [kWh]

Initial taxi 30.00 8.83 8.83 0.074

Take-off hover 10.00 54.17 54.17 0.150

Vertical take-off 35.00 57.00 57.00 0.554

Forward climb 105.00 192.70 192.70 5.620

Cruise 1295.21 88.29 88.29 31.765

Forward descent 105.00 88.29 88.29 2.575

Vertical landing 35.00 52.78 52.78 0.513

Landing hover 10.00 54.17 54.17 0.150

Final taxi 30.00 8.83 8.83 0.074

Total 1655.21 90.22 192.70 41.48
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Table 6.4: Mission distance partition for the Milazzo–Vulcano base case.

Contribution Distance [km] Description

Forward climb 3.40 Horizontal distance
covered during climb

Cruise 31.08 Residual cruise distance

Forward descent 2.52 Horizontal distance
covered during descent

Total mission distance 37.00 Milazzo–Vulcano
route distance

The segment results for the Milazzo–Vulcano base case are reported in Table 6.3. The
total mission time is 1655.21 s, corresponding to approximately 27.59 min, while the total
mission energy is 41.48 kWh. The mission distance is equal to 37.00 km and is divided
into forward climb, cruise and forward descent contributions, as shown in Table 6.4.
The results show that the cruise segment is the dominant contributor to total mission
energy. Although its mean power is lower than the climb power, its long duration leads to
an energy consumption of 31.765 kWh, corresponding to the largest share of the mission
energy. The forward descent segment is also modelled as a powered phase and contributes
2.575 kWh to the total energy, consistently with the multicopter architecture and with
the paper-based modelling approach. The forward climb segment is the most demanding
phase in terms of instantaneous power. Its mean power is 192.70 kW, which is significantly
higher than the cruise power of 88.29 kW. This behaviour is expected because the climb
phase combines forward motion with altitude gain, requiring power both to overcome
aerodynamic drag and to increase the aircraft potential energy. The vertical take-off,
vertical landing and hover phases have relatively short durations, but their power levels
remain high because the aircraft is fully rotor-borne. Their energy contribution is therefore
smaller than the cruise contribution, but they remain relevant for the power demand
analysis. The taxi segments, instead, have a negligible contribution to total mission
energy in the present mission setup.
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(a) Segment energy breakdown. (b) Segment power demand.

Figure 6.1: Segment-level energy and power results for the Milazzo–Vulcano base case
mission.

For the Lipari-centred hub-and-spoke network, the same segment-based model is applied
to each route independently. Since the aircraft configuration, payload, battery assump-
tions and environmental conditions are kept unchanged, the differences among the routes
are mainly driven by the imposed mission distance and by the resulting cruise distance.
A detailed segment table for each route would be repetitive, because the fixed-duration
phases such as taxi, hover, vertical take-off, vertical landing and final taxi remain un-
changed. The main variation occurs in the cruise segment, whose duration and energy
contribution increase with route distance. For this reason, the Lipari-centred results are
reported through a route-level segment summary, focusing on mission distance, residual
cruise distance, mission time, total energy and maximum power.

Table 6.5: Mission results for the Lipari-centred hub-and-spoke routes.

Route d [km] t [s] Pmean [kW] Pmax [kW] Etot [kWh]

Lipari–Vulcano 9.0 488.54 94.77 192.70 12.86

Lipari–Salina 12.0 613.54 93.49 192.70 15.93

Lipari–Panarea 20.0 946.87 91.64 192.70 24.10

Lipari–Filicudi 34.0 1530.21 90.36 192.70 38.41

Lipari–Stromboli 42.0 1863.54 89.99 192.70 46.59

Lipari–Alicudi 53.0 2321.87 89.66 192.70 57.83

Table 6.5 reports the main numerical outputs obtained by applying the segment-based
model to the Lipari-centred hub-and-spoke routes. At this stage, the objective is only
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to present the direct mission results in terms of duration, mean power, peak power and
total energy consumption. A detailed interpretation of battery utilisation, state of charge
evolution, energy margins and mission feasibility is not introduced here, since these as-
pects are discussed separately in the following sections. The route-level results show that
total mission energy increases with route distance. This is mainly due to the longer cruise
duration required by the more distant islands, while the fixed-duration segments, such
as taxi, hover, vertical take-off, climb, descent and landing, remain unchanged under the
nominal assumptions. For short routes, such as Lipari–Vulcano and Lipari–Salina, these
fixed contributions represent a larger fraction of the total mission. For longer routes,
such as Lipari–Filicudi, Lipari–Stromboli and Lipari–Alicudi, the cruise segment becomes
progressively more influential in the total energy balance. The peak power remains con-
stant across the Lipari-centred routes because the same aircraft mass, climb settings and
vertical-flight assumptions are used for all missions. In the nominal model, the maximum
power demand is associated with the forward climb segment and is therefore not directly
affected by the route length. Consequently, the route distance mainly affects mission du-
ration and total energy, while the peak power demand remains governed by the common
climb and vertical-flight conditions. These results provide the numerical basis for the
following analyses. The energy performance section discusses the energy trends in greater
detail, the battery utilisation section relates the required energy to the available battery
capacity and state of charge, and the feasibility assessment determines which routes are
compatible with the adopted energy and power constraints.

6.4. Energy Performance

The energy performance analysis focuses on the total energy required by the mission and
on the relative contribution of each flight segment. While the previous section presented
the direct segment outputs in terms of time, power and energy, this section interprets
those results from an energy-consumption perspective. For the Milazzo–Vulcano base
case, the total mission energy is equal to 41.48 kWh. This value is obtained by summing
the energy contributions of all mission segments, including taxi, hover, vertical take-off,
climb, cruise, descent, landing and final taxi. The energy result therefore represents the
complete point-to-point mission demand, not only the cruise requirement.
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Table 6.6: Energy contribution by segment for the Milazzo–Vulcano base case.

Segment Energy [kWh] Contribution [%]

Initial taxi 0.074 0.18

Take-off hover 0.150 0.36

Vertical take-off 0.554 1.34

Forward climb 5.620 13.55

Cruise 31.765 76.58

Forward descent 2.575 6.21

Vertical landing 0.513 1.24

Landing hover 0.150 0.36

Final taxi 0.074 0.18

Total 41.48 100.00

The cruise segment is the dominant energy contribution, accounting for approximately
76.6% of the total mission energy. This is mainly due to its long duration and to the fact
that the aircraft remains powered throughout the forward-flight phase. The forward climb
segment is the second most important contribution, accounting for approximately 13.6%
of the total energy. Although its duration is much shorter than cruise, the required power
is significantly higher because the aircraft must gain altitude while maintaining forward
motion.

The remaining segments have smaller individual contributions because their duration is
limited. However, they are not negligible from a modelling perspective, especially for
shorter routes where the cruise segment becomes less dominant and fixed-duration phases
represent a larger fraction of the mission.

Table 6.7: Energy performance comparison for the analysed routes.

Route Distance [km] Etot [kWh] Etot/d [kWh/km]

Lipari–Vulcano 9.0 12.86 1.43

Lipari–Salina 12.0 15.93 1.33

Lipari–Panarea 20.0 24.10 1.21

Lipari–Filicudi 34.0 38.41 1.13

Milazzo–Vulcano 37.0 41.48 1.12

Lipari–Stromboli 42.0 46.59 1.11

Lipari–Alicudi 53.0 57.83 1.09

Table 6.7 shows that the total mission energy increases with route distance, as expected.
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However, the energy required per kilometre decreases slightly as the mission distance in-
creases. This occurs because several mission phases, such as taxi, hover, vertical take-off,
climb, descent, landing and final taxi, have approximately fixed duration and energy con-
tribution under the nominal assumptions. On short routes, these fixed contributions are
distributed over a small distance, increasing the energy per kilometre. On longer routes,
the cruise segment becomes dominant and the fixed contributions are spread over a larger
distance. This result is important for the interpretation of short inter-island missions. A
short route is not automatically energy-efficient in terms of energy per kilometre, because
the aircraft must still perform the same take-off, climb, descent and landing phases. Con-
versely, longer routes are more demanding in absolute energy, but the fixed contributions
have a smaller relative weight. It should be noted that the energy values reported in this
section represent the required mission energy only. The comparison with available battery
energy, final state of charge and energy feasibility is discussed in the following battery
utilisation and mission feasibility sections.

6.5. Battery Utilization

The battery utilisation analysis relates the mission energy demand to the energy available
from the onboard battery system. While the previous section focused on the energy
required by each route, this section evaluates how much of the available battery capacity
is consumed during the mission and how much energy margin remains at the end of the
flight.

In the nominal configuration, the installed battery mass is equal to 300 kg and the battery
specific energy is assumed equal to 180 Wh/kg. Considering the battery efficiency and
the usable depth of discharge, the usable battery energy is:

Ebatt,use = E∗MbattηbattDoD = 41.04 kWh (6.4)

This value represents the energy that can be used during nominal operation while pre-
serving the prescribed battery reserve. The effective physical battery energy after battery
efficiency, but before applying the usable depth-of-discharge limit, is:

Ebatt,phys = E∗Mbattηbatt = 51.30 kWh (6.5)

The distinction between usable and physical battery energy is important. The usable
energy defines the operational energy window adopted for feasibility assessment, whereas
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the physical energy provides an indication of the remaining energy with respect to the ef-
fective battery capacity. In this thesis, both quantities are reported in order to distinguish
between operational reserve violation and complete physical energy depletion.

The energy margin is computed as:

∆E = Ebatt,use − Emission (6.6)

A positive value indicates that the mission remains within the usable battery window,
while a negative value indicates that the required energy exceeds the nominal usable
capacity.

For the Milazzo–Vulcano base case, the total mission energy is 41.48 kWh. Since the
usable battery energy is 41.04 kWh, the resulting energy margin is:

∆EMilazzo−−Vulcano = 41.04− 41.48 = −0.44 kWh (6.7)

This means that the base case slightly exceeds the usable battery energy under the nominal
assumptions. The difference is small in absolute terms, but it is relevant because the
mission does not remain inside the prescribed usable operating window.

The final usable state of charge is evaluated as:

SOCfinal,use = 100

(
Ebatt,use − Emission

Ebatt,use

)
(6.8)

For the Milazzo–Vulcano route, this gives:

SOCfinal,use = −1.06% (6.9)

The negative value indicates that the mission exceeds the usable battery window. How-
ever, the final physical state of charge remains positive:

SOCfinal,phys = 19.15% (6.10)

This means that the mission does not deplete the effective physical battery energy, but
it violates the operational usable-energy constraint imposed by the reserve requirement.



112 6| Application to the Aeolian Islands Distribution Mission

Therefore, the issue is not complete physical battery depletion, but the inability to com-
plete the route while preserving the selected usable battery reserve.

(a) Remaining usable battery energy. (b) Usable state of charge evolution.

Figure 6.2: Battery utilisation during the Milazzo–Vulcano base case mission on a usable-
energy basis.

Figure 6.2 shows the battery depletion during the Milazzo–Vulcano mission. The remain-
ing usable battery energy decreases throughout the mission and becomes slightly negative
near the end of the flight. The same behaviour is visible in the usable SOC profile, which
crosses the zero threshold before mission completion. This confirms that the base case is
very close to the usable battery limit under the nominal assumptions.

The physical SOC provides a complementary interpretation. Although the usable battery
window is exceeded, the physical battery energy is not completely depleted. This distinc-
tion is relevant because the mission is critical from an operational reserve perspective, but
not from the standpoint of total effective energy exhaustion.

Table 6.8: Battery utilisation for the analysed routes.

Route Emission [kWh] ∆E [kWh] SOCfinal,use [%] SOCfinal,phys [%]

Lipari–Vulcano 12.86 28.18 68.66 74.93

Lipari–Salina 15.93 25.11 61.18 68.95

Lipari–Panarea 24.10 16.94 41.28 53.02

Lipari–Filicudi 38.41 2.63 6.41 25.13

Milazzo–Vulcano 41.48 -0.44 -1.06 19.15

Lipari–Stromboli 46.59 -5.55 -13.52 9.18

Lipari–Alicudi 57.83 -16.79 -40.91 -12.73
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Table 6.8 shows a progressive increase in battery utilisation as route length increases.
Short hub-and-spoke routes, such as Lipari–Vulcano and Lipari–Salina, consume only a
limited fraction of the available usable battery energy and retain large positive end-of-
mission margins. Intermediate routes, such as Lipari–Panarea, remain comfortably within
the nominal operating window, although with a visibly larger fraction of battery capacity
consumed. Lipari–Filicudi represents the most critical route among those that remain
nominally within the usable battery window. Its residual usable SOC is positive but
limited, approximately 6.41%, which makes the mission more sensitive to disturbances or
off-design conditions such as adverse wind, increased payload, low-temperature operation
or battery ageing. The Milazzo–Vulcano base case lies slightly beyond the usable battery-
energy threshold. Although the exceedance is small in absolute terms, the route does not
remain within the prescribed operational battery window and must therefore be regarded
as energy-critical under the nominal assumptions. At the same time, the final physical
SOC remains positive, indicating that the issue concerns reserve violation rather than
complete physical battery depletion. The longest routes, namely Lipari–Stromboli and
Lipari–Alicudi, exceed the nominal usable battery capacity more significantly. Lipari–
Stromboli still retains positive physical SOC, but violates the usable operating window.
Lipari–Alicudi also leads to a negative final physical SOC, indicating that the mission
would not be achievable with the selected battery configuration under the adopted as-
sumptions. Rather than plotting all route SOC histories together, which would produce
an excessively crowded representation, it is more effective to compare the two extreme
hub-and-spoke cases. In this way, the reader can clearly identify the battery behaviour
associated with the least demanding route and the most demanding route in the analysed
network.
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(a) Usable SOC evolution for the least and most
demanding hub-and-spoke routes.

(b) Remaining usable battery energy for the least
and most demanding hub-and-spoke routes.

Figure 6.3: Comparison between the least demanding route (Lipari–Vulcano) and the
most demanding route (Lipari–Alicudi) on a usable-energy basis.

Figure 6.3 highlights the wide spread of battery utilisation within the Lipari-centred net-
work. Lipari–Vulcano retains a large usable-energy margin throughout the mission and
ends with a comfortable residual SOC, confirming that short inter-island connections are
well supported by the selected configuration. By contrast, Lipari–Alicudi exhibits a con-
tinuous decrease in usable battery energy that extends well below the zero threshold before
mission completion. This confirms that the route cannot be supported within the nomi-
nal usable battery window and represents the most critical case in the analysed network.
These results show that battery utilisation is one of the primary constraints for the consid-
ered multicopter eVTOL missions. The same aircraft configuration can support short and
medium inter-island routes with adequate margin, but longer connections become limited
by available energy rather than by the ability to generate sufficient power. At this stage,
the objective is to quantify battery usage, residual energy and state-of-charge evolution
for each route. Although these results already indicate which missions are close to or be-
yond the nominal battery operating window, the formal mission feasibility classification
is discussed separately in the following mission feasibility assessment section.

6.6. Power Demand Analysis

The power demand analysis focuses on the maximum instantaneous power required during
the mission and on its comparison with the available battery power. Unlike total energy
consumption, which depends strongly on route distance and cruise duration, the peak
power demand is mainly determined by the most demanding flight segment. Under the
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nominal assumptions adopted in this chapter, this segment is the forward climb phase.

The maximum usable battery power is computed from the battery specific power, installed
battery mass, battery efficiency and usable depth of discharge:

Pbatt,max = P ∗MbattηbattDoD = 250.80 kW (6.11)

For the Milazzo–Vulcano base case, the maximum mission power is:

Pmax = 192.70 kW (6.12)

This value occurs during the forward climb segment. The corresponding power margin is:

∆P = Pbatt,max − Pmax = 250.80− 192.70 = 58.10 kW (6.13)

Therefore, the Milazzo–Vulcano base case is not power-limited under the nominal as-
sumptions. The battery system is able to provide the required peak power with a positive
margin of approximately 58.10 kW.

Table 6.9: Power demand summary for the analysed routes.

Route Pmax [kW] Critical segment Pbatt,max [kW] ∆P [kW]

Lipari–Vulcano 192.70 Forward climb 250.80 58.10

Lipari–Salina 192.70 Forward climb 250.80 58.10

Lipari–Panarea 192.70 Forward climb 250.80 58.10

Lipari–Filicudi 192.70 Forward climb 250.80 58.10

Milazzo–Vulcano 192.70 Forward climb 250.80 58.10

Lipari–Stromboli 192.70 Forward climb 250.80 58.10

Lipari–Alicudi 192.70 Forward climb 250.80 58.10

Table 6.9 shows that the peak power demand is the same for all analysed routes. This
result is expected because the same aircraft mass, payload, rotor configuration, climb rate
and climb speed are used in all nominal simulations. Route distance affects mainly the
duration of the cruise segment and therefore the total energy consumption, but it does
not modify the maximum power required during the common climb phase.

The power profile of the Milazzo–Vulcano mission is shown in Figure 6.4. The profile
clearly identifies the forward climb segment as the power-critical phase. Hover, vertical
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take-off and vertical landing also require significant power, but their levels remain below
the forward climb demand in the adopted model. Cruise and forward descent require lower
power than climb, although their duration can be important for total energy consumption.

Figure 6.4: Mission power profile for the Milazzo–Vulcano base case.

The fact that all routes remain power-feasible is important for interpreting the overall
mission results. The limiting factor of the longest routes is not the ability of the battery
to provide instantaneous power, but the amount of usable energy available over the full
mission. In other words, the selected battery configuration can sustain the required peak
power, but some routes still require more total energy than the usable battery window
allows. This distinction between power limitation and energy limitation is essential for
multicopter eVTOL mission assessment. A mission may be power-feasible and energy-
infeasible at the same time. In the present case, the nominal power demand remains
within the available battery power for all analysed routes, while the energy balance varies
significantly with route distance.

6.7. Mission Feasibility Assessment

The mission feasibility assessment combines the geometric, energy and power constraints
introduced in the previous sections. A route is considered feasible only if the mission
profile can be geometrically completed, if the total energy demand remains within the



6| Application to the Aeolian Islands Distribution Mission 117

usable battery energy window, and if the maximum required power does not exceed the
available battery power.

The complete feasibility condition can be expressed as:

Feasible = Feasiblegeom ∩ Feasibleenergy ∩ Feasiblepower (6.14)

This formulation is useful because it separates different types of mission limitations. A
route may be geometrically admissible and power-feasible, but still not feasible from an
energy point of view if the usable battery energy is not sufficient.

6.7.1. Geometric Feasibility

The geometric feasibility condition verifies that the imposed route distance is compatible
with the selected climb, cruise and descent profile. Since part of the horizontal distance
is covered during forward climb and forward descent, the remaining cruise distance is:

dcruise = dmission − dclimb − ddesc (6.15)

A mission is geometrically feasible only if:

dcruise > 0 (6.16)

For the nominal mission settings adopted in this chapter, all analysed routes satisfy this
condition. The shortest route, Lipari–Vulcano, remains geometrically feasible, although
the cruise segment is relatively short compared with the fixed climb and descent contri-
butions. This confirms that the selected mission profile can be applied to the complete
set of analysed routes.

6.7.2. Energy Feasibility

The energy feasibility condition compares the total mission energy with the usable battery
energy:

Emission ≤ Ebatt,use (6.17)

where:
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Ebatt,use = 41.04 kWh (6.18)

This is the most restrictive condition in the present analysis. Short and medium routes
remain within the usable battery window, while longer routes exceed the available usable
energy.

6.7.3. Power Feasibility

The power feasibility condition compares the maximum mission power with the maximum
usable battery power:

Pmax ≤ Pbatt,max (6.19)

For the nominal configuration:

Pbatt,max = 250.80 kW (6.20)

All analysed routes have the same maximum mission power:

Pmax = 192.70 kW (6.21)

Therefore, all routes are power-feasible under the nominal assumptions. The limiting
constraint is not peak power delivery, but usable battery energy.

Table 6.10: Mission feasibility assessment for the analysed routes.

Route Geometric Energy Power Overall

Lipari–Vulcano Feasible Feasible Feasible Feasible

Lipari–Salina Feasible Feasible Feasible Feasible

Lipari–Panarea Feasible Feasible Feasible Feasible

Lipari–Filicudi Feasible Feasible Feasible Feasible, low margin

Milazzo–Vulcano Feasible Not feasible Feasible Energy-critical

Lipari–Stromboli Feasible Not feasible Feasible Not feasible

Lipari–Alicudi Feasible Not feasible Feasible Not feasible

Table 6.10 summarises the complete feasibility classification. The short hub-and-spoke
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routes, namely Lipari–Vulcano, Lipari–Salina and Lipari–Panarea, are feasible under the
nominal assumptions. Lipari–Filicudi is also feasible, but its residual usable battery mar-
gin is limited; for this reason, it should be considered sensitive to off-design conditions
such as increased payload, adverse wind, lower battery performance or more conservative
reserve requirements. The Milazzo–Vulcano base case is classified as energy-critical. It sat-
isfies the geometric and power constraints, but its required mission energy slightly exceeds
the usable battery energy. Since the exceedance is small, this route is close to feasibility
and could become feasible through modest improvements in operating conditions, battery
capacity, reserve policy, payload reduction or mission optimisation. Lipari–Stromboli and
Lipari–Alicudi are not feasible under the nominal direct-flight assumptions. Both routes
satisfy the geometric and power constraints, but they exceed the usable battery energy
by a significant margin. In particular, Lipari–Alicudi also exceeds the effective physical
battery energy, making it the most demanding and least compatible route for the se-
lected configuration. However, the non-feasible classification of the longest routes refers
specifically to the direct point-to-point missions simulated in this chapter. In the present
analysis, Lipari is assumed to be the only departure hub of the network, and each des-
tination island is reached through a single uninterrupted flight. Under this assumption,
the longest connections are limited by usable battery energy. This does not necessarily
exclude these islands from a future eVTOL-based service, but indicates that they would
require a different operational strategy. One possible solution is to consider intermediate
islands of the archipelago as operational checkpoints. In such a configuration, the aircraft
could land at an intermediate island, unload or board payload if required, recharge or
swap the battery, and then continue towards the final destination. This would transform
a long direct route into a sequence of shorter mission legs, each characterised by a lower
individual energy demand and a new battery state at departure. For example, a direct
Lipari–Alicudi or Lipari–Stromboli connection may be energy-critical when analysed as
a single flight, but it could be reconsidered as part of a multi-leg network involving in-
termediate stops. In that case, the feasibility assessment would depend not only on the
total distance from Lipari to the final destination, but also on the energy requirement of
each individual leg and on the availability of suitable landing, charging and turnaround
infrastructure at the intermediate nodes. This possibility is not explicitly modelled in the
present chapter, whose objective is to evaluate the direct point-to-point performance of the
selected multicopter configuration. Nevertheless, it represents an important operational
extension of the proposed framework. The development of multi-stop routing strategies,
intermediate charging nodes, battery swapping procedures and network-level scheduling is
therefore identified as a relevant topic for future work. Overall, the assessment shows that
the considered multicopter eVTOL configuration is suitable for short and medium inter-
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island routes, but becomes energy-limited for longer direct connections. The principal
constraint is usable energy capacity rather than peak power capability. This distinction
is important for the following chapters, where sensitivity analyses are used to investigate
how payload, distance, temperature, wind and other parameters affect the operational
limits of the mission.



121

7| Sensitivity Analyses and

Operational Limits

The previous chapter applied the validated mission-energy model to the nominal Aeolian
Islands scenario, including the Milazzo–Vulcano base case and the Lipari-centred hub-and-
spoke network. The results showed that the feasibility of multicopter eVTOL missions
is strongly affected by the balance between route distance, payload, cruise duration and
usable battery energy. However, a nominal analysis alone is not sufficient to understand
the robustness of the proposed operational concept. For this reason, the present chapter
investigates how the mission performance changes when the main design, operational and
environmental parameters are varied. The objective is to identify which variables have
the strongest influence on energy consumption, battery utilisation, power demand and
mission feasibility. This sensitivity analysis also makes it possible to define the operating
limits of the selected multicopter configuration and to understand under which conditions
the analysed routes become feasible, critical or infeasible. The parameters considered in
this chapter include cruise speed, payload mass, mission distance, rotor number, rate of
climb, ambient temperature and wind condition. Each parameter is varied independently
in order to isolate its effect on the mission results. A final combined analysis is then intro-
duced to evaluate the interaction of multiple parameters and to provide a more realistic
interpretation of operational constraints. The sensitivity analyses are performed using
the same segment-based MATLAB framework described in Chapter 4 and validated in
Chapter 5. Unless otherwise specified, the aircraft configuration, battery assumptions and
mission architecture remain consistent with the nominal case. In this way, changes in the
results can be directly attributed to the parameter being investigated. The chapter con-
cludes by summarising the energy-based operational limits emerging from the parametric
analyses. These limits provide useful indications for route planning, payload allocation,
battery sizing, reserve management and future infrastructure development within the Ae-
olian Islands scenario.



122 7| Sensitivity Analyses and Operational Limits

7.1. Cruise Speed Sweep

The first sensitivity analysis investigates the effect of cruise speed on the energy perfor-
mance of the Milazzo–Vulcano mission. In the nominal simulations presented in Chap-
ter 6, the cruise segment was modelled using the paper-consistent formulation based on an
equivalent lift-to-drag ratio and a cruise efficiency. This approach is appropriate for com-
parison with the reference literature model, but it does not explicitly describe how cruise
power varies with forward speed. For this reason, a dedicated cruise-speed sweep was
developed. In this analysis, the nominal cruise model is replaced by a speed-dependent
cruise power model. The purpose is to evaluate how total mission energy, final usable state
of charge, energy per unit distance and mission time change when cruise speed is varied.
All other mission parameters are kept consistent with the nominal Milazzo–Vulcano case,
so that the observed variations can be attributed mainly to the cruise-speed effect.

The cruise speed is varied within a prescribed range, while the following assumptions are
maintained:

• the mission route is kept equal to the Milazzo–Vulcano base case;

• the aircraft mass, payload and battery parameters are kept constant;

• the climb, descent, hover, taxi and vertical-flight segments are not re-optimised;

• the cruise segment is assumed to be steady and level;

• air density is kept constant at the nominal value;

• wind is neglected, so cruise airspeed and ground speed are assumed equal;

• the same cruise distance is used for all speed cases;

• the model is intended for mission-level sensitivity analysis, not for high-fidelity rotor
aerodynamic optimisation.

The modified cruise model decomposes the cruise power into three main contributions:

Pcruise(V ) = Pind(V ) + Pprofile(V ) + Pparasite(V ) (7.1)

where V is the cruise speed, Pind is the induced power, Pprofile is the rotor profile power
and Pparasite is the parasite power associated with the aerodynamic drag of the aircraft
body.

The induced power represents the power required by the rotors to generate lift. In forward
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flight, the induced velocity decreases as forward speed increases. Therefore, the induced
contribution is generally more important at low cruise speeds and decreases as the aircraft
accelerates. In the implemented model, the induced power is expressed as:

Pind(V ) =
κWvi(V )

ηind
(7.2)

where W is the aircraft weight, κ is an induced-power correction factor, ηind is the induced-
power efficiency and vi(V ) is the induced velocity in forward flight. The hover induced
velocity is calculated as:

vh =

√
W

2ρAR

(7.3)

where ρ is the air density and AR is the total rotor disc area. The forward-flight induced
velocity is obtained from a momentum-theory relation. In simplified form, it is evaluated
as a decreasing function of forward speed, so that the induced-power term captures the
expected reduction of rotor induced losses as V increases.

The profile power accounts for the aerodynamic losses associated with the rotor blades.
In the sweep model, it is represented by a reference profile-power term corrected as a
function of the ratio between cruise speed and rotor tip speed:

Pprofile(V ) = Pprofile,0

[
1 + kprof

(
V

Vtip

)2
]

(7.4)

where Pprofile,0 is the reference profile power, kprof is a correction coefficient and Vtip is
the representative rotor tip speed. This term varies more gradually with speed than the
parasite power and represents the increase in blade aerodynamic losses during forward
flight.

The parasite power is associated with the aerodynamic drag of the aircraft body and
exposed components. The drag model is based on an equivalent flat-plate area, defined
as:

feq = CDSref (7.5)

where CD is an equivalent drag coefficient and Sref is the reference frontal area of the
vehicle. In the MATLAB model, the reference frontal area is estimated from the cabin
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dimensions and corrected through a geometric factor:

Sref = kgeom
π

4
bcabhcab (7.6)

where bcab and hcab are representative cabin width and height, and kgeom accounts for the
simplified geometric approximation. The parasite power is then computed as:

Pparasite(V ) =
1
2
ρV 3feq

ηcruise
(7.7)

This term scales with the cube of cruise speed. As a result, parasite power is relatively
small at low speed but becomes increasingly important at high speed. This behaviour
is responsible for the rapid increase in total cruise power at the upper end of the speed
range.

For each cruise speed, the cruise time is calculated as:

tcruise(V ) =
dcruise
V

(7.8)

where dcruise is the residual cruise distance after subtracting the horizontal climb and
descent distances from the imposed mission distance. The cruise energy is then:

Ecruise(V ) =
Pcruise(V )tcruise(V )

3600
(7.9)

with power expressed in watts and time in seconds, so that the resulting energy is obtained
in watt-hours.

The total mission energy is computed by combining the speed-dependent cruise energy
with the remaining segment contributions:

Emission(V ) = Efixed + Ecruise(V ) (7.10)

where Efixed includes the energy required for taxi, hover, vertical take-off, forward climb,
forward descent, vertical landing and final taxi. These contributions are kept unchanged
in the speed sweep. This modelling choice isolates the cruise-speed effect and avoids
mixing it with changes in climb profile, payload, battery size or environmental conditions.

The existence of an optimum cruise-speed region results from the opposite behaviour of



7| Sensitivity Analyses and Operational Limits 125

the different power components. At low speed, induced power and long cruise duration
penalise the mission energy. At high speed, parasite power increases rapidly and again
raises the energy demand. Between these two extremes, an intermediate cruise-speed
range is expected to provide the best compromise.

The resulting cruise power components are shown in Figure 7.1.

Figure 7.1: Cruise power components as a function of cruise speed for the speed-dependent
cruise model.

Figure 7.1 shows the physical origin of the cruise-speed optimum. The induced power
decreases as cruise speed increases, because the rotor-induced velocity contribution be-
comes less demanding in forward flight. The profile power varies more gradually over the
analysed speed range, while the parasite power increases rapidly at high speed because
of its cubic dependence on cruise speed. The total cruise power is therefore obtained
from the balance between these contributions. At low speed, the induced component is
dominant; at high speed, the parasite component becomes dominant. Between these two
regions, the total cruise power reaches a minimum region.

It is worth noting that the minimum of total cruise power is not necessarily identical
to the minimum of total mission energy. Mission energy also depends on flight time,
which decreases as cruise speed increases. Therefore, the following figures analyse mission
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energy, energy per unit distance and mission time in order to identify the most favourable
cruise-speed region from a mission-level perspective.

The total mission energy and final usable state of charge as functions of cruise speed are
reported in Figure 7.2.

Figure 7.2: Mission energy and final usable SOC as a function of cruise speed for the
Milazzo–Vulcano mission.

The results show that the mission energy decreases as cruise speed increases from low
values, reaches a minimum region, and then increases again at higher speeds. The same
behaviour is reflected in the final usable SOC, which improves as the mission approaches
the most efficient speed region and decreases again when the aircraft flies too fast.

It is important to note that the analysis does not identify a single sharp optimum speed,
but rather an optimum speed range. Around the minimum, the energy curve is relatively
flat, meaning that small variations in cruise speed produce only minor changes in mission
energy. This is relevant from an operational point of view, because it suggests that the
aircraft does not need to fly at one exact speed to remain close to optimal performance.
Instead, a practical cruise-speed band can be selected by considering energy efficiency,
mission duration, traffic management, passenger comfort and operational margins.
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The energy per unit distance provides a clearer indication of the energetic efficiency of
the cruise-speed selection. This metric is reported in Figure 7.3.

Figure 7.3: Energy per unit distance as a function of cruise speed.

Figure 7.3 confirms the existence of an energetically favourable speed region. At very low
speeds, the energy per kilometre is high because the mission duration is long and induced-
power effects are significant. As speed increases, the energy per kilometre decreases until
it reaches a minimum. Beyond this region, further speed increases cause the parasite
power to grow, and the energy per kilometre starts increasing again.

The mission time trend is shown in Figure 7.4.
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Figure 7.4: Mission time as a function of cruise speed.

As expected, mission time decreases monotonically with cruise speed. This trend is not
sufficient by itself to select the cruise speed, because the reduction in time must be bal-
anced against the increase in power at high speeds. The most efficient operating region
is therefore not the fastest one, but the region where the combined effect of cruise power
and mission duration minimises the total energy demand. Overall, the cruise speed sweep
shows that cruise speed is a key operational parameter for the Milazzo–Vulcano mission.
Flying too slowly penalises the mission because induced power and long flight time in-
crease energy consumption. Flying too fast reduces mission time but increases parasite
power, leading again to higher energy demand. The most favourable condition is found in
an intermediate cruise-speed range, around the minimum of the energy and energy-per-
distance curves. This result is important for the subsequent operational interpretation of
the model. The nominal cruise speed should not be selected only on the basis of travel
time, but also considering battery utilisation and energy margin. A moderate cruise-speed
range close to the energetic optimum can improve mission feasibility without requiring
changes in battery size, payload or aircraft configuration.
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7.2. Payload Sweep

The second sensitivity analysis investigates the effect of payload mass on the Milazzo–
Vulcano mission. Payload is one of the most important operational parameters for a
multicopter eVTOL, because any increase in useful load directly increases the take-off
mass and therefore the aircraft weight. As a result, the power required in hover, vertical
flight, climb and cruise increases, leading to higher total mission energy and lower battery
margin. The payload sweep is performed by varying the payload mass while keeping the
remaining mission and aircraft parameters consistent with the nominal Milazzo–Vulcano
case. In particular, the route distance, cruise speed, climb and descent settings, rotor
configuration, battery mass and environmental conditions are kept unchanged. Therefore,
the observed variations in energy consumption, state of charge and peak power are mainly
driven by the payload-induced change in take-off mass.

For each payload value, the take-off mass is recomputed as:

mTO = mempty +mpayload +Mbatt (7.11)

where mempty is the empty mass, mpayload is the useful load and Mbatt is the installed
battery mass. The updated take-off mass is then used in the segment-based mission model
to recompute the required energy, maximum power and final battery state of charge.

The main assumptions adopted in the payload sweep are:

• the mission route is kept equal to the Milazzo–Vulcano base case;

• the battery mass and battery characteristics are kept constant;

• the aircraft empty mass is kept constant;

• the cruise speed and mission altitude profile are not re-optimised;

• climb rate, descent rate, hover times and taxi times are kept unchanged;

• wind and temperature are kept at their nominal values;

• only the payload mass and the resulting take-off mass are varied.

This analysis is therefore intended to quantify how much useful load can be carried before
the mission becomes constrained by the available battery energy or by the available battery
power.

The effect of payload mass on total mission energy is shown in Figure 7.5.
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Figure 7.5: Total mission energy as a function of payload mass for the Milazzo–Vulcano
mission.

Figure 7.5 shows that the total mission energy increases almost linearly with payload
mass. This behaviour is physically expected because a larger payload increases the air-
craft weight and therefore the power required throughout the mission. The effect is espe-
cially important in the climb and vertical-flight phases, where the aircraft must directly
overcome its weight, but it also affects the cruise segment through the increased power
required to sustain flight.

The nominal payload used in the base case is 200 kg. At this payload level, the mission
energy is slightly higher than the usable battery energy. This confirms the result obtained
in Chapter 6: the Milazzo–Vulcano route is close to the energy feasibility boundary under
nominal assumptions.

A clearer representation of this boundary is given by the energy margin, defined as:

∆E = Ebatt,use − Emission (7.12)

where Ebatt,use is the usable battery energy and Emission is the total mission energy. The
corresponding result is reported in Figure 7.6.
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Figure 7.6: Energy margin as a function of payload mass for the Milazzo–Vulcano mission.

Figure 7.6 shows that the energy margin decreases as payload increases. The zero-margin
crossing identifies the approximate payload limit for the Milazzo–Vulcano mission under
the adopted battery and reserve assumptions. In the present sweep, this limit is approx-
imately:

mpayload,lim ≃ 190.7 kg (7.13)

Payload values below this threshold remain within the usable battery window, whereas
payload values above this threshold require more energy than the nominal usable battery
capacity. The nominal 200 kg payload is therefore slightly above the estimated energy
feasibility limit, which explains the small negative energy margin observed for the base
case.

The payload effect can also be interpreted in terms of final physical battery state of charge.
This is shown in Figure 7.7.
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Figure 7.7: Final physical battery state of charge as a function of payload mass.

Figure 7.7 shows that the final physical SOC decreases progressively as payload increases.
At low payload values, the mission ends with a physical SOC above the 30% reserve
level. As payload increases, the final physical SOC approaches and then falls below
the reserve threshold. Around the energy feasibility payload limit, the final physical
SOC is close to the 20% battery floor, meaning that the mission starts to violate the
operational usable-energy window even though the physical battery is not fully depleted.
This distinction is important. The payload limit identified in Figure 7.6 is not a complete
physical depletion limit, but an operational energy limit associated with the prescribed
usable battery window. Therefore, payload values slightly above the limit may still leave
positive physical SOC, but they do not satisfy the reserve requirement adopted in this
thesis.

The effect of payload mass on peak mission power is reported in Figure 7.8.
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Figure 7.8: Maximum mission power as a function of payload mass.

The maximum mission power increases almost linearly with payload mass. This result is
expected because the most demanding segment remains the forward climb phase, whose
power requirement is strongly affected by aircraft weight. Nevertheless, over the payload
range considered in this sweep, the peak power remains below the available battery power.
This confirms that, for the Milazzo–Vulcano mission, the primary limitation associated
with payload increase is energy capacity rather than instantaneous power delivery.

The battery state-of-charge profiles for different payload values are shown in Figure 7.9.
These profiles provide a time-domain interpretation of the same trend.
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Figure 7.9: Physical battery state of charge profiles for different payload values during
the Milazzo–Vulcano mission.

Figure 7.9 shows that higher payload values produce a faster decrease in battery state of
charge throughout the mission. The separation between the curves becomes more evident
during the long cruise portion, where the increased mass continues to affect the required
power over an extended time interval. Lower payload cases remain above the reserve
threshold, while heavier payload cases approach or fall below the preferred reserve band
and battery floor. The payload sweep therefore highlights a strong trade-off between useful
load and mission feasibility. Reducing payload improves the energy margin and increases
the final state of charge, while increasing payload rapidly moves the mission toward or
beyond the usable battery limit. For the Milazzo–Vulcano route, the nominal 200 kg
payload is very close to the energy feasibility boundary, and the estimated payload limit
is approximately 190.7 kg under the adopted assumptions. Overall, the analysis shows
that payload is one of the dominant parameters controlling eVTOL mission feasibility.
The mission remains power-feasible over the analysed payload range, but it becomes
energy-constrained when the payload exceeds the usable-energy limit. This confirms that
payload management is a critical operational lever for short-range multicopter eVTOL
missions, especially when the route distance is close to the maximum achievable range of
the selected battery configuration.
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7.3. Distance Sweep

The third sensitivity analysis investigates the effect of mission distance on the energy per-
formance and feasibility of the multicopter eVTOL mission. Unlike the previous payload
sweep, where the route geometry was kept fixed and the aircraft mass was varied, this
analysis keeps the aircraft configuration unchanged and varies only the imposed point-to-
point mission distance. The objective is to determine how total mission energy, energy
margin, required battery mass and energy per unit distance evolve as the route length
increases. This analysis is particularly important for the Aeolian Islands scenario, because
the considered network includes both short inter-island connections and longer routes to-
wards the more distant islands. The distance sweep is performed by varying the mission
distance over a prescribed range while keeping the nominal aircraft and mission parame-
ters unchanged. In particular, the payload mass, battery mass, rotor configuration, cruise
speed, climb rate, descent rate, hover times and environmental conditions are kept equal to
the nominal Milazzo–Vulcano case. Therefore, the observed variations are mainly caused
by the increase or decrease of the cruise segment. For each imposed mission distance, the
model first verifies the geometric compatibility of the route. Since part of the horizontal
distance is covered during forward climb and forward descent, the residual cruise distance
is computed as:

dcruise = dmission − dclimb − ddesc (7.14)

where dmission is the imposed point-to-point distance, while dclimb and ddesc are the hori-
zontal distances covered during the climb and descent phases. A mission is geometrically
feasible only if:

dcruise > 0 (7.15)

This condition is relevant for very short routes. If the imposed distance is lower than
the sum of the climb and descent horizontal distances, the aircraft cannot complete the
prescribed altitude profile and still include a positive cruise segment. Under the nominal
assumptions adopted in this analysis, the minimum geometric distance is approximately:

dmin,geom = dclimb + ddesc ≃ 5.9 km (7.16)

Therefore, route distances below this value are not compatible with the selected mission
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geometry unless the climb and descent profiles are modified.

The total mission energy as a function of mission distance is shown in Figure 7.10.

Figure 7.10: Mission energy as a function of mission distance.

Figure 7.10 shows that the mission energy increases with distance. This behaviour is
expected because, after the fixed climb and descent contributions have been accounted
for, any additional distance mainly increases the duration of the cruise segment. Since
the nominal cruise power is approximately constant in this sweep, the increase in cruise
time produces an almost linear increase in total mission energy.

The usable battery energy is also reported in the figure as a reference threshold. The
intersection between the mission energy curve and the usable battery energy level identifies
the approximate maximum distance that can be flown while remaining inside the nominal
usable battery window. This distance represents the energy-limited range of the selected
configuration under the adopted payload, battery and reserve assumptions.

The same result can be interpreted more directly through the energy margin:

∆E = Ebatt,use − Emission (7.17)
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The energy margin as a function of mission distance is reported in Figure 7.11.

Figure 7.11: Energy margin as a function of mission distance.

Figure 7.11 clearly shows the transition from feasible to energy-critical distances. Positive
margin values indicate missions that remain within the usable battery window, while neg-
ative values indicate missions that require more energy than the nominal usable capacity.
The zero-margin crossing provides the approximate energy range limit. For the nominal
configuration, this limit is close to the Milazzo–Vulcano distance, confirming that the 37
km base case lies very close to the boundary of the available usable battery energy.

This result is consistent with the findings of Chapter 6, where the Milazzo–Vulcano mission
was shown to exceed the usable battery energy by a small amount. The distance sweep
generalises that result by showing that the base case is not an isolated condition, but part
of a broader transition region between feasible and infeasible mission distances.

The required battery mass as a function of mission distance is shown in Figure 7.12.
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Figure 7.12: Required battery mass as a function of mission distance.

Figure 7.12 provides a complementary interpretation of the range limitation. For each
mission distance, the required battery mass is computed as the battery mass that would be
needed to supply the mission energy while preserving the same specific energy, efficiency
and usable depth-of-discharge assumptions:

Mbatt,req =
Emission

E∗ηbattDoD
(7.18)

where E∗ is the battery specific energy, ηbatt is the battery efficiency and DoD is the
usable depth of discharge. The installed battery mass is shown as a reference value.
When the required battery mass exceeds the installed battery mass, the mission cannot
be completed within the nominal usable battery capacity.

This representation is useful because it shows how much additional battery mass would
be required to extend the route distance without changing the battery technology or
the reserve policy. However, increasing battery mass is not a neutral modification for
a multicopter eVTOL, because it also increases take-off mass and therefore affects the
power and energy required by the aircraft. For this reason, the required battery mass
curve should be interpreted as a first-order indicator rather than as a complete aircraft
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resizing solution.

The energy required per unit distance is reported in Figure 7.13.

Figure 7.13: Energy per unit distance as a function of mission distance.

Figure 7.13 shows that the energy per kilometre is higher for short routes and decreases
as the distance increases. This behaviour is caused by the fixed energy contributions
associated with taxi, hover, vertical take-off, climb, descent, landing and final taxi. These
contributions are almost independent of the imposed route distance in the present sweep.
On short routes, they represent a large fraction of the total energy and are distributed
over a small distance, increasing the energy per kilometre. On longer routes, the cruise
segment becomes dominant and the fixed contributions are spread over a larger distance.

This result is important for the interpretation of short inter-island missions. A shorter
route does not necessarily imply a lower energy consumption per kilometre, because the
aircraft must still complete the same take-off, climb, descent and landing sequence. There-
fore, distance alone is not sufficient to describe mission efficiency; the ratio between fixed
segment contributions and cruise distance must also be considered.

If included, the final usable state of charge as a function of distance is shown in Figure 7.14.
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Figure 7.14: Final usable state of charge as a function of mission distance.

Figure 7.14 expresses the same energy limitation in terms of battery state of charge. As
mission distance increases, the final usable SOC decreases and eventually crosses the zero
threshold. This crossing corresponds to the same range limit identified by the energy
margin plot. The SOC representation is useful because it directly connects the distance
sweep to the operational battery window used throughout the thesis. Overall, the distance
sweep confirms that mission distance is one of the dominant drivers of energy feasibility.
The peak power demand remains essentially governed by the common climb and vertical-
flight conditions, while the total mission energy and battery margin are strongly affected
by the length of the cruise segment. The nominal Milazzo–Vulcano route is located close
to the energy range boundary, which explains why it appears energy-critical under the
baseline assumptions. The analysis also shows that the selected multicopter configuration
is well suited to short and medium inter-island routes, but becomes progressively con-
strained as the route distance approaches and exceeds the energy-limited range. Longer
routes would require either reduced payload, improved battery energy density, increased
usable battery capacity, more favourable operating conditions or an alternative network
architecture based on intermediate stops and recharging opportunities.
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7.4. Rotor Count Sweep

The rotor count sweep investigates the influence of the number of rotors on the Milazzo–
Vulcano mission performance. In this analysis, the rotor diameter is kept constant while
the number of rotors is varied. As a consequence, changing the rotor count directly
modifies the total rotor disc area and therefore the disc loading of the aircraft.

The purpose of this sweep is to evaluate whether increasing the number of rotors can
reduce the power required in rotor-borne flight and improve the overall energy balance
of the mission. All other aircraft and mission parameters are kept consistent with the
nominal Milazzo–Vulcano case, including payload mass, battery mass, mission distance,
climb and descent settings, cruise speed and environmental conditions.

For each rotor count, the total rotor disc area is computed as:

AR = nrotor
πD2

R

4
(7.19)

where nrotor is the number of rotors and DR is the single rotor diameter. Since DR is kept
constant in this sweep, increasing the rotor count increases the total rotor disc area. The
corresponding disc loading is:

DL =
W

AR

(7.20)

where W is the aircraft weight. A lower disc loading generally reduces the induced velocity
required to generate lift and therefore reduces the hover and vertical-flight power demand.

The main assumptions adopted in this sweep are:

• the Milazzo–Vulcano route distance is kept fixed;

• the aircraft mass, payload and battery mass are kept constant;

• the single rotor diameter is kept constant;

• varying rotor count changes the total rotor disc area;

• the cruise and descent models are kept consistent with the nominal mission setup;

• climb, descent, hover and taxi settings are not re-optimised;

• the analysis is intended as a mission-level sensitivity study, not as a detailed rotor-
system redesign.
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The effect of rotor count on disc loading is shown in Figure 7.15.

Figure 7.15: Disc loading as a function of rotor count for the Milazzo–Vulcano mission.

Figure 7.15 shows that disc loading decreases as the number of rotors increases. This is a
direct consequence of the larger total rotor disc area. The reduction is more pronounced
when moving from low rotor counts to intermediate rotor counts, while the curve becomes
progressively flatter at higher rotor numbers. This indicates diminishing returns: adding
rotors continues to reduce disc loading, but the incremental benefit becomes smaller.

The corresponding hover power trend is reported in Figure 7.16.
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Figure 7.16: Hover power as a function of rotor count for the Milazzo–Vulcano mission.

Figure 7.16 confirms that hover power decreases when the number of rotors increases.
This behaviour is physically consistent with momentum theory: for a given aircraft weight,
increasing the total disc area reduces the induced velocity and therefore the induced power
required to remain in hover. However, as for disc loading, the improvement becomes less
pronounced at higher rotor counts.

The impact of rotor count on total mission energy is shown in Figure 7.17.
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Figure 7.17: Mission energy as a function of rotor count for the Milazzo–Vulcano mission.

Figure 7.17 shows that total mission energy decreases as rotor count increases. The reduc-
tion is not as large as the reduction observed in hover power, because the Milazzo–Vulcano
mission is dominated by the cruise segment. In the adopted mission model, the main effect
of rotor count is therefore concentrated on rotor-borne and climb-related phases, while
the cruise contribution remains comparatively less sensitive to this parameter.

This result is important because it shows that increasing rotor count can improve the
energy balance, but it cannot completely compensate for a route that is dominated by
cruise energy. The benefit is real, but limited by the relative weight of the affected
segments in the total mission energy.

The same trend is shown more directly through the energy margin in Figure 7.18.
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Figure 7.18: Energy margin as a function of rotor count for the Milazzo–Vulcano mission.

Figure 7.18 shows that the energy margin improves as the number of rotors increases.
Nevertheless, in the analysed range the margin remains close to zero and slightly neg-
ative for the nominal configuration. This confirms that the Milazzo–Vulcano mission is
located near the usable battery-energy boundary. Increasing rotor count improves the
result, but the effect is not large enough to radically change the mission classification un-
less additional improvements are also introduced. The maximum mission power was also
evaluated during the sweep. The results show that the peak power remains essentially
constant with rotor count in the implemented model. This occurs because the maximum
power is governed by the forward climb segment, which is treated through the paper-
consistent mission formulation and is not strongly affected by the rotor-count variation
adopted in this sweep. For this reason, the peak-power plot is not reported as a separate
figure. The relevant effect of rotor count is instead captured by disc loading, hover power,
total energy and energy margin. Overall, the rotor count sweep shows that increasing the
number of rotors reduces disc loading and hover power, leading to a modest improvement
in total mission energy and energy margin. However, the benefit is limited because the
cruise segment remains the dominant contributor to total energy consumption for the
Milazzo–Vulcano route. Therefore, rotor count is an important design parameter for ver-
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tical and low-speed flight efficiency, but it is not sufficient by itself to overcome the main
energy limitation of the mission. From an aircraft design perspective, increasing rotor
count would also introduce additional considerations not explicitly modelled in this anal-
ysis, such as structural mass, motor and inverter mass, maintenance complexity, control
redundancy, aerodynamic interference and integration constraints. Therefore, the sweep
should be interpreted as a mission-level sensitivity study under simplified assumptions
rather than as a complete rotor-system optimisation.

7.5. Rate of Climb Sweep

The rate of climb sweep investigates the influence of the selected climb rate on the geo-
metric structure of the mission. Unlike the previous sensitivity analyses, this section does
not focus primarily on total energy consumption, but on the minimum mission distance
required to complete the prescribed climb and descent profile while retaining a positive
cruise segment. This analysis is particularly relevant for short inter-island routes. In a
segment-based mission model, part of the horizontal distance is covered during forward
climb and forward descent. Therefore, if the route distance is too short, the aircraft may
not have enough horizontal distance to perform the selected climb and descent manoeuvres
while also including a cruise phase. In this sense, the rate of climb affects the geometric
feasibility of the mission.

For a given cruise altitude, the forward-climb height is:

hclimb = hcruise − hVTO (7.21)

while the forward-descent height is:

hdesc = hcruise − hVLAND (7.22)

For each value of rate of climb, the climb time is evaluated as:

tclimb =
hclimb

RoC
(7.23)

and, assuming the rate of descent is varied consistently with the rate of climb, the descent
time is:
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tdesc =
hdesc

RoD
(7.24)

The corresponding horizontal distances covered during climb and descent are then com-
puted as:

dclimb = Vclimbtclimb (7.25)

ddesc = Vdesctdesc (7.26)

The minimum mission distance required to preserve a positive cruise segment is therefore:

dmin = dclimb + ddesc (7.27)

A route is geometrically compatible with the selected altitude profile only if:

dmission > dmin (7.28)

The main assumptions adopted in this sweep are:

• the cruise altitude, vertical take-off height and vertical landing height are kept con-
stant;

• the forward climb and descent speeds are kept constant;

• the rate of descent is varied consistently with the rate of climb;

• the analysis is geometric and does not recompute the full mission energy balance;

• higher rate-of-climb values are interpreted as more performance-oriented operating
conditions;

• lower rate-of-climb values are interpreted as more comfort-oriented and less aggres-
sive vertical profiles.

The effect of rate of climb on the minimum required mission distance is shown in Fig-
ure 7.19.
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Figure 7.19: Minimum required mission distance as a function of rate of climb.

Figure 7.19 shows that the minimum required mission distance decreases as the rate of
climb increases. This behaviour is expected because, for a fixed climb height and fixed
forward climb speed, a higher rate of climb reduces the time spent in the climb segment.
As a consequence, the horizontal distance covered during climb decreases. The same
reasoning applies to the descent segment when the rate of descent is increased consistently.

The total minimum distance is the sum of the climb and descent contributions. At low
rate-of-climb values, the aircraft spends more time in climb and descent, and therefore
consumes a larger horizontal distance before and after the cruise phase. This makes very
short routes more difficult to accommodate within the selected altitude profile. At higher
rate-of-climb values, the climb and descent manoeuvres become more compact, reducing
the minimum distance required by the mission geometry.

The numerical results highlight this trend clearly. For example, at:

RoC = 3 m/s (7.29)

the minimum required mission distance is approximately:
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dmin ≃ 8.87 km (7.30)

whereas at:

RoC = 6 m/s (7.31)

the minimum required mission distance decreases to approximately:

dmin ≃ 4.44 km (7.32)

This result is important for the interpretation of short routes in the Aeolian Islands net-
work. The Lipari–Vulcano route, for example, has a distance of approximately 9 km. With
a low rate of climb, this route is only marginally compatible with the selected altitude
profile, because most of the mission distance is consumed by climb and descent. With
a higher rate of climb, the same route becomes geometrically less constrained, leaving a
larger portion of the mission available for cruise. However, increasing the rate of climb
should not be interpreted as a free improvement. A higher rate of climb generally implies
a more demanding vertical performance requirement and may increase the power demand
during the climb segment. It may also affect passenger comfort, noise, operational pro-
cedures and safety margins. Therefore, the rate of climb introduces a trade-off between
geometric compactness and operational aggressiveness. For this reason, the figure distin-
guishes between a more comfort-oriented region and a more performance-oriented region.
Lower values of rate of climb are associated with smoother vertical profiles but require
longer horizontal distances to complete the altitude transition. Higher values reduce the
minimum mission distance and can enlarge the set of geometrically feasible short routes,
but they may require more demanding aircraft performance. Overall, the rate of climb
sweep shows that climb-profile selection can influence the operational envelope of short
eVTOL missions. In particular, it can affect whether short inter-island routes can be flown
using the prescribed cruise altitude and segment structure. This parameter therefore plays
an important role in the definition of mission geometry, especially for short routes where
climb and descent distances represent a large fraction of the total route length.
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7.6. Temperature Sweep

The temperature sweep investigates the influence of ambient temperature on the battery
energy available for the Milazzo–Vulcano mission. Unlike the previous sensitivity analyses,
the mission trajectory, aircraft mass, payload, rotor configuration and aerodynamic model
are kept unchanged. The total mission energy therefore remains essentially constant, while
the available battery energy is corrected as a function of temperature. This analysis is
introduced because lithium-ion battery capacity is sensitive to operating temperature.
At low temperature, electrochemical limitations reduce the amount of usable energy that
can be extracted from the cell. At higher temperature, the short-term available capacity
may increase; however, this does not necessarily imply that high-temperature operation
is preferable, since elevated temperatures can accelerate ageing and degradation mecha-
nisms. In this thesis, the temperature sweep is therefore interpreted as a mission-level
available-energy analysis, not as a complete battery ageing study. Publicly available infor-
mation on the reference eVTOL aircraft does not provide a complete pack-level capacity-
temperature curve or cell-level identification. For this reason, a surrogate-cell approach
is adopted. The empirical temperature-capacity correction is based on published data for
the Molicel INR21700-P45B high-power lithium-ion cell at 4.5 A discharge. This surrogate
is not intended to represent the exact battery pack of the reference aircraft, but it pro-
vides a transparent and data-based way to include temperature effects without inventing
unavailable pack-level coefficients.

The capacity correction factor is obtained from an exponential empirical relation of the
form:

Q(T ) = Qref exp

[
A1

(
1

T
− 1

Tref

)
+ A2

(
1

T
− 1

Tref

)2
]

(7.33)

where T is the absolute temperature in Kelvin, Tref is the reference temperature and
A1, A2 are empirical coefficients identified from the surrogate-cell capacity data. In the
implemented model, the correction is used in normalised form:

kQ(T ) =
Q(T )

Qref

(7.34)

The usable battery energy is then corrected as:

Ebatt,use(T ) = Ebatt,use,refkQ(T ) (7.35)
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where Ebatt,use,ref is the nominal usable battery energy at the reference temperature. Sim-
ilarly, the physical battery energy after efficiency but before applying the usable depth-
of-discharge window is corrected using the same factor:

Ebatt,phys(T ) = Ebatt,phys,refkQ(T ) (7.36)

Only the battery energy capacity is corrected in this analysis. The available battery power
is kept at the nominal value because no reliable public pack-level power-temperature curve
is available for the considered aircraft. Therefore, the temperature sweep evaluates the
effect of temperature on energy feasibility, while power feasibility remains governed by
the nominal power margin.

The main assumptions adopted in this sweep are:

• the Milazzo–Vulcano route distance is kept fixed;

• the aircraft mass, payload and battery mass are kept constant;

• the mission energy demand is not temperature-corrected;

• only the available battery energy is corrected as a function of temperature;

• battery power capability is kept nominal;

• the correction factor is derived from a declared surrogate cell, not from the actual
aircraft battery pack;

• the analysis represents short-term mission feasibility and does not model long-term
thermal degradation.

The resulting capacity correction factor is shown in Figure 7.20.



152 7| Sensitivity Analyses and Operational Limits

Figure 7.20: Battery capacity correction factor as a function of ambient temperature,
based on the surrogate-cell empirical fit.

Figure 7.20 shows that the available capacity decreases significantly at low tempera-
ture and increases slightly above the reference temperature. The fitted curve follows the
surrogate-cell data and provides the correction factor used to scale the available battery
energy in the mission analysis.

The effect of this correction on the available energy is shown in Figure 7.21, where the
mission energy is compared with the corrected usable battery energy.



7| Sensitivity Analyses and Operational Limits 153

Figure 7.21: Mission energy and corrected usable battery energy as a function of ambient
temperature.

The mission energy remains approximately constant because the flight trajectory, payload,
aerodynamic model and segment structure are unchanged. By contrast, the available
usable battery energy varies with temperature. At low temperature, the corrected usable
energy is lower than the mission requirement, making the mission infeasible from an
energy point of view. As temperature increases, the corrected usable energy increases and
eventually becomes sufficient to cover the mission energy.

This behaviour is more clearly represented by the energy margin:

∆E(T ) = Ebatt,use(T )− Emission (7.37)

The corresponding result is reported in Figure 7.22.
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Figure 7.22: Energy margin as a function of ambient temperature.

Figure 7.22 shows that the energy margin increases with ambient temperature. Under the
adopted surrogate-cell correction, the Milazzo–Vulcano mission is not energy-feasible at
low temperature because the available usable battery energy is reduced. The zero-margin
crossing identifies the approximate temperature above which the mission enters the usable
battery-energy window. In the investigated range, the feasible temperature region starts
at approximately 30 ◦C and extends up to the highest analysed temperature.

This result must be interpreted carefully. It does not mean that high-temperature oper-
ation is always preferable. The sweep only captures the short-term increase in available
capacity predicted by the surrogate-cell data. Thermal ageing, safety constraints, cooling
requirements and battery lifetime effects are not included in the mission-level model and
would require a dedicated electro-thermal and degradation analysis.

The final physical state of charge is shown in Figure 7.23.
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Figure 7.23: Final physical battery state of charge as a function of ambient temperature.

Figure 7.23 provides a complementary interpretation of the battery state at mission com-
pletion. At low temperatures, the final physical SOC is strongly reduced because the
effective physical energy available from the battery is lower. As temperature increases,
the final physical SOC rises and approaches the preferred operating region. The compari-
son with the 20% battery floor and the 30% reserve level highlights the difference between
complete physical energy depletion and violation of the preferred operational reserve.

The feasibility result can be summarised by the mission feasibility flag shown in Fig-
ure 7.24. This figure is optional, but it provides a clear binary interpretation of the
temperature range.
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Figure 7.24: Mission feasibility as a function of ambient temperature.

The feasibility plot confirms that the limiting mechanism in this sweep is energy avail-
ability rather than power delivery. Since battery power is kept nominal and the mission
peak power does not change with temperature in the adopted model, the power constraint
remains satisfied throughout the analysed range. The transition from infeasible to fea-
sible operation is therefore driven by the corrected usable battery energy. Overall, the
temperature sweep shows that ambient temperature can significantly affect the energy
feasibility of the Milazzo–Vulcano mission. Low-temperature operation reduces the avail-
able battery capacity and can make an already energy-critical route infeasible. Warmer
conditions improve the short-term available capacity and may recover a positive energy
margin, but this should not be interpreted as a complete thermal optimisation result. In
practice, temperature effects should be considered together with thermal management,
battery ageing, reserve policy and operational safety requirements.

7.7. Wind Sweep

The wind sweep investigates the influence of along-track wind on the Milazzo–Vulcano
mission. In this analysis, the aircraft configuration, payload, battery parameters, mission
altitude profile and aerodynamic assumptions are kept unchanged. The only parameter



7| Sensitivity Analyses and Operational Limits 157

varied is the wind component aligned with the route.

The wind is modelled as a steady longitudinal component acting along the mission di-
rection. Crosswind, gusts, turbulence and wind shear are not considered. Therefore, the
analysis does not address lateral controllability, crosswind landing limitations or trajec-
tory deviations. Its purpose is limited to evaluating how headwind and tailwind conditions
modify the effective ground speed, mission time, energy consumption and battery margin.

The sign convention adopted in the model is:

Vwind > 0 ⇒ headwind (7.38)

Vwind < 0 ⇒ tailwind (7.39)

The aircraft is assumed to maintain its nominal airspeed. The wind therefore modifies
the effective ground speed according to:

Vg = Vair − Vwind (7.40)

where Vg is the ground speed and Vair is the nominal airspeed of the considered segment.
A positive wind component reduces the ground speed and increases the time required to
cover the same distance. A negative wind component increases the ground speed and
reduces mission time.

The main assumptions adopted in the wind sweep are:

• the wind is steady and aligned with the route;

• positive wind corresponds to headwind and negative wind corresponds to tailwind;

• crosswind, gusts, turbulence and wind shear are neglected;

• the aircraft maintains the nominal airspeed;

• wind modifies the effective ground speed and therefore segment duration;

• battery properties, payload and aircraft configuration are kept unchanged;

• the analysis is intended as a mission-level longitudinal wind sensitivity, not as a
complete flight-mechanics or operational weather assessment.

The effect of wind on the effective cruise ground speed is shown in Figure 7.25.
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Figure 7.25: Effective cruise ground speed as a function of along-track wind speed.

Figure 7.25 shows the direct kinematic effect of the adopted wind model. Tailwind con-
ditions increase the effective ground speed, while headwind conditions reduce it. Since
the aircraft airspeed is kept constant, this variation does not represent a change in the
aerodynamic cruise speed of the vehicle, but rather a change in the speed at which the
aircraft progresses along the route.

The corresponding mission time variation is shown in Figure 7.26.
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Figure 7.26: Mission time as a function of along-track wind speed.

As expected, mission time increases under headwind conditions and decreases under tail-
wind conditions. This is because the mission distance is fixed, while the effective ground
speed changes with the wind component. The effect is particularly relevant for the cruise
segment, which represents the longest portion of the Milazzo–Vulcano mission.

The effect of wind on total mission energy is reported in Figure 7.27.
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Figure 7.27: Mission energy as a function of along-track wind speed.

Figure 7.27 shows that mission energy increases in headwind conditions and decreases in
tailwind conditions. In the implemented model, the main mechanism is the change in
segment duration. Under headwind, the aircraft requires more time to cover the same
route, so the energy consumed during powered forward flight increases. Under tailwind,
the opposite occurs: the same route is completed in less time, reducing the energy required.

The energy margin provides a more direct interpretation of wind effects on mission feasi-
bility:

∆E(Vwind) = Ebatt,use − Emission(Vwind) (7.41)

The resulting trend is shown in Figure 7.28.
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Figure 7.28: Energy margin as a function of along-track wind speed.

Figure 7.28 shows that tailwind improves the energy margin, while headwind reduces it.
This result is important because the nominal Milazzo–Vulcano mission is already close
to the usable battery-energy limit. Even moderate headwind conditions can therefore
make the route more energy-critical, whereas favourable tailwind conditions can recover
a positive margin.

If included, the final usable state of charge is shown in Figure 7.29.
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Figure 7.29: Final usable state of charge as a function of along-track wind speed.

Figure 7.29 expresses the same result in terms of battery state of charge. Tailwind cases
end the mission with a higher residual usable SOC, while headwind cases reduce or elimi-
nate the available margin. This confirms that wind direction and intensity can significantly
affect the operational robustness of a mission that is already close to its energy bound-
ary. The peak power demand is not reported as a dedicated figure because, under the
adopted wind model, the aircraft airspeed and climb settings are kept nominal. The wind
modifies the time required to cover the route, but it does not significantly alter the max-
imum power demand, which remains governed by the common climb and vertical-flight
conditions. Therefore, as in the previous analyses, the main wind-related limitation is
energetic rather than power-based. Overall, the wind sweep shows that along-track wind
is an important operational parameter for the Milazzo–Vulcano mission. A headwind
increases mission time and energy consumption, reducing the final battery margin. A
tailwind reduces mission time and can improve the feasibility margin. Since the nominal
mission is close to the usable battery-energy limit, wind effects should be considered in
route planning, reserve policy and go/no-go operational decisions. It should be empha-
sised that this analysis is simplified. Real atmospheric conditions may include crosswind,
gusts, turbulence, vertical wind gradients and direction changes along the route. These ef-
fects can influence controllability, passenger comfort, landing procedures and operational
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safety. They are not included in the present mission-level energy model and would require
a more detailed flight-dynamics and operational weather assessment.

7.8. Combined Parametric Effects

The previous sensitivity analyses investigated the effect of individual parameters on the
Milazzo–Vulcano mission. This approach is useful to isolate the role of each variable, but
real mission feasibility is determined by the simultaneous interaction of several parameters.
Payload, route distance and environmental conditions do not act independently: a mission
that is feasible under nominal assumptions may become critical when a higher payload is
combined with longer distance, low temperature or headwind.

For this reason, the present section extends the one-parameter sweeps to selected two-
parameter maps. The objective is to identify the operational envelope of the selected
multicopter configuration and to visualise the boundary between feasible and infeasible
conditions. The analysed combinations are:

• payload mass and mission distance;

• ambient temperature and along-track wind;

• payload mass and ambient temperature.

The feasibility criterion is based on the same mission-level constraints adopted in the
previous sections. A mission is considered feasible only if the route is geometrically
compatible with the prescribed climb and descent profile, the mission energy remains
within the usable battery energy and the maximum power demand remains below the
available battery power. In the maps presented below, the most relevant boundary is the
zero energy-margin contour:

∆E = Ebatt,use − Emission = 0 (7.42)

This contour separates the region where the mission remains inside the usable battery
window from the region where the mission exceeds the available usable energy.

7.8.1. Payload–Distance Envelope

The first combined analysis considers payload mass and mission distance. This is the most
direct representation of the mission envelope, because it relates the useful load carried by
the aircraft to the distance that can be covered with the selected battery configuration.
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For each combination of payload and distance, the take-off mass is updated according to:

mTO = mempty +mpayload +Mbatt (7.43)

while the imposed mission distance is varied independently. The mission model is then
recomputed and the final usable state of charge is stored. The resulting map is shown in
Figure 7.30.

Figure 7.30: Final usable SOC map as a function of payload mass and mission distance.

Figure 7.30 shows the combined effect of payload and distance on the usable battery state
at the end of the mission. As expected, increasing either parameter reduces the final
usable SOC. Higher payload increases aircraft weight and therefore power demand, while
longer distance increases the duration of the cruise segment and the corresponding energy
consumption.

The zero-SOC contour represents the energy boundary of the selected configuration.
Points below this boundary remain inside the usable battery window, while points above
it exceed the nominal usable energy. This contour is more informative than a single range
value because it shows that range capability depends on payload. A lower payload allows
longer missions, whereas a higher payload reduces the maximum achievable distance.
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The same result can be expressed as a binary mission-feasibility map, shown in Figure 7.31.

Figure 7.31: Mission feasibility map as a function of payload mass and mission distance.

Figure 7.31 provides a direct visual classification of the feasible and infeasible regions.
The transition between the two regions confirms that the operational capability of the
aircraft cannot be represented by a unique maximum distance or a unique maximum
payload. Instead, the feasible domain is defined by a payload–distance trade-off. For
the nominal Milazzo–Vulcano case, the aircraft operates close to the energy boundary.
This is consistent with the previous individual sweeps: the 37 km route with the nominal
payload lies near the limit of the usable battery window. The map also indicates that
a moderate reduction in payload can recover feasibility, while an increase in distance or
payload quickly moves the mission outside the feasible region.

7.8.2. Temperature–Wind Interaction

The second combined analysis considers ambient temperature and along-track wind.
These two parameters represent environmental effects that can significantly modify mis-
sion robustness. Temperature affects the available battery capacity through the correction
factor introduced in the temperature sweep, while wind affects the effective ground speed
and therefore the mission time.
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The wind convention is the same adopted in the dedicated wind analysis:

Vwind > 0 ⇒ headwind (7.44)

Vwind < 0 ⇒ tailwind (7.45)

The aircraft is assumed to maintain its nominal airspeed, while the effective ground speed
is modified by the along-track wind component. Temperature modifies only the available
battery energy, while battery power capability is kept nominal due to the lack of reli-
able pack-level power-temperature data. The resulting energy-margin map is shown in
Figure 7.32.

Figure 7.32: Energy margin map as a function of ambient temperature and along-track
wind.

Figure 7.32 shows that the most critical region corresponds to the combination of low
temperature and headwind. Low temperature reduces the usable battery energy, while
headwind increases mission time and therefore mission energy. These effects act in the
same unfavourable direction and can make the route infeasible even if each parameter
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alone appears only moderately penalising.

Conversely, tailwind and warmer operating conditions improve the energy margin. Tail-
wind reduces the time required to cover the route, while higher temperature increases the
short-term available battery capacity in the adopted surrogate-cell model. However, this
result should not be interpreted as a recommendation to operate batteries at high tem-
perature without limitation. The map represents short-term mission energy availability
and does not include thermal ageing, cooling requirements or battery lifetime degrada-
tion. The zero-margin contour highlights the environmental boundary of the mission. On
one side of the contour, the aircraft retains a positive usable energy margin; on the other
side, the mission exceeds the usable battery window. This representation is particularly
relevant for operational planning, because it shows that a borderline mission can become
feasible or infeasible depending on weather conditions.

7.8.3. Payload–Temperature Robustness

The third combined analysis investigates the interaction between payload mass and am-
bient temperature. This map is useful because it links an operational variable, the useful
load, with an environmental variable that affects battery capacity.

For each payload value, the take-off mass is updated, while the available battery energy is
corrected using the temperature-dependent capacity factor. The mission distance is kept
equal to the Milazzo–Vulcano base case and no wind is applied. The resulting final usable
SOC map is shown in Figure 7.33.
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Figure 7.33: Final usable SOC map as a function of payload mass and ambient tempera-
ture.

Figure 7.33 shows that payload capability is temperature-dependent. At low tempera-
tures, the usable battery capacity is reduced and the aircraft can carry less payload while
remaining inside the usable energy window. At higher temperatures, the corrected avail-
able capacity increases and the payload limit shifts upward. This result is important
for mission planning because the maximum allowable payload should not be treated as a
fixed number. For an energy-critical route such as Milazzo–Vulcano, the payload margin
depends on the effective battery capacity available at the time of operation. In colder
conditions, a reduction in payload may be required to maintain the same reserve pol-
icy. In more favourable thermal conditions, the same mission may retain a larger usable
energy margin. The payload–temperature map also reinforces the distinction between
vehicle capability and operational capability. The vehicle configuration is unchanged, but
the feasible payload region changes because the available battery energy changes with
temperature. This confirms that the practical payload limit is not only a structural or
performance parameter, but also an energy-management constraint.
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7.8.4. Interpretation of the Combined Envelope

The combined maps show that the operational envelope of the selected multicopter eVTOL
is defined by a set of interacting constraints rather than by a single limiting parameter.
Payload and distance define the primary mission envelope, while temperature and wind
modify the available margin around that envelope.

The main engineering conclusions are:

• increasing payload and mission distance simultaneously reduces the final usable SOC
and shifts the mission towards the infeasible region;

• the nominal Milazzo–Vulcano mission is close to the energy boundary, so moderate
changes in payload, distance or environment can change its feasibility classification;

• low temperature and headwind form a particularly critical combination because they
reduce available battery energy and increase mission energy demand at the same
time;

• payload capability is not fixed, but depends on the effective battery capacity avail-
able under the operating thermal condition;

• the power constraint is generally less restrictive than the energy constraint for the
analysed cases, confirming that the dominant limitation is usable battery energy.

Overall, the combined parametric analysis provides a more realistic interpretation of mis-
sion feasibility than the individual sweeps alone. It shows that the aircraft should not be
operated based only on nominal range or nominal payload values. Instead, route planning
should account for payload, distance, battery state, temperature, wind and reserve policy
at the same time. In this sense, the feasibility maps can be interpreted as preliminary
operational envelopes for the considered eVTOL mission architecture.
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8.1. Synthesis of the Main Outcomes

The work carried out in this thesis provides a mission-level assessment of a representative
multicopter eVTOL configuration applied to short-range operations in the Aeolian Islands
scenario. The analysis does not aim to reproduce the certified performance of a specific
aircraft, but to evaluate how a VoloCity-like multicopter configuration behaves when ex-
plicit mission, battery and operational assumptions are applied. The main outcome is
that the feasibility of the analysed missions is governed primarily by the available usable
battery energy. In the investigated cases, the peak power requirement remains below
the available battery power, whereas the energy margin becomes critical when distance,
payload or adverse environmental conditions increase. Therefore, the key feasibility con-
dition is not simply whether the aircraft can generate enough instantaneous power, but
whether the mission can be completed while remaining inside the prescribed usable bat-
tery window. The Milazzo–Vulcano route represents the most informative reference case.
Its distance places it close to the energy boundary of the selected configuration, making
it suitable for testing how sensitive the mission is to changes in operating assumptions.
This result is important because it shows that nominal feasibility alone is not sufficient:
a mission close to the energy boundary must be assessed together with payload, reserve
policy and environmental conditions. A second relevant outcome is that route capability
cannot be described by a single range value. The feasible operating region is defined
by the combined effect of payload and distance. Lower payload increases the allowable
mission distance, while higher payload reduces the available range. For this reason, the
payload–distance envelope is more meaningful than a single maximum-range number. The
sensitivity analyses also show that environmental effects may become decisive when the
energy margin is small. Temperature modifies the effective battery capacity, while along-
track wind changes the time required to complete the route. These effects do not define
the aircraft configuration itself, but they affect whether a specific mission can be oper-
ated with sufficient margin. Overall, the results indicate that the proposed multicopter
eVTOL concept is technically more suitable for short and medium inter-island missions
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than for longer direct routes without intermediate support. Its strongest potential lies in
operations where limited payload, short distances and rapid response are more important
than high transport capacity. The following sections discuss what these findings imply
for the Aeolian Islands network, how the eVTOL service could complement conventional
maritime logistics, and what limitations remain in the present model.

8.2. Implications for the Aeolian Islands Distribution

Network

The results obtained in the previous chapters have direct implications for the design of
an eVTOL-based distribution network in the Aeolian Islands. The archipelago is charac-
terised by dispersed islands, variable route lengths and a strong dependence on maritime
connections. In this context, the value of an aerial electric network is not necessarily asso-
ciated with replacing conventional transport, but with adding a fast and flexible layer for
selected missions. The Lipari-centred hub-and-spoke architecture appears to be the most
coherent configuration for this type of operation. Lipari occupies a central position within
the archipelago and can act as a primary operational node from which short and medium
inter-island legs are performed. The numerical results show that these shorter legs are
more compatible with the selected multicopter configuration because they remain further
from the usable battery-energy boundary. Longer islands should not be interpreted as ex-
cluded from the network only because direct point-to-point missions are more demanding.
A route that is not feasible as a single uninterrupted flight may become feasible if it is
divided into shorter legs through intermediate stops. In this case, islands located between
the hub and the final destination can act as operational checkpoints where the aircraft
lands, unloads or boards payload if required, recharges or swaps the battery, and then
continues the mission. This multi-leg logic is particularly relevant for the most distant
islands. Instead of considering Lipari–Alicudi or Lipari–Stromboli only as direct flights,
these routes can be analysed as sequences of shorter segments. The feasibility condition
then depends on the energy demand of each individual leg rather than on the total dis-
tance from the hub to the final destination. This changes the operational interpretation
of the network: the limiting factor is not only aircraft range, but also the availability of
suitable intermediate nodes and turnaround infrastructure. The sensitivity analyses also
show that weather and environmental conditions can be decisive in an island scenario.
Wind, temperature and reserve requirements can significantly affect the available margin,
especially for missions close to the energy boundary. This is important for the Aeolian
Islands because operations over sea are exposed to seasonal variability, changing wind
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conditions and weather-dependent accessibility. A route that is feasible under nominal
assumptions may require payload reduction, additional reserve, delay, or an intermediate
stop under less favourable conditions. For this reason, the network should not be designed
around fixed nominal route distances alone. A realistic operational strategy should in-
clude route-specific margins, weather-aware dispatching, battery state monitoring and
alternative landing or charging locations. The same physical route may have different op-
erational classifications depending on payload, wind direction, ambient temperature and
required reserve at the time of departure. The results therefore support a flexible network
concept. Short routes can be operated as direct hub-and-spoke missions, while longer or
more critical routes may require staged operation. This approach is more robust than as-
suming that every island must be served by a single direct flight from Lipari. It also makes
the infrastructure problem more explicit: the feasibility of the aerial network depends not
only on the aircraft, but also on the distribution of charging or battery-swapping points
across the archipelago. From a logistics perspective, this suggests that eVTOL aircraft
would be most effective for lightweight and time-sensitive missions, such as urgent sup-
plies, small parcels, medical items, technical equipment or high-priority deliveries. These
missions are compatible with the payload and energy limitations identified in the analysis
and can benefit from reduced travel time and direct island-to-island connectivity. Overall,
the Aeolian Islands case study shows that the operational potential of multicopter eVTOL
aircraft depends on network design as much as on vehicle performance. Direct range capa-
bility remains important, but intermediate stops, local infrastructure and weather-aware
planning can significantly expand the practical usefulness of the system. The most realis-
tic application is therefore a distributed aerial service integrated with the existing island
transport network, rather than a stand-alone replacement for all maritime connections.

8.3. Comparison with Conventional Maritime Logis-

tics

The results of this thesis should be interpreted in relation to the existing maritime trans-
port system, rather than as a direct replacement scenario. Conventional maritime logis-
tics remains the most suitable solution for high-volume transport, passenger flows, heavy
goods and routine supply operations. Ferries and hydrofoils can carry larger payloads,
operate with established infrastructure and serve multiple islands within a consolidated
transport network. The potential role of a multicopter eVTOL is different. Its main
advantage is not transport capacity, but response time, route flexibility and direct point-
to-point connectivity. For lightweight and urgent missions, an aerial electric service could
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avoid part of the dependency on maritime schedules and reduce the delay associated with
harbour operations, boarding procedures and indirect routing. This is particularly rel-
evant for small high-priority payloads, such as medical supplies, technical components,
documents, emergency equipment or time-sensitive deliveries. From an operational per-
spective, the comparison is therefore not based on replacing one mode with the other,
but on identifying complementary functions. Maritime transport is more appropriate for
large-scale and scheduled logistics, while eVTOL aircraft can provide a rapid-response
layer for selected missions where speed and accessibility are more valuable than trans-
ported mass. This distinction is important because the payload and energy limitations
identified in the mission analysis would make a multicopter eVTOL unsuitable for bulk
logistics. Even when a route is energetically feasible, the useful payload remains limited
compared with maritime vehicles. Therefore, the eVTOL concept should be considered as
a specialised logistics tool rather than as a general-purpose transport platform. The island
context strengthens this complementary interpretation. In an archipelago, the operational
value of a fast aerial link can be high even if the transported mass is small. The ability to
connect islands directly, reach locations with limited maritime frequency, or operate ur-
gent deliveries outside standard logistics flows can provide benefits that are not captured
by payload capacity alone. At the same time, the maritime system is less constrained by
battery energy and payload-range trade-offs. Longer routes, adverse weather and larger
cargo requirements are more naturally handled by sea transport. The eVTOL system,
instead, requires careful mission planning, battery management and weather-aware dis-
patching. This makes it more sensitive to operational conditions, especially for routes
close to the energy boundary. A reasonable future transport architecture for the Aeolian
Islands would therefore combine both modes. Maritime logistics would remain the back-
bone for regular passenger and cargo movement, while eVTOL aircraft could support fast,
lightweight and time-critical missions. Intermediate charging points or battery-swapping
locations could further improve the usefulness of the aerial layer, especially for routes
that are too demanding as direct flights. In summary, the comparison with conventional
maritime logistics confirms that the main value of multicopter eVTOL aircraft is not in
replacing existing transport capacity, but in increasing operational flexibility. Their con-
tribution would be most relevant where rapid delivery, direct routing and service resilience
justify the limited payload and energy constraints of the aircraft.

8.4. Model Strengths and Limitations

The model developed in this thesis should be interpreted as a mission-level energy and
feasibility tool, not as a complete aircraft design framework. The objective of the work
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was not to design a new eVTOL aircraft from the ground up, nor to produce a detailed
aerodynamic, structural or certification-ready vehicle model. Instead, the analysis was fo-
cused on evaluating the energy consumption, battery utilisation and mission feasibility of
a representative multicopter configuration applied to an Advanced Air Mobility scenario.
The reference configuration was derived from existing multicopter eVTOL concepts, espe-
cially the Volocopter aircraft family, and then adapted through explicit assumptions and
open technical data. This approach allowed the study to remain connected to realistic
vehicle orders of magnitude, while keeping the model transparent and reproducible. How-
ever, the resulting aircraft should be understood as a VoloCity-like reference configuration
rather than as an exact representation of the actual VoloCity or any certified aircraft. A
main strength of the model is its segment-based structure. The mission is divided into
taxi, hover, vertical take-off, forward climb, cruise, descent, vertical landing and final taxi
phases. This makes it possible to identify which portions of the mission contribute most
to total energy demand and to evaluate how changes in payload, distance, cruise speed,
temperature, wind or climb profile affect the overall result. The model is therefore suit-
able for preliminary mission screening and for comparing different route and operating
scenarios. Another strength is the explicit treatment of battery constraints. The dis-
tinction between physical battery energy, usable battery energy and final state of charge
allows the analysis to separate complete energy depletion from reserve violation. This is
important because mission feasibility in real operations is not defined only by whether
the aircraft can technically complete the route, but also by whether it can do so while
respecting an operational energy margin. The validation against a reference multicopter
literature model also improves the credibility of the framework. Although the valida-
tion does not prove that the model can reproduce every real-world operating condition,
it shows that the implemented segment logic and energy calculations are consistent with
published mission-level results when comparable assumptions are used. At the same time,
the model has several limitations. First, the aircraft geometry and propulsion system are
not the result of a complete design optimisation. Rotor count, rotor diameter, mass prop-
erties and battery assumptions are imposed as input parameters rather than derived from
an integrated aircraft sizing process. Therefore, changes such as increasing rotor count
or battery mass should be interpreted as parametric studies, not as fully redesigned air-
craft configurations. Second, the aerodynamic modelling remains simplified. The cruise
and descent models are appropriate for mission-level energy estimation, but they do not
include high-fidelity rotor aerodynamics, rotor–rotor interference, detailed fuselage aero-
dynamics, unsteady effects or control-related losses. Similarly, the wind analysis considers
only a steady along-track component and does not model crosswind, gusts, turbulence or
trajectory deviations. Third, the battery model is necessarily approximate. The nominal
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battery parameters are based on explicit assumptions, while the temperature correction
uses a declared surrogate cell because complete public pack-level data for the reference air-
craft are not available. As a result, the battery analysis is useful for sensitivity assessment,
but it should not be interpreted as a detailed electro-thermal or ageing model of a certified
aircraft battery pack. Fourth, the model does not include a full operational infrastructure
simulation. Charging time, battery swapping logistics, fleet scheduling, vertiport capacity,
turnaround procedures and maintenance requirements are not modelled in detail. These
aspects would be essential for evaluating the performance of a real service network, but
they are beyond the scope of the present mission-energy study. Finally, the model does
not address certification compliance in a quantitative way. Safety, redundancy, failure
cases, emergency procedures, reserve rules, airspace integration and vertiport require-
ments are discussed at a conceptual level in the following regulatory chapter, but they
are not embedded as formal certification constraints inside the numerical model. Despite
these limitations, the model is useful for the intended purpose of the thesis. It provides
a transparent framework for estimating mission energy, identifying critical routes, eval-
uating battery margins and understanding the main parameters that drive feasibility in
a short-range eVTOL application. Its value lies in early-stage engineering assessment: it
can indicate where a mission concept appears promising, where it becomes energy-critical
and which parameters should be improved or investigated in future higher-fidelity studies.
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9.1. Purpose and Scope of the Regulatory Discussion

The previous chapters evaluated the energy performance and mission feasibility of a repre-
sentative multicopter eVTOL configuration applied to the Aeolian Islands scenario. These
analyses are necessary to understand whether a route can be completed from an energy,
power and battery-margin point of view. However, energy feasibility alone is not sufficient
to determine whether the proposed concept could be implemented in a real Advanced Air
Mobility operation. A real eVTOL service would also require compliance with airwor-
thiness requirements, vertiport and ground infrastructure standards, airspace integration
rules, operational procedures and emergency planning. For this reason, the present chap-
ter introduces the main certification and compliance aspects that would influence the
transition from a mission-level feasibility study to an operationally deployable system.

The scope of this chapter is intentionally limited. The objective is not to define a com-
plete certification basis for the aircraft, nor to demonstrate compliance with all applicable
requirements. Similarly, the chapter does not replace a formal safety assessment, opera-
tional approval process or vertiport design study. Instead, it identifies the main regulatory
and compliance drivers that are relevant to the mission concept developed in this thesis.

For the aircraft side, the most relevant European reference is the EASA Special Condition
for small-category VTOL-capable aircraft, which was introduced because these aircraft
differ from conventional fixed-wing aeroplanes and rotorcraft and therefore require a dedi-
cated certification framework [12]. This reference is particularly important for multicopter
eVTOL aircraft intended for passenger or high-integrity operations.

For the infrastructure side, the EASA Prototype Technical Specifications for Vertiports
provide non-regulatory design material for VFR vertiports serving manned VTOL-capable
aircraft certified in the enhanced category [10]. These specifications are relevant to the
Aeolian Islands scenario because the feasibility of an eVTOL network depends not only
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on aircraft energy performance, but also on the availability of suitable take-off, landing,
charging and turnaround areas.

Airspace integration is another key element. The European U-space framework defines
a regulatory structure for UAS operations in designated U-space airspace and introduces
services intended to support safe, digital and automated low-altitude operations [7]. Al-
though the present thesis does not assume a fully autonomous certified passenger service,
U-space concepts remain relevant when considering future unmanned cargo operations,
traffic information, strategic deconfliction and digital flight authorisation services [9].

The regulatory discussion is therefore used as a bridge between the numerical mission
analysis and the practical implementation of an eVTOL service. The aim is to show
which additional requirements would have to be considered before the proposed Aeolian
Islands concept could move from a feasibility model to a real operational framework.

In this context, the following sections discuss: airworthiness considerations for eVTOL
aircraft, vertiport and ground infrastructure requirements, airspace and U-space integra-
tion aspects, operational constraints specific to the Aeolian Islands case study, and the
main compliance drivers emerging from the analysis.

9.2. Airworthiness Considerations for eVTOL Air-

craft

The airworthiness assessment of an eVTOL aircraft cannot be reduced to the verification
of energy consumption or battery endurance. A mission may be energetically feasible
under nominal assumptions and still be unacceptable from a certification perspective if
the aircraft cannot demonstrate adequate safety margins, failure tolerance, battery safety,
controllability and emergency capability.

In the European regulatory framework, the main reference for this class of aircraft is the
EASA Special Condition for small-category VTOL-capable aircraft. EASA introduced
this framework because VTOL-capable aircraft do not fit entirely within conventional
aeroplane or rotorcraft certification categories. The Special Condition applies to small-
category VTOL-capable aircraft and provides dedicated airworthiness requirements for
this emerging class of vehicles [12].

A first important distinction introduced by SC-VTOL is the separation between Category
Enhanced and Category Basic. Category Enhanced is associated with a higher safety
objective and is relevant for passenger transport and operations over congested areas.
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Category Basic is associated with a lower operational exposure and a controlled emergency
landing capability. In SC-VTOL, the key safety concepts are expressed through the terms
“continued safe flight and landing” and “controlled emergency landing” [12].

This distinction is important for the present thesis because the Aeolian Islands concept
could be interpreted in different ways depending on the future operational scenario. If
the system were developed as a passenger-carrying air-taxi service, or if it routinely op-
erated over populated areas, the Enhanced category would likely become the relevant
certification target. If the concept were limited to lower-risk cargo or logistics missions,
a different classification could be considered. However, this would depend on the final
aircraft, operating rules, route exposure, airspace environment and intended service type.
Therefore, this thesis does not assign a definitive certification category, but identifies the
main airworthiness implications that would need to be addressed in a future certification
programme.

The concept of continued safe flight and landing is especially relevant to the mission-
energy analysis. SC-VTOL links this concept to the ability of the aircraft to continue
controlled flight and landing after relevant failures. The associated Means of Compliance
further clarify that this capability should not require “exceptional piloting skills, alertness,
or strength” [8]. This requirement goes beyond the nominal energy balance used in the
present model. A certified aircraft must not only complete the planned route under
normal conditions, but also retain sufficient capability under defined abnormal and failure
conditions.

This has direct implications for the battery margins used in this thesis. The numerical
model evaluates whether the mission remains within the usable battery energy under nom-
inal conditions. A certification-oriented assessment would also need to consider degraded
cases, including diversion to an alternate landing site, loss or degradation of propulsion
units, reduced climb performance, abnormal landing procedures and emergency reserves.
Therefore, the energy margin computed in this thesis should be interpreted as a prelimi-
nary mission-level margin, not as a certification reserve.

The propulsion battery system is another critical airworthiness driver. In an eVTOL
aircraft, the battery is part of the propulsion system and directly affects flight continu-
ation, landing capability and fire safety. EASA MOC-3 SC-VTOL addresses propulsion
battery thermal runaway and introduces compliance approaches based on containment
and non-propagation testing [11]. In particular, the document refers to thermal-runaway
containment testing and includes the verification condition that “At least 20% of the cells”
achieve thermal runaway during the referenced test condition [11].
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This regulatory point is important because the battery model used in this thesis is inten-
tionally limited to mission-level energy behaviour. The model accounts for battery mass,
specific energy, usable energy, state of charge and temperature-dependent capacity effects.
It does not model cell-level failure modes, thermal-runaway propagation, module contain-
ment, venting, battery management system fault detection, repeated cycling degradation
or fire-zone design. Consequently, the battery analysis is suitable for energy-feasibility
assessment, but it is not sufficient to demonstrate propulsion battery airworthiness com-
pliance.

SC-VTOL also includes requirements related to systems, structures and protection against
hazardous failures. For distributed electric propulsion aircraft, this is particularly impor-
tant because lift and thrust are generated by multiple rotors, motors and associated
electrical systems. Requirements related to structural protection, high-energy fragments,
electrical systems, lightning, high-intensity radiated fields and system safety would all
become relevant in a complete aircraft certification programme [12].

The environmental aspects considered in the numerical model must also be interpreted
within this limitation. The wind sweep in Chapter 7 considered only a steady along-
track wind component. This is useful for estimating the effect of headwind and tailwind
on mission energy, but it does not cover the full set of operational and certification-
relevant environmental conditions. A complete assessment would also need to consider
crosswind, gusts, turbulence, visibility, precipitation, icing exposure, degraded navigation
and emergency procedures. EASA Means of Compliance material provides additional
guidance for demonstrating compliance with performance, handling qualities, systems
and environmental requirements under the SC-VTOL framework [15].

From the perspective of this thesis, the main conclusion is that the mission-energy model
represents only the first layer of feasibility. It can identify whether a nominal route is ener-
getically plausible and which parameters drive the energy margin. However, a certifiable
eVTOL operation would require additional demonstrations related to failure tolerance,
continued safe flight and landing or controlled emergency landing, propulsion battery
safety, structural integrity, system safety, environmental qualification and operational
limitations.

Therefore, the numerical results should be interpreted as support for early mission screen-
ing, not as evidence of aircraft-level compliance. The model can indicate which routes
and operating conditions are promising or critical from an energy perspective, but airwor-
thiness approval would require a broader certification programme based on the applicable
SC-VTOL requirements and Means of Compliance.
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9.3. Vertiport and Ground Infrastructure Require-

ments

The feasibility of an eVTOL network does not depend only on aircraft energy performance.
Even if a route is energetically feasible, the operation cannot be implemented unless suit-
able take-off, landing, turnaround, charging and emergency facilities are available at the
origin, destination and, when required, at intermediate stops. This aspect is particularly
important for the Aeolian Islands scenario, where the territory is insular, geologically ir-
regular and often constrained by limited flat areas, coastal exposure, populated villages,
port activities and protected landscapes.

In the European context, the main reference for vertiport design is the EASA Prototype
Technical Specifications for the Design of VFR Vertiports for Operation with Manned
VTOL-Capable Aircraft Certified in the Enhanced Category [10]. EASA explicitly states
that these specifications are developed as “non-regulatory material for the design of VFR
vertiports or parts thereof” and are applicable to “manned VTOL-capable aircraft certified
in the enhanced category” [10]. Therefore, they should not be interpreted as a complete
operational approval framework, but as the most relevant European technical reference
for the preliminary design of vertiport infrastructure.

The same document clarifies that PTS-VPT-DSN contains technical specifications for
“physical characteristics, obstacle environment, and visual aids” for vertiport design [10].
These three elements are directly relevant to the present case study. In an island environ-
ment, the physical characteristics of the landing area depend strongly on available terrain
and ground bearing capacity; the obstacle environment is affected by slopes, coastal ter-
rain, buildings, port cranes, antennas and volcanic relief; and visual aids become relevant
because operations may occur close to sea surfaces, harbour lights and visually complex
coastal backgrounds.

A vertiport is not only a landing pad. It is a system of defined areas and support-
ing services. EASA PTS-VPT-DSN identifies key infrastructure elements such as the
final approach and take-off area (FATO), the touchdown and lift-off area (TLOF), the
safety area, obstacle limitation surfaces, visual aids, approach/departure paths and res-
cue and firefighting services [10]. These elements must be assessed together with the
characteristics of the design VTOL-capable aircraft. In particular, EASA states that,
when designing a vertiport, the following parameters should be considered: “the set of
the largest dimensions”, “the maximum take-off mass (MTOM)”, and “the most critical
obstacle avoidance criteria” of the VTOL-capable aircraft population that the vertiport
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is intended to serve [10].

This requirement has a direct implication for the thesis scenario. The reference multi-
copter configuration used in the mission model is VoloCity-like and has a relatively large
rotor footprint compared with its payload capability. Therefore, the design of a vertiport
for this type of aircraft cannot be based only on payload or mass. The limiting aircraft di-
mensions, rotor disc arrangement, downwash footprint, obstacle clearance and maximum
allowable take-off and landing mass must all be considered.

The physical layout must also be compatible with the available ground conditions. The
Aeolian Islands are volcanic in origin, and many potential sites are affected by sloped
terrain, rocky outcrops, limited flat surfaces, coastal erosion, loose pyroclastic deposits
or constrained urban fabric. From an infrastructure perspective, this means that site
selection should consider not only the horizontal space required by the FATO, TLOF and
safety area, but also foundation stability, surface regularity, drainage, erosion resistance
and the ability to support repeated aircraft loads.

This point is especially relevant for possible vertiport locations near harbours or coastal
platforms. Port areas may offer logistical advantages because they are already connected
to island mobility, cargo handling and emergency services. However, they may also intro-
duce constraints related to obstacles, people and vehicle movement, maritime operations,
limited expansion space, salt exposure and interference with existing transport flows. A
harbour-adjacent vertiport would therefore require careful separation between aviation
operations, maritime activities and public access.

Ground-surface design is another important factor. The landing area must provide suffi-
cient strength and stability for the design aircraft, including the maximum take-off mass
considered in the operation. For an electric multicopter, the loads may be lower than
for conventional helicopters, but repeated operations, concentrated landing gear loads,
battery-swapping equipment and ground-service vehicles can still impose significant local
requirements. On volcanic or uneven terrain, a prepared reinforced surface would likely
be required rather than an untreated natural surface.

Downwash and outwash must also be considered. Although the EASA PTS provides the
European reference framework, the FAA Engineering Brief 105A is useful as an additional
technical reference because it explicitly introduces a downwash and outwash caution area
for VTOL operations [16]. The FAA document states that EB 105A provides standards
and guidance for the “planning, design, and construction” of facilities serving VTOL air-
craft and notes the introduction of a “downwash and outwash caution area” [16]. For island
operations, this is relevant because take-off and landing areas may be close to pedestrians,



9| Certification and Compliance Considerations 183

vehicles, harbour equipment, lightweight objects, dust, volcanic ash or sea spray.

The electrical infrastructure is another fundamental requirement. The mission analysis
in this thesis showed that battery energy margin is a dominant constraint. Therefore,
a practical hub-and-spoke network would require reliable charging or battery-swapping
capability at the main hub and, for longer routes, at selected intermediate islands. For
Lipari, this means that the hub should not only provide landing capability, but also high-
power electrical supply, battery storage, charging management, thermal monitoring, fire
protection and turnaround procedures.

Intermediate stops are particularly relevant for the Aeolian Islands network. Routes that
are demanding as direct flights can become more realistic if divided into shorter legs,
provided that intermediate locations offer adequate landing and energy-support infras-
tructure. This implies that the network should not be designed as a single vertiport at
Lipari only. Instead, a distributed infrastructure concept may be required, with a primary
hub and smaller satellite landing or charging points on selected islands.

Fire safety and emergency response are critical because eVTOL aircraft rely on high-
energy lithium-ion battery systems. The vertiport infrastructure should therefore include
emergency access, firefighting capability, battery incident procedures, isolation areas for
damaged battery packs and coordination with local emergency services. EASA PTS-
VPT-DSN includes rescue and firefighting services among the relevant vertiport design
considerations [10]. In an island environment, this requirement is particularly important
because emergency resources may be limited and response times can vary significantly
between islands.

Weather exposure must also influence site selection. Coastal and island vertiports are
exposed to wind, salt, humidity and rapid weather changes. Wind direction and tur-
bulence may be affected by local topography, especially near volcanic slopes, ridges or
coastal cliffs. Therefore, the approach and departure paths should be selected not only
for obstacle clearance, but also for wind exposure and operational consistency. This as-
pect is directly linked to the wind sensitivity discussed in the previous chapters: a site
that is geometrically possible may still be operationally weak if it is exposed to frequent
unfavourable wind conditions.

The main infrastructure requirements for the Aeolian Islands scenario are summarised in
Table 9.1.
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Table 9.1: Main vertiport and ground infrastructure requirements for the Aeolian Islands
scenario.

Infrastructure aspect Technical requirement Relevance for the Aeolian Is-
lands case

Landing area geometry FATO, TLOF and safety area com-
patible with the design VTOL air-
craft.

Limited flat land and constrained
coastal spaces make site selection
critical.

Obstacle environment Clear approach and departure paths
with acceptable obstacle margins.

Volcanic relief, ports, antennas and
compact settlements may restrict us-
able directions.

Ground bearing capacity Prepared surface for aircraft loads,
repeated operations and ground
equipment.

Volcanic terrain may require rein-
forcement, levelling, drainage and
erosion control.

Downwash and outwash Protection of people, vehicles, loose
objects and nearby activities.

Important near ports, pedestrian ar-
eas, volcanic dust, sea spray and light
equipment.

Energy infrastructure Charging or battery swapping, stor-
age, thermal monitoring and grid
connection.

Essential for Lipari as hub and for in-
termediate stops on longer routes.

Fire safety and emer-
gency response

Rescue access, firefighting capability
and battery incident procedures.

Island emergency resources may be
limited and battery events require
specific response.

Turnaround operations Payload handling, battery exchange,
inspection and dispatch procedures.

Determines whether multi-leg hub-
and-spoke operations can be efficient.

Weather exposure Site selection considering wind, tur-
bulence, salt, visibility and microcli-
mate.

Operations are sensitive to seasonal
wind and local topographic effects.

Integration with local
mobility

Connection to ports, roads, emer-
gency services and logistics nodes.

Harbour-adjacent sites are useful
but must be separated from mar-
itime/public activity.

From the perspective of this thesis, the most important conclusion is that infrastructure
feasibility must be considered together with aircraft energy feasibility. A route may be
energetically possible but operationally impractical if the destination island cannot pro-
vide a suitable landing area, safe approach path, battery support and emergency response
capability. Conversely, intermediate infrastructure can extend the practical usefulness of
the network by dividing longer routes into shorter and more manageable legs.

Therefore, the Aeolian Islands eVTOL concept should be interpreted as an integrated
aircraft–infrastructure system. Lipari may act as the primary hub, but the operational
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value of the network depends on the availability of compatible satellite sites on other
islands. The geological and spatial constraints of the archipelago make this infrastructure
assessment particularly important. Future work should therefore combine the energy
model developed in this thesis with a site-selection analysis based on terrain morphology,
obstacle environment, grid availability, emergency access, environmental constraints and
local transport integration.

9.4. Airspace Integration and U-Space Considerations

Airspace integration is a central requirement for any future eVTOL operation. Even if
the aircraft and vertiport infrastructure were technically suitable, the service could not
be implemented without a safe and coordinated integration into the existing airspace
system. This is particularly relevant in the Aeolian Islands scenario, where operations
would take place over sea, near populated island settlements, close to harbour areas and
potentially in interaction with helicopter traffic, emergency flights, general aviation and
future unmanned aircraft operations.

The regulatory discussion must distinguish between two possible operational interpreta-
tions of the concept. If the service is developed as a manned or piloted passenger-carrying
eVTOL operation, it would primarily need to be integrated within the conventional avia-
tion framework, including air traffic services, flight rules, route approval, communication
requirements and coordination with controlled or uncontrolled airspace. If, instead, the
concept evolves towards unmanned cargo operations, especially beyond visual line of sight,
the U-space framework becomes directly relevant.

In the European regulatory framework, U-space is introduced by Commission Implement-
ing Regulation (EU) 2021/664. The regulation defines U-space as a specific airspace
framework for UAS operations and establishes the conditions under which unmanned air-
craft may operate within designated U-space airspace [7]. EASA describes the U-space
Regulation as introducing “a regulatory framework for the U-space”, where U-space is
associated with UAS geographical zones and the use of specific services by UAS opera-
tors [13].

This distinction is important. U-space should not be presented as a complete certification
or operating framework for a piloted passenger eVTOL service. Its current regulatory
scope is centred on unmanned aircraft systems. However, U-space concepts are still highly
relevant for the present thesis because a lightweight logistics use case may in the future
involve unmanned cargo missions, digital flight authorisation, strategic deconfliction and
low-altitude traffic information services.
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The U-space framework is based on the idea that certain airspace volumes can be desig-
nated by Member States as U-space airspace. Access to those volumes is then associated
with the use of specific digital services. Regulation (EU) 2021/664 states that U-space
airspace is a UAS geographical zone designated by Member States where UAS operations
are allowed only with the support of U-space services [7]. In practical terms, this means
that an operator cannot simply fly in such airspace without interacting with the required
service infrastructure.

The mandatory U-space services include network identification, geo-awareness, UAS flight
authorisation and traffic information. EASA describes these services as follows: network
identification provides live flight data of each unmanned aircraft; geo-awareness provides
information about airspace constraints and geo-zones; UAS flight authorisation ensures
that flights in U-space airspace are authorised; and traffic information supports awareness
of other relevant air traffic [14]. These services are directly connected to the operational
challenges of a dense or structured low-altitude environment.
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For the Aeolian Islands scenario, the most relevant U-space functions are summarised in
Table 9.2.

Table 9.2: Main U-space functions relevant to a future Aeolian Islands eVTOL logistics
concept.

U-space function Regulatory role Relevance for the Aeolian Islands
scenario

Network identification Provides identification and live flight
information for unmanned aircraft.

Relevant for cargo-flight traceabil-
ity and authority oversight of low-
altitude operations.

Geo-awareness Provides information on airspace con-
straints, geographical zones and limi-
tations.

Important near protected areas, set-
tlements, ports, heli routes and re-
stricted areas.

UAS flight authorisa-
tion

Ensures that each UAS flight in U-
space airspace is authorised before op-
eration.

Useful for managing point-to-point or
multi-leg cargo flights and avoiding
conflicts.

Traffic information Provides information on other rele-
vant air traffic.

Critical where routes may interact
with helicopters, emergency flights or
general aviation.

Weather information Provides meteorological data when re-
quired as an additional U-space ser-
vice.

Relevant in an island environment ex-
posed to wind, visibility changes and
sea weather.

Conformance monitor-
ing

Monitors consistency with the autho-
rised trajectory or operational intent.

Relevant for BVLOS logistics flights
over sea or between islands with lim-
ited landing options.

In Italy, U-space implementation must also be read together with national geographical-
zone management. ENAC states that U-space is a particular type of UAS geographical
zone introduced by Regulation (EU) 2021/664 and that, at present, no portion of U-
space has yet been activated in Italy [6]. This is an important point for the thesis:
the Aeolian Islands concept cannot simply assume the existence of an operational U-
space environment. A future implementation would require designation of the relevant
airspace volume, definition of applicable services, identification of service providers and
coordination with the competent national authority.

The Italian context also highlights that geographical zones may impose specific opera-
tional conditions. ENAC guidance explains that, when defining UAS geographical zones,
Member States may impose conditions on UAS operations or require particular technical
characteristics and authorisations [5]. For the Aeolian Islands, this could become rele-
vant near ports, settlements, environmentally protected areas, tourist zones, emergency
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facilities and any airspace used by helicopters or other low-altitude traffic.

From an operational perspective, the most critical issue is the coexistence between eVTOL
operations and other airspace users. A future island network could include several types
of traffic: piloted eVTOL aircraft, unmanned cargo drones, emergency helicopters, search-
and-rescue operations, general aviation and maritime-related aerial activity. Therefore,
route planning should not only minimise energy consumption, but also consider separa-
tion, detect-and-avoid capability, communication links, contingency routes and emergency
landing options.

The distinction between manned and unmanned operations is also relevant for commu-
nications and surveillance. A piloted eVTOL passenger service would likely require voice
communication, air traffic coordination and compliance with applicable flight rules. An
unmanned cargo service would rely more heavily on digital services, remote identification,
flight authorisation, command-and-control link reliability and conformance monitoring.
In both cases, the aircraft must be integrated into an operational environment where
other airspace users and ground risks are explicitly managed.

The Aeolian Islands create specific integration challenges. The routes are short but cross
open sea, which reduces ground population exposure along parts of the route but also
limits emergency landing opportunities. Approaches and departures would concentrate
near coastal settlements and ports, increasing the importance of obstacle clearance, noise
exposure, public safety and coordination with local traffic. Wind patterns affected by
island topography may also influence approach direction, route selection and operational
availability.

For this reason, airspace integration should be treated as part of the network design.
Lipari could act as the main operational hub, but the aerial corridors connecting Lipari to
the other islands would need to be assessed in terms of airspace classification, terrain and
obstacle environment, emergency alternatives, communication coverage, weather exposure
and interaction with existing aviation activity. For multi-leg missions, each intermediate
stop would also require compatible airspace access and departure/arrival procedures.

The present thesis does not model airspace capacity, traffic separation or digital flight
authorisation. However, the mission-energy results provide useful input to an airspace-
integration assessment because they identify the routes, intermediate stops and opera-
tional conditions most likely to be used. In a future development, the energy model could
therefore be coupled with a route-availability and airspace-risk model to determine which
missions are not only energetically feasible, but also operationally acceptable.
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Overall, U-space and airspace integration considerations show that the practical im-
plementation of the Aeolian Islands eVTOL concept would require more than aircraft
performance and vertiport infrastructure. For unmanned or highly automated logistics
operations, U-space services would be essential to support identification, authorisation,
geo-awareness, traffic information and conformance monitoring. For piloted passenger or
mixed operations, coordination with the existing aviation framework would remain cen-
tral. In both cases, safe integration into the low-altitude island airspace is a fundamental
condition for real-world applicability.

9.5. Operational Constraints for the Aeolian Islands

Case Study

The Aeolian Islands case study introduces operational constraints that are more spe-
cific than the general regulatory requirements discussed in the previous sections. The
archipelago is not only a set of point-to-point distances between islands. It is a vol-
canic, insular and weather-exposed environment in which route planning, vertiport siting,
emergency management and operational availability must be considered together.

The Aeolian Islands are a volcanic archipelago located north of Sicily. The UNESCO
description of the site highlights the presence of two active volcanoes, Stromboli and Vul-
cano, and notes that volcanic activity such as fumaroles and thermal waters is present
throughout the archipelago [28]. This geological context is directly relevant to eVTOL
operations because the availability of suitable infrastructure sites depends on terrain mor-
phology, ground stability, slopes, rocky surfaces, volcanic deposits and local environmental
constraints.

From an operational perspective, the first constraint is the separation between energy
feasibility and service availability. A route may be feasible in the mission model, but
this does not imply that it can be operated reliably throughout the year. The Aeolian
Islands are exposed to sea weather, seasonal wind variability and local topographic effects.
Wind conditions can affect both the energy required along the route and the usability of
approach and departure paths. Therefore, the operational availability of an eVTOL service
would depend on weather minima, dispatch rules and the availability of alternative routes
or landing sites.

The second constraint is the limited number of suitable take-off and landing locations.
Many island areas are characterised by steep terrain, compact settlements, coastal cliffs,
protected landscapes or limited flat surfaces. This makes vertiport placement a critical
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design variable. A theoretically central location may be unsuitable if it does not provide
adequate ground stability, obstacle clearance, emergency access, separation from public
areas or electrical infrastructure. Conversely, harbour-adjacent locations may offer lo-
gistical advantages but introduce conflicts with maritime traffic, pedestrian flows, port
equipment and public access.

The geological nature of the islands is particularly important for infrastructure feasibil-
ity. Volcanic terrain may include hard rock, irregular surfaces, slopes or unconsolidated
deposits. For this reason, a vertiport or satellite landing site should not be selected only
on the basis of geographic position. It would require a site-specific assessment of surface
bearing capacity, foundation requirements, drainage, erosion resistance, slope, exposure to
sea spray and compatibility with repeated aircraft operations. This is consistent with the
vertiport design logic discussed by EASA, where the physical characteristics of the landing
area and the obstacle environment are fundamental elements of vertiport design [10].

The third constraint is the need for intermediate operational nodes. The energy analysis
showed that some distant routes may be demanding if treated as direct flights from the
main hub. In an island network, however, infeasibility of a direct leg does not necessarily
exclude service to the final island. The route can be divided into shorter legs, with
intermediate stops used for landing, payload handling, recharging or battery swapping.
This is particularly relevant for distant islands such as Alicudi or Stromboli, where a
direct route may be energy-critical but a staged route could remain operationally viable
if suitable intermediate infrastructure exists.

This implies that the network should be designed as an integrated system rather than as a
set of independent direct routes. Lipari can operate as the primary hub, but satellite sites
on other islands would determine how far the practical service envelope can extend. The
feasibility of the network is therefore not only an aircraft-range problem. It also depends
on the distribution, capability and reliability of intermediate nodes.

The fourth constraint concerns emergency and contingency planning. Sea-crossing routes
reduce the exposure to population on the ground for part of the flight, but they also reduce
the availability of emergency landing options. For a real operation, each route would
require predefined contingency procedures, including return-to-base decisions, diversion
to an alternate island, landing at an intermediate site or coordination with maritime
rescue resources. This is particularly important for eVTOL aircraft, where battery state,
propulsion redundancy and emergency landing capability are central elements of the safety
case.

The fifth constraint is energy infrastructure. The mission concept becomes more realistic
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if charging or battery swapping is available at the hub and at selected intermediate points.
However, this requires local electrical capacity, battery storage, fire protection, thermal
monitoring, operational procedures and maintenance capability. On small islands, grid
limitations and seasonal demand peaks may become relevant. Therefore, the installation
of eVTOL infrastructure would need to be evaluated together with local energy availability,
renewable generation potential, grid reinforcement and emergency power supply.

The sixth constraint is operational seasonality. The Aeolian Islands experience strong
seasonal variations in tourism, maritime traffic and local service demand. During the
summer period, the potential demand for rapid logistics and emergency transport may
increase, but port congestion, public crowding, noise sensitivity and thermal battery ef-
fects may also become more relevant. During winter or adverse-weather periods, the value
of an aerial logistics layer could increase when maritime connections are reduced or de-
layed, but wind, visibility and weather minima may limit flight availability. Therefore,
the service should be assessed not only by average annual feasibility, but also by seasonal
operational windows.

The seventh constraint is environmental and social compatibility. The Aeolian Islands are
environmentally sensitive and culturally valuable territories. The introduction of eVTOL
operations would require attention to noise, visual impact, protected areas, tourism per-
ception, local acceptance and integration with existing mobility patterns. Even if electric
propulsion reduces local emissions compared with combustion-based aviation, it does not
eliminate all environmental impacts. Rotor noise, downwash, infrastructure footprint and
battery logistics would still require assessment.

The operational constraints specific to the Aeolian Islands are summarised in Table 9.3.
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Table 9.3: Operational constraints for an eVTOL network in the Aeolian Islands.

Constraint Practical implication Relevance for the eVTOL con-
cept

Volcanic terrain and
morphology

Site selection must consider slopes,
rocky surfaces, stability, erosion and
drainage.

Some central locations may be un-
suitable for safe vertiport or landing-
site installation.

Limited flat land FATO, TLOF, safety area and access
routes may be difficult to accommo-
date.

Infrastructure feasibility may be
more restrictive than aircraft range
on some islands.

Obstacle environment Approach and departure paths may
be constrained by terrain, buildings,
antennas and port equipment.

Route design must include obstacle
clearance and safe climb/descent cor-
ridors.

Sea-crossing routes Emergency landing options are lim-
ited between islands.

Requires contingency planning, alter-
nate sites and maritime rescue coor-
dination.

Weather exposure Wind, visibility and local topo-
graphic effects may reduce opera-
tional availability.

Energy feasibility must be combined
with weather-aware dispatch rules.

Intermediate stops Long direct routes can be divided
into shorter operational legs.

Extends the service envelope if satel-
lite charging or battery-swapping
sites are available.

Energy infrastructure Charging or battery swapping re-
quires grid capacity, storage, fire pro-
tection and turnaround procedures.

Determines whether the network can
operate repeatedly, not only as iso-
lated missions.

Seasonality Tourism, port traffic, weather and de-
mand vary across the year.

Service planning must account for
seasonal demand and operational
limitations.

Environmental and social
acceptance

Noise, downwash, visual impact and
protected areas must be considered.

Local acceptance may become lim-
iting even if technical feasibility is
achieved.

For the mission concept developed in this thesis, the most relevant operational implication
is that direct route feasibility should not be interpreted as the only criterion for network
feasibility. A route that is too demanding as a direct flight may still be viable through
intermediate stops, provided that the intermediate island offers adequate landing, energy
and emergency infrastructure. This is particularly important for a distributed archipelago,
where operational resilience can be improved by using multiple nodes rather than relying
exclusively on one central hub.

At the same time, adding intermediate stops changes the nature of the operation. It in-
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troduces turnaround time, infrastructure requirements, additional landing cycles, battery
management procedures and operational coordination. Therefore, it can improve range
feasibility but may reduce time advantage if not properly designed. The practical solution
would require a balance between direct flights for short routes and staged operations for
longer or more critical routes.

Overall, the Aeolian Islands scenario confirms that eVTOL feasibility is not only an aircraft
performance problem. It is an integrated aircraft–infrastructure–environment problem.
The mission-energy model developed in this thesis identifies which routes are promising
from an energy point of view, while the regulatory and operational considerations indi-
cate what additional conditions would be required for real implementation. Future work
should therefore combine the energy model with site-selection analysis, seasonal weather
data, emergency planning, electrical infrastructure assessment and stakeholder acceptance
studies.
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9.6. Summary of Main Compliance Drivers

The previous sections show that the transition from mission-level energy feasibility to
real eVTOL operation would require several additional compliance layers. The model
developed in this thesis can identify route energy demand, battery margins and critical
operating conditions, but it does not replace aircraft certification, vertiport approval,
airspace integration or operational safety assessment.

The main compliance drivers for the Aeolian Islands scenario are summarised in Table 9.4.

Table 9.4: Main compliance drivers for the Aeolian Islands eVTOL concept.

Compliance area Main driver Relevance for the thesis scenario

Aircraft certification SC-VTOL basis, category selection
and safety objectives.

Defines whether the aircraft can
be certified for the intended opera-
tion [12].

Failure capability Continued safe flight and landing, or
controlled emergency landing.

Nominal feasibility must be extended
to abnormal and failure cases [8, 12].

Battery safety Thermal runaway, containment, non-
propagation and battery protection.

Mission-level SOC analysis does not
replace battery compliance demon-
strations [11].

Energy reserves Operational margin, diversion capa-
bility and emergency landing energy.

The computed energy margin is pre-
liminary, not a certification reserve.

Vertiport infrastructure FATO, TLOF, safety areas, obstacle
environment, visual aids and firefight-
ing.

Determines whether Lipari and the
other islands can host safe landing
sites [10].

Ground energy system Charging, battery swapping, storage
and grid connection.

Essential for repeated hub-and-spoke
operations and intermediate stops.

Airspace integration Traffic information, flight authorisa-
tion, geo-awareness and route coordi-
nation.

Required for safe low-altitude oper-
ations and future unmanned logis-
tics [7, 13].

Weather and environ-
ment

Wind, visibility, temperature, sea-
crossing exposure and local topogra-
phy.

Affects dispatch decisions, route avail-
ability and operational robustness.

Emergency planning Alternate landing sites, intermediate
nodes and rescue coordination.

Critical because routes cross the sea
and emergency landing options are
limited.

Local integration Noise, downwash, public access, port
activity and protected areas.

Relevant for harbour-adjacent sites,
tourism areas and island communi-
ties.

The table highlights that real applicability depends on the combined aircraft–infrastructure–
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operation system. A route may be energetically feasible in the model, but it would still
require a compliant aircraft, suitable landing sites, safe obstacle clearance, adequate re-
serves, emergency options, compatible airspace access and ground energy support.

For the Aeolian Islands, the most critical aspects are limited infrastructure, volcanic
morphology, sea-crossing routes and weather exposure. Longer routes may become more
realistic through intermediate stops, but only if those locations can support safe landing,
turnaround and battery replenishment.

Therefore, the results of this thesis should be interpreted as an early mission-level feasi-
bility assessment. The energy model identifies promising routes and critical parameters,
while a real implementation would require certification, vertiport design, airspace inte-
gration, battery safety and emergency planning to be addressed in detail.
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10.1. Energy Cost and Emission Comparison with

Maritime Logistics

This section compares the operating energy cost, CO2 emissions and travel time of the
analysed eVTOL mission with representative fast maritime transport serving the Aeo-
lian Islands. The objective is not to reproduce the exact fuel consumption of a specific
Liberty Lines service, because route-specific operational fuel logs are not publicly avail-
able. Instead, Liberty Lines is used as a realistic public reference for high-speed maritime
transport in the archipelago.

A key distinction must be introduced before interpreting the results. The eVTOL mission
considered in this thesis is a lightweight and time-sensitive transport mission, whereas the
maritime reference vessels are high-capacity passenger vessels designed to carry hundreds
of passengers and larger payloads. Therefore, the comparison is first presented at mission
level and then complemented by normalised indicators. This avoids interpreting a small
eVTOL mission as directly equivalent to a full maritime service.

The maritime reference cases are derived from public Liberty Lines fleet specifications.
Representative values include hydrofoils with engines of approximately 2× 2000 kW and
speeds around 35–36 kn, monohulls with 3×1080 kW and speeds around 30 kn, and HSC
hybrid vessels with 2× 2560 kW diesel engines and speeds around 30 kn [23]. These data
are used to define representative vessel classes, not exact route-specific operational fuel
measurements.

For the maritime cases, the crossing time is first estimated from the route distance and
vessel speed:

tsea,kin =
droute
Vsea

(10.1)
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where droute is the Milazzo–Vulcano route distance and Vsea is the representative vessel
speed. Since:

1 kn = 1.852 km/h (10.2)

a representative 35 kn hydrofoil gives:

tsea,kin =
37

35 · 1.852
= 0.571 h = 34.3 min (10.3)

This is an ideal kinematic crossing time. Public ferry-route information indicates that
the commercial Milazzo–Vulcano crossing typically ranges from about 45 minutes for fast
hydrofoil services to almost 2 hours depending on the vessel, operator and schedule [4, 17].
Therefore, the maritime time comparison should distinguish between ideal kinematic time
and scheduled service time.

For the eVTOL, the mission time is obtained directly from the segment-based MATLAB
model:

teVTOL =
∑
i

ti (10.4)

For the Milazzo–Vulcano base case, the resulting value is:

teVTOL = 1655.21 s = 27.59 min (10.5)

This value includes taxi, hover, vertical take-off, forward climb, cruise, descent, vertical
landing and final taxi. It does not include additional handling time such as loading,
unloading, pre-flight checks, charging, battery swapping or vertiport access procedures.

Table 10.1: Indicative travel-time comparison for the Milazzo–Vulcano connection.

Transport mode Time Comment

eVTOL reference mission 27.6 min MATLAB mission time, excluding vertiport handling

Hydrofoil, kinematic estimate 34.3 min Based on 37 km and 35 kn vessel speed

Hydrofoil, commercial crossing 45–60 min Typical scheduled fast maritime service [4]

Maritime service range 45 min–almost 2 h Depends on vessel, operator and schedule [17]

The travel-time comparison suggests that the eVTOL may reduce the pure connection
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time for a dedicated lightweight mission. However, this result must be interpreted care-
fully because the eVTOL value is a modelled mission time, while maritime values are
commercial crossing times. A complete door-to-door comparison would also require wait-
ing time, loading and unloading operations, port or vertiport access, charging or battery
swapping, and schedule availability.

The maritime fuel consumption is estimated through a model-based approach. Public
vessel data define the installed power and speed, while the fuel demand is computed from
operating time, engine load factor and specific fuel consumption:

mf = Pinst LF tsea,kin SFC (10.6)

where Pinst is the installed propulsion power, LF is the average engine load factor, and
SFC is the specific fuel consumption. The corresponding fuel volume is:

Vf =
mf

ρf
(10.7)

where ρf is the diesel fuel density. The maritime fuel cost is then:

Csea = Vf cdiesel (10.8)

where cdiesel is the diesel price. In this work, the MIMIT regional public fuel-price reference
for Sicily is adopted as a transparent benchmark [25]. This value should not be interpreted
as the actual contracted marine fuel price paid by a specific operator.

For the eVTOL case, the relevant quantity is the electrical energy required to recharge
the battery after the mission. This is not exactly equal to the energy consumed during
flight because charger losses must be included:

Egrid =
Emission

ηcharger
(10.9)

For the Milazzo–Vulcano base case, the mission-energy model gives:

Emission = 41.48 kWh (10.10)

Assuming:
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ηcharger = 0.90 (10.11)

the required grid energy becomes:

Egrid =
41.48

0.90
= 46.09 kWh (10.12)

The eVTOL electricity cost is then:

CeVTOL = Egrid cel (10.13)

where cel is the electricity price. The ARERA electricity-price reference for the second
quarter of 2026 is used as a public retail benchmark [1]. This value is not a dedicated
industrial charging tariff for vertiports, but provides a transparent reference for compari-
son.

The emission comparison is based on direct fuel combustion for maritime transport and
electricity-related emissions for the eVTOL. For maritime transport:

mCO2,sea = Vf EFdiesel (10.14)

where EFdiesel is the diesel emission factor. The UK Government GHG Conversion Factors
provide annually updated conversion factors for reporting applications and are used here
as a transparent reference for diesel emissions [27]. In the numerical comparison, the
diesel factor is taken as:

EFdiesel = 2.512 kgCO2e/L (10.15)

For the eVTOL, direct operational emissions are zero because there is no onboard fuel
combustion:

mCO2,eVTOL,direct = 0 (10.16)

However, indirect emissions associated with electricity generation are not necessarily zero
and depend on the electricity mix:
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mCO2,eVTOL,grid = EgridEFgrid (10.17)

ISPRA provides the Italian reference framework for CO2 emission factors associated with
electricity generation and consumption [21]. In this comparison, the grid emission factor
is assumed equal to:

EFgrid = 0.215 kgCO2/kWh (10.18)

This value is used as an indicative Italian grid-average factor. If the charging energy
were supplied by certified renewable electricity or local renewable generation, the indirect
operational emissions would be significantly reduced.

The main assumptions adopted in the comparison are summarised in Table 10.2.

Table 10.2: Main assumptions adopted for the maritime–eVTOL operating cost and emis-
sion comparison.

Quantity Value Comment

Route distance 37 km Milazzo–Vulcano reference route

eVTOL mission energy 41.48 kWh Obtained from the mission-energy model

eVTOL mission time 27.59 min Segment-based MATLAB result

Charger efficiency 0.90 Assumed charging efficiency

Grid energy for recharge 46.09 kWh Egrid = Emission/ηcharger

Electricity price 0.3024 €/kWh ARERA public retail benchmark, Q2 2026 [1]

Diesel price 2.070 €/L MIMIT public regional diesel price for Sicily [25]

Marine diesel density 0.835 kg/L Representative diesel density

Marine diesel SFC 0.205 kg/kWh Representative high-speed marine diesel value

Diesel emission factor 2.512 kgCO2e/L Reporting conversion factor [27]

Grid emission factor 0.215 kgCO2/kWh Indicative Italian electricity mix factor [21]

The resulting mission-level operating energy cost comparison is reported in Table 10.3.
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Table 10.3: Mission-level operating energy cost comparison for the Milazzo–Vulcano route.

Case Power Speed Energy/fuel demand Energy cost

eVTOL reference mission – – 46.09 kWh grid energy 13.94 €

Hydrofoil reference 4000 kW 35 kn 364.4 L diesel 754.3 €

Monohull HSC reference 3240 kW 30 kn 344.3 L diesel 712.7 €

HSC hybrid diesel reference 5120 kW 30 kn 502.3 L diesel 1039.8 €

Table 10.3 shows a large mission-level difference between the electricity cost of the eV-
TOL flight and the modelled fuel cost of the maritime reference cases. This difference is
physically plausible because the compared systems have very different scale and purpose.
The maritime vessels are high-power, high-capacity vehicles designed for regular passen-
ger service, while the eVTOL mission considered here is a lightweight transport task with
much lower transported mass.

The corresponding CO2 comparison is reported in Table 10.4.

Table 10.4: Mission-level operational CO2 comparison for the Milazzo–Vulcano route.

Case Emission basis Estimated emissions

eVTOL direct operation No onboard combustion 0 kg CO2

eVTOL with Italian grid electricity 46.09 kWh, EFgrid = 0.215

kgCO2/kWh
9.9 kg CO2

eVTOL with renewable electricity Certified renewable or local re-
newable supply

≈ 0 kg CO2 operationally

Hydrofoil reference 364.4 L diesel, EFdiesel = 2.512

kgCO2e/L
915.4 kg CO2e

Monohull HSC reference 344.3 L diesel, EFdiesel = 2.512

kgCO2e/L
865.1 kg CO2e

HSC hybrid diesel reference 502.3 L diesel, EFdiesel = 2.512

kgCO2e/L
1261.8 kg CO2e

The previous tables compare complete missions, but they do not account for the differ-
ent transport capacity of the vehicles. To address this limitation, additional normalised
indicators are introduced. For the eVTOL, the natural reference is the useful payload:

IC,payload =
CeVTOL

mpayload

(10.19)
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ICO2,payload =
mCO2,eVTOL,grid

mpayload

(10.20)

For the maritime case, a direct payload comparison is more difficult because the hydro-
foil is primarily a passenger vessel. Therefore, a passenger-equivalent capacity basis is
introduced:

mcap,sea = Npaxmpax,ref (10.21)

where Npax is the passenger capacity and mpax,ref is a representative passenger-equivalent
mass. Public Liberty Lines fleet data report hydrofoils with 207 passengers, 2× 2000 kW
installed power and 35 kn speed [23]. Therefore:

Npax = 207 (10.22)

and:

mpax,ref = 75 kg (10.23)

which gives:

mcap,sea = 207 · 75 = 15525 kg (10.24)

The corresponding maritime capacity-normalised indicators are:

IC,cap,sea =
Csea

mcap,sea

(10.25)

ICO2,cap,sea =
mCO2,sea

mcap,sea

(10.26)

The normalised indicators are shown in Table 10.5.
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Table 10.5: Mission-level and normalised cost/emission indicators for the Milazzo–Vulcano
comparison.

Indicator eVTOL Hydrofoil Meaning

Mission energy cost 13.94 € 754.3 € Total operating energy
cost for one mission

Mission emissions 9.9 kg CO2 915.4 kg CO2e Mission-level operational
emissions

Payload / capacity basis 200 kg payload 15525 kg passenger-
equivalent capacity

Different transport scale

Cost per kg basis 0.0697 €/kg pay-
load

0.0486 €/kg capacity Normalised cost indicator

CO2 per kg basis 0.0495 kgCO2/kg
payload

0.0590 kgCO2e/kg ca-
pacity

Normalised emission indi-
cator

The normalised indicators change the interpretation of the comparison. At mission level,
the eVTOL shows much lower energy cost and emissions because it is a small aircraft
performing a lightweight task, whereas the hydrofoil is a high-capacity vessel. When the
maritime result is normalised by passenger-equivalent capacity, the difference becomes
much less extreme. This confirms that maritime transport remains efficient for high-
capacity passenger flows, while the eVTOL advantage is mainly associated with small,
urgent and time-sensitive payloads.

The same interpretation applies to emissions. The eVTOL has zero direct operational
emissions because it does not burn fuel onboard. Its indirect emissions depend on the
electricity source and are therefore much lower if the charging infrastructure is supplied
by renewable energy. The maritime cases generate direct combustion emissions during
the crossing, but they also provide a much larger transport capacity.

The results in this section do not include the full life cycle of either system. Battery man-
ufacturing, aircraft production, vessel construction, maintenance, infrastructure, battery
replacement, recycling and end-of-life processes are outside the scope of the comparison.
Therefore, the conclusion is specific and limited: for lightweight, time-sensitive logistics
missions, an eVTOL layer can offer lower direct emissions, shorter dedicated mission time
and lower mission-level energy cost. This does not imply that eVTOL aircraft can re-
place maritime transport for regular passenger or high-volume cargo operations. Rather,
it supports a complementary system in which maritime transport remains the backbone
for mass mobility, while eVTOL aircraft serve selected urgent missions where payload is
small and response time is critical.
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10.2. Sustainability and Logistic Potential in the Ae-

olian Islands

The comparison with maritime logistics shows that the eVTOL concept is most mean-
ingful when applied to missions that match its scale: lightweight, urgent and short-range
transport. Its value is not in replacing ferries or hydrofoils, but in providing a smaller
and faster vehicle for tasks that do not require the capacity of conventional maritime
transport.

In the Aeolian Islands, this role can be relevant for medical items, spare parts, doc-
uments, emergency equipment, high-priority parcels and other time-sensitive payloads.
These missions are not primarily capacity-driven, but time-driven. For this reason, a
small electric aerial vehicle can be more appropriate than waiting for the next scheduled
maritime connection or relying on a larger vessel for a limited payload.

From an environmental point of view, the main advantage of the eVTOL is the absence of
direct onboard emissions during flight. However, it should be described as a zero-direct-
emission vehicle rather than as a zero-emission system in absolute terms. If the aircraft
is charged from the grid, indirect emissions depend on the electricity mix. The benefit
becomes stronger if charging or battery swapping is supplied by renewable electricity or
integrated with local energy storage.

The economic potential follows the same logic. The relevant benefit is not only the lower
energy cost per mission, but the better match between vehicle size and transport task.
For small urgent payloads, the eVTOL can reduce energy use and response time. For
high-volume passenger or cargo flows, maritime transport remains the more appropriate
solution.

Overall, the sustainability and logistic potential of the eVTOL concept lies in selective
deployment. In the Aeolian Islands scenario, the aircraft is best interpreted as a comple-
mentary rapid-response layer for lightweight missions, integrated with maritime transport
rather than opposed to it.

10.3. Integration into Smart Island Mobility

The eVTOL concept analysed in this thesis can be interpreted as one component of a
broader smart island mobility system. Its role would not be limited to the aircraft itself,
but would depend on the integration between aerial routes, maritime transport, local
ground mobility, energy infrastructure and digital coordination tools.
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In this framework, the eVTOL service could operate as a flexible connection layer be-
tween islands. Maritime transport would remain the backbone for regular passenger and
cargo flows, while eVTOL missions could be activated for urgent, lightweight or time-
sensitive needs. This requires coordination with existing ferry and hydrofoil schedules,
port logistics, emergency services and local delivery networks.

A smart island implementation would also require digital mission planning. Route se-
lection, payload allocation, battery state, weather conditions, charging availability and
intermediate stops should be managed together. This is particularly important in an
archipelago, where the same destination may be reached either directly or through staged
routes depending on operational conditions.

Energy management is another key element. Charging or battery-swapping points could
be linked to local renewable generation, storage systems and grid constraints. In this way,
the aerial mobility network would not be an isolated transport system, but part of the
wider island energy ecosystem.

Overall, the integration of eVTOL operations into smart island mobility should be based
on selective and coordinated use. The aircraft would provide the greatest value when
connected to existing transport modes, local energy resources and digital dispatching
systems, rather than operating as a standalone service.

10.4. Future Model and Aircraft Developments

The results obtained in this thesis provide a preliminary mission-level assessment of a
multicopter eVTOL concept for island mobility. Future developments should move in
two directions: improving the fidelity of the numerical model and extending the analysis
towards a more complete aircraft and operational design framework.

A first improvement concerns the battery model. In the present work, the battery is
represented mainly through specific energy, usable depth of discharge, efficiency and
temperature-dependent capacity correction. Future work should include a more detailed
electro-thermal battery model, accounting for cell temperature evolution during the mis-
sion, charging and discharging C-rates, thermal management, degradation, cycle life and
power derating. This would allow the mission feasibility analysis to be linked not only to
available energy, but also to battery ageing, cooling requirements and long-term operating
cost.

Battery technology evolution is also a major driver for future feasibility. Higher specific
energy, improved power density, faster charging, safer chemistries and better thermal
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stability would directly expand the payload–range envelope identified in this thesis. Since
the analysed missions are mainly energy-limited, even moderate improvements in battery
specific energy or usable capacity could significantly increase the number of feasible routes
or reduce the need for intermediate stops.

A second development concerns the aircraft configuration. The present model is based on
a representative VoloCity-like multicopter architecture and does not perform a complete
aircraft sizing or optimisation. Future studies should investigate alternative configura-
tions, including different rotor counts, rotor diameters, disc loading levels, battery masses
and aerodynamic layouts. In particular, lift-plus-cruise or wing-assisted eVTOL configu-
rations could be compared with the pure multicopter architecture, since they may offer
lower cruise energy consumption on longer routes.

The aerodynamic model could also be refined. The current mission-level formulation
is suitable for route screening, but it does not include high-fidelity rotor aerodynam-
ics, rotor–rotor interference, detailed fuselage drag, gust response or transition effects.
Coupling the energy model with higher-fidelity aerodynamic tools would improve the
prediction of power demand, especially in forward flight and in non-ideal wind conditions.

A third area of development is the operational energy infrastructure. Future work should
model charging time, battery swapping, turnaround operations, local grid constraints and
renewable-energy integration. This is particularly important for island networks, where
electrical infrastructure may be limited and where local renewable generation could reduce
indirect emissions. A complete assessment should evaluate not only whether the aircraft
can complete a mission, but also how many missions can be operated per day with the
available charging and battery-replacement infrastructure.

The network model could also be extended. The present study analyses point-to-point
missions and selected hub-and-spoke routes. A future model should optimise the full
inter-island network, including intermediate stops, fleet size, charging locations, payload
demand, weather-dependent availability and scheduling. This would allow the evaluation
of service reliability, daily transport capacity and operational resilience.

Certification and compliance represent another necessary development. The present thesis
only identifies the main regulatory drivers, such as airworthiness, battery safety, vertiport
infrastructure and airspace integration. A future project should translate these elements
into formal requirements, including failure cases, emergency landing strategies, reserve
policy, vertiport siting, U-space services where applicable and operational approval con-
straints. This would be essential to move from mission feasibility to a realistic Advanced
Air Mobility concept.
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Finally, future work should include a broader sustainability and economic assessment. The
operating energy comparison presented in this thesis is useful, but it does not represent a
complete life-cycle analysis. Aircraft manufacturing, battery production, battery replace-
ment, infrastructure construction, maintenance, recycling and fleet utilisation should be
included to evaluate the real environmental and economic performance of the system.

Overall, the next step is to evolve the present mission-energy model into an integrated
aircraft–battery–infrastructure–operation framework. This would allow future studies to
assess not only whether a single route is energetically feasible, but whether an eVTOL
network can be technically, economically, environmentally and regulatorily viable in an
island mobility scenario.
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11.1. Summary of Contributions

This thesis developed a mission-based energy assessment of a representative multicopter
eVTOL configuration applied to short-range Advanced Air Mobility operations in the
Aeolian Islands. The work focused on energy consumption, battery utilisation and mission
feasibility, rather than on the complete design of a new aircraft.

The main contribution is the development of a segment-based mission model able to
estimate the energy and power demand of an eVTOL mission composed of taxi, hover,
vertical take-off, forward climb, cruise, descent, vertical landing and final taxi phases.
The model was first aligned with a reference literature formulation and then adapted to
the Milazzo–Vulcano route and to a Lipari-centred inter-island network.

The thesis also extended the nominal mission analysis through several sensitivity studies.
Cruise speed, payload, distance, rotor count, rate of climb, temperature and wind were
varied to identify the main parameters affecting feasibility. Combined parametric maps
were then used to describe the operational envelope in terms of payload, distance and
environmental conditions.

A further contribution is the integration of regulatory, infrastructure and sustainability
considerations. The work does not claim aircraft-level certification compliance, but it
identifies the main compliance drivers that would affect a real implementation, including
airworthiness, battery safety, vertiport infrastructure, airspace integration and island-
specific operational constraints. Finally, an indicative operating energy cost and emission
comparison with maritime logistics was introduced to place the eVTOL concept within
the broader sustainability context of the Aeolian Islands.

11.2. Answers to Research Questions

The first research question concerned whether a multicopter eVTOL configuration could
perform short-range inter-island missions in the Aeolian Islands. The results show that
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short and medium routes are compatible with the selected configuration, while longer
direct routes become energy-critical. The Milazzo–Vulcano mission is close to the usable
battery-energy boundary and therefore represents a demanding reference case rather than
a robust nominal operation.

The second research question concerned the main drivers of mission energy consumption.
The analyses show that usable battery energy is the dominant limitation. Peak power
remains within the available battery power in the investigated cases, whereas energy
margin is strongly affected by mission distance, payload, wind, temperature and cruise
speed. The cruise segment becomes increasingly important for longer routes, while vertical
and climb-related phases are more relevant for short missions.

The third research question concerned the operational suitability of a Lipari-centred hub-
and-spoke network. The results support this architecture as a more realistic solution than
relying only on long direct routes. Short legs from Lipari are more compatible with the
multicopter configuration, and distant islands may still be served through intermediate
stops, provided that landing, charging or battery-swapping infrastructure is available.

The fourth research question concerned the role of eVTOL operations compared with
maritime logistics. The results indicate that eVTOL aircraft should not be interpreted as
replacements for ferries or hydrofoils. Maritime transport remains essential for passengers
and high-volume logistics. The eVTOL concept is more suitable as a complementary
rapid-response layer for lightweight, urgent and time-sensitive missions.

11.3. Final Remarks

The main conclusion of this thesis is that multicopter eVTOL aircraft can be technically
meaningful for selected island mobility missions, but their applicability is strongly con-
strained by battery energy, payload, route length and operating conditions. The concept
is most promising when used selectively, within a clearly defined energy and infrastructure
envelope.

The Aeolian Islands represent a challenging but relevant scenario for this type of analy-
sis. Their geography creates a strong need for flexible inter-island connections, but their
weather exposure, volcanic terrain, limited infrastructure and sea-crossing routes make
real implementation more complex than a simple range calculation.

The proposed model provides a useful preliminary tool for identifying feasible missions,
critical routes and dominant energy drivers. However, future work should include higher-
fidelity aircraft modelling, detailed battery thermal and degradation analysis, infrastruc-



11| Conclusions 211

ture sizing, network optimisation, certification requirements and full life-cycle assessment.

Overall, the thesis shows that eVTOL technology may contribute to future island mobility
if it is integrated with maritime transport, renewable energy infrastructure and carefully
planned operational procedures. Its value lies not in replacing existing transport systems,
but in adding a fast, low-direct-emission and flexible service layer for missions where speed
and accessibility are more important than payload capacity.
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A| Additional MATLAB Results

Additional plots and supplementary numerical results for the Milazzo–Vulcano reference
mission are reported in this appendix. These figures support the mission analysis and
sensitivity studies discussed in the main chapters, while keeping the main text focused on
the most relevant results.

A.1. Additional Milazzo–Vulcano Mission Profiles

The following figures report supplementary mission-level outputs for the Milazzo–Vulcano
base case, including battery evolution and segment-level results.

(a) Remaining battery energy. (b) Battery energy consumption.

Figure A.1: Additional battery energy profiles for the Milazzo–Vulcano mission.
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(a) Usable state of charge. (b) Physical state of charge.

Figure A.2: Additional battery SOC profiles for the Milazzo–Vulcano mission.

(a) Segment energy breakdown. (b) Segment power breakdown.

Figure A.3: Additional segment-level energy and power results for the Milazzo–Vulcano
mission.

A.2. Additional Sensitivity Plots

The following plots report supplementary outputs from the sensitivity analyses performed
around the Milazzo–Vulcano reference case. These figures are useful for completeness, but
were not essential to the main discussion.
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(a) Payload sweep: energy per payload. (b) Payload sweep: peak power.

Figure A.4: Additional payload sweep metrics for the Milazzo–Vulcano mission.

(a) Required battery mass. (b) Final usable SOC.

Figure A.5: Additional distance sweep results for the Milazzo–Vulcano mission.
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(a) Rotor count: final usable SOC. (b) Rotor count: peak power.

Figure A.6: Additional rotor-count sweep results for the Milazzo–Vulcano mission.

(a) Temperature sweep: usable battery energy. (b) Temperature sweep: final usable SOC.

Figure A.7: Additional temperature sweep results for the Milazzo–Vulcano mission.
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(a) Temperature feasibility. (b) Wind feasibility.

Figure A.8: Additional feasibility plots for temperature and wind sweeps.

(a) Wind sweep: final usable SOC. (b) Wind sweep: effective cruise ground speed.

Figure A.9: Additional wind sweep results for the Milazzo–Vulcano mission.

A.3. Additional Combined Parametric Maps

The following maps complement the combined parametric analysis performed for the
Milazzo–Vulcano reference mission. They provide alternative views of the operational
envelope using energy margin, final usable SOC and feasibility metrics.
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(a) Payload–distance energy margin. (b) Payload–distance feasibility.

Figure A.10: Additional payload–distance maps for the Milazzo–Vulcano mission model.

(a) Payload–temperature energy margin. (b) Payload–temperature final usable SOC.

Figure A.11: Additional payload–temperature maps for the Milazzo–Vulcano mission
model.
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(a) Temperature–wind energy margin. (b) Temperature–wind feasibility.

Figure A.12: Additional temperature–wind maps for the Milazzo–Vulcano mission model.
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B| Equations Summary

This chapter reports a compact summary of the main governing equations used in the
mission-energy model. The objective is not to repeat the full methodology, but to provide
a quick reference for the quantities implemented in the MATLAB code and used in the
subsequent analyses.

B.1. Aircraft Mass and Weight

The total take-off mass is computed as:

mTO = mempty +mpayload +Mbatt (B.1)

The corresponding aircraft weight is:

W = mTOg (B.2)

where g is the gravitational acceleration.

B.2. Rotor Geometry and Disc Loading

The area of a single rotor disc is:

Arotor =
πD2

R

4
(B.3)

The total rotor disc area is:

AR = nrotorArotor (B.4)

The disc loading is:
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DL =
W

AR

(B.5)

B.3. Hover-Induced Velocity and Hover Power

The ideal hover-induced velocity is estimated from momentum theory as:

vh =

√
W

2ρAR

(B.6)

The hover power is:

Phover =
kindWvh
ηprop

(B.7)

where kind is the induced-power correction factor and ηprop is the propulsive efficiency.

B.4. Battery Energy and Power

The nominal installed battery energy is:

Ebatt,nom = E∗Mbatt (B.8)

The usable battery energy is:

Ebatt,use = E∗MbattηbattDoD (B.9)

The effective physical battery energy after efficiency is:

Ebatt,phys = E∗Mbattηbatt (B.10)

The maximum available battery power is:

Pbatt,max = P ∗MbattηbattDoD (B.11)
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B.5. Mission Segment Energy

For each mission segment, the energy is computed as:

Ei =
Piti
3600

(B.12)

where Pi is expressed in watts and ti in seconds, so that Ei is obtained in watt-hours.

The total mission energy is:

Emission =
N∑
i=1

Ei (B.13)

The maximum mission power is:

Pmax = max (P1, P2, ..., PN) (B.14)

B.6. Cruise Distance and Time

For a fixed-distance mission, the cruise distance is obtained by subtracting the horizontal
climb and descent distances from the imposed mission distance:

dcruise = dmission − dclimb − ddesc (B.15)

The mission is geometrically compatible with the prescribed climb and descent profile
only if:

dcruise > 0 (B.16)

The cruise time is:

tcruise =
dcruise
Vcruise

(B.17)

B.7. Forward Climb and Descent Distances

The horizontal distance covered during forward climb is:
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dclimb = Vclimb
hcruise − hVTO

RoC
(B.18)

The horizontal distance covered during forward descent is:

ddesc = Vdesc
hcruise − hVLAND

RoD
(B.19)

The minimum mission distance required to include a positive cruise segment is:

dmin = dclimb + ddesc (B.20)

B.8. Paper-Consistent Cruise Power

In the paper-consistent cruise model, the cruise power is expressed as:

Pcruise =
WVcruise

(L/D)eq ηcruise
(B.21)

The cruise energy is:

Ecruise =
Pcruisetcruise

3600
(B.22)

B.9. Speed-Dependent Cruise Power

For the cruise-speed sensitivity analysis, cruise power is decomposed into induced, profile
and parasite contributions:

Pcruise(V ) = Pind(V ) + Pprofile(V ) + Pparasite(V ) (B.23)

The induced power is:

Pind(V ) =
κWvi(V )

ηind
(B.24)

The profile power is modelled as:
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Pprofile(V ) = Pprofile,0

[
1 + kprof

(
V

Vtip

)2
]

(B.25)

The parasite power is:

Pparasite(V ) =
1
2
ρV 3feq

ηcruise
(B.26)

where:

feq = CDSref (B.27)

and:

Sref = kgeom
π

4
bcabhcab (B.28)

B.10. Battery State of Charge and Margins

The final usable state of charge is:

SOCfinal,use = 100

(
Ebatt,use − Emission

Ebatt,use

)
(B.29)

The final physical state of charge is:

SOCfinal,phys = 100

(
Ebatt,phys − Emission

Ebatt,phys

)
(B.30)

The energy margin is:

∆E = Ebatt,use − Emission (B.31)

The power margin is:

∆P = Pbatt,max − Pmax (B.32)
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B.11. Mission Feasibility Conditions

The mission is energy-feasible if:

Emission ≤ Ebatt,use (B.33)

It is power-feasible if:

Pmax ≤ Pbatt,max (B.34)

The complete mission-feasibility flag is:

Mission Feasible = Energy Feasible ∩ Power Feasible ∩Geometry Feasible (B.35)

B.12. Temperature Correction

The temperature-dependent battery capacity is expressed as:

Q(T ) = Qref exp

[
A1

(
1

T
− 1

Tref

)
+ A2

(
1

T
− 1

Tref

)2
]

(B.36)

The normalised capacity correction factor is:

kQ(T ) =
Q(T )

Qref

(B.37)

The corrected usable battery energy is:

Ebatt,use(T ) = Ebatt,use,refkQ(T ) (B.38)

B.13. Wind Correction

For the wind sensitivity analysis, only the along-track wind component is considered. The
adopted sign convention is:
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Vwind > 0 headwind (B.39)

Vwind < 0 tailwind (B.40)

The effective ground speed is:

Vg = Vair − Vwind (B.41)

where the aircraft airspeed is kept equal to the nominal value.

B.14. Operating Cost, Emission and Time Compari-

son

The grid energy required to recharge the eVTOL battery is:

Egrid =
Emission

ηcharger
(B.42)

The eVTOL electricity cost is:

CeVTOL = Egridcel (B.43)

The indirect grid-related CO2 emissions are:

mCO2,eVTOL,grid = EgridEFgrid (B.44)

The direct operational emissions of the eVTOL are:

mCO2,eVTOL,direct = 0 (B.45)

The eVTOL mission time is computed as the sum of segment durations:

teVTOL =
∑
i

ti (B.46)
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For maritime transport, the kinematic crossing time is:

tsea,kin =
droute
Vsea

(B.47)

The conversion between knots and kilometres per hour is:

Vsea[km/h] = 1.852Vsea[kn] (B.48)

The maritime fuel mass is estimated as:

mf = PinstLFtsea,kinSFC (B.49)

The fuel volume is:

Vf =
mf

ρf
(B.50)

The maritime fuel cost is:

Csea = Vfcdiesel (B.51)

The maritime CO2 emissions are:

mCO2,sea = VfEFdiesel (B.52)

B.15. Normalised Cost and Emission Indicators

For the eVTOL mission, the cost per unit payload is:

IC,payload =
CeVTOL

mpayload

(B.53)

The grid-related CO2 emissions per unit payload are:

ICO2,payload =
mCO2,eVTOL,grid

mpayload

(B.54)
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For the maritime reference case, the passenger-equivalent capacity mass is:

mcap,sea = Npaxmpax,ref (B.55)

The maritime cost per unit passenger-equivalent capacity is:

IC,cap,sea =
Csea

mcap,sea

(B.56)

The maritime CO2 emissions per unit passenger-equivalent capacity are:

ICO2,cap,sea =
mCO2,sea

mcap,sea

(B.57)
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C| Code Structure

This chapter briefly describes the numerical implementation adopted in the thesis. The
MATLAB code was organised with a modular structure in order to separate input defi-
nition, derived-parameter calculation, mission simulation, post-processing and sensitivity
analysis. This approach improves readability, makes the model easier to modify and allows
each mission segment to be checked independently.

C.1. General Workflow

The general workflow followed by the MATLAB implementation is summarised as follows:

1. definition of the aircraft, battery, mission and environmental inputs;

2. computation of derived parameters such as weight, rotor area, disc loading, hover
power and usable battery energy;

3. execution of the mission model through a sequence of flight segments;

4. collection of segment-level energy, power and time results;

5. computation of mission-level outputs, including total energy, maximum power, final
SOC and feasibility flags;

6. generation of plots, tables and sensitivity-analysis results.

The main scripts are used to run complete mission cases, while dedicated functions are
used to compute each segment and post-process the results. A typical execution sequence
is:

p = inputs_mission_milazzo_vulcano();

p = compute_derived_parameters_mission(p);

[segments, summary, p] = run_mission_milazzo_vulcano_case(p);
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batteryProfile = compute_battery_profile(segments, p);

where p is the main parameter structure, segments contains the results of each mission
phase, and summary stores the overall mission outputs.

C.2. Input Files

The input files define the reference aircraft, battery and mission assumptions. They
include quantities such as aircraft mass, payload, battery mass, battery specific energy,
rotor count, rotor diameter, cruise speed, climb rate, descent rate, mission altitude and
route distance.

The main input file used for the Milazzo–Vulcano case is:

inputs_mission_milazzo_vulcano.m

This file provides a single location where the nominal mission parameters can be modified.
For sensitivity analyses, the same baseline input structure is loaded and then selected
variables are changed inside the sweep scripts.

C.3. Derived Parameter Calculation

After loading the input file, the model computes derived quantities required by the mission
simulation. This step is performed by:

compute_derived_parameters_mission.m

Typical derived parameters include:

• total take-off mass and aircraft weight;

• single-rotor and total rotor disc area;

• disc loading;

• hover-induced velocity;

• hover power;

• usable battery energy;

• maximum available battery power.

Keeping these calculations in a separate function avoids duplicating equations inside the
main mission scripts and ensures that all mission cases use consistent derived parameters.
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C.4. Mission Segment Functions

The mission is implemented as a sequence of segments. Each segment function receives
the parameter structure as input and returns the duration, energy consumption and power
demand of that specific phase. The mission architecture includes:

initial taxi

take-off hover

vertical take-off

forward climb

cruise

forward descent

vertical landing

landing hover

final taxi

The segment-based structure allows the contribution of each phase to be identified sepa-
rately. This is useful both for validation and for interpreting the results, because hover,
climb, cruise and descent do not affect the mission energy in the same way.

C.5. Mission Runner

The complete mission is executed by the mission runner:

run_mission_milazzo_vulcano_case.m

This function calls the segment functions in the prescribed order, stores the segment
results and computes the final mission summary. The main outputs are:

• total mission time;

• total mission energy;

• maximum mission power;

• climb, cruise and descent distances;

• energy margin;

• final usable SOC;

• final physical SOC;

• energy, power and mission feasibility flags.
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The feasibility logic is based on three main checks:

energy_feasible = E_mission <= E_batt_use;

power_feasible = P_max <= P_batt_max;

mission_feasible = energy_feasible && power_feasible;

For fixed-distance missions, a geometric pre-check is also introduced to ensure that the
imposed route distance is sufficient to include forward climb and descent while retaining
a positive cruise segment.

C.6. Battery Post-Processing

Battery evolution during the mission is computed after the segment results are obtained.
The main post-processing function is:

compute_battery_profile.m

This function reconstructs the cumulative energy consumption and the battery state of
charge along the mission. The post-processing outputs are used to generate plots of
remaining battery energy, usable SOC and physical SOC.

C.7. Sensitivity and Parametric Scripts

The sensitivity analyses are implemented through dedicated MATLAB scripts. Each
script starts from the baseline input file, modifies one or more parameters and reruns the
mission model. The main sweep scripts include:

run_cruise_speed_sweep.m

run_payload_sweep.m

run_distance_sweep_milazzo_vulcano.m

run_rotor_count_sweep_milazzo_vulcano.m

run_climb_distance_RoC_sweep.m

run_temperature_sweep_milazzo_vulcano.m

run_wind_sweep_milazzo_vulcano.m

run_combined_parametric_effects_milazzo_vulcano.m

The outputs of these scripts are stored in arrays or result structures and then used to
generate the figures discussed in the thesis. This organisation makes it possible to repeat
the same mission model under different assumptions without modifying the core functions.
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C.8. Plotting and Output Generation

Plots are generated either by dedicated plotting functions or directly inside the sensitivity
scripts. The main output figures include:

• segment energy and power breakdowns;

• battery energy and SOC profiles;

• sensitivity curves;

• feasibility maps;

• combined parametric heat maps.

The plotting routines were kept separate from the mission calculations whenever possible.
This separation ensures that the numerical model and the visual representation of the
results remain independent.

C.9. Summary

The MATLAB implementation follows a modular workflow based on input files, derived-
parameter functions, segment models, mission runners, post-processing functions and sen-
sitivity scripts. This structure allows the model to be extended without rewriting the full
codebase. New routes, aircraft assumptions, environmental conditions or sensitivity anal-
yses can be introduced by modifying the input structure or by creating additional sweep
scripts while preserving the same mission-simulation core.
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E∗ battery specific energy Wh/kg

Ebatt,nom nominal installed battery energy Wh or kWh

Ebatt,phys effective physical battery energy after efficiency Wh or kWh

Ebatt,use usable battery energy Wh or kWh

Ebatt,use,ref reference usable battery energy before temperature correction Wh or kWh

Ecruise cruise energy consumption Wh or kWh

Efixed energy contribution of the non-cruise mission segments Wh or kWh

Egrid electrical energy drawn from the grid for battery recharge kWh

Ei energy consumption of mission segment i Wh or kWh

Emission total mission energy Wh or kWh

EFdiesel diesel emission factor kgCO2e/L

EFgrid electricity grid emission factor kgCO2/kWh

feq equivalent flat-plate area m2

fusable usable battery-energy fraction –

g gravitational acceleration m/s2

hcab representative cabin height used for frontal-area estimation m

hcruise cruise altitude m

hVLAND altitude at the beginning of vertical landing m

hVTO altitude reached after vertical take-off m

i mission-segment index –

IC,payload eVTOL operating cost per unit payload mass €/kg
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Symbol Description Unit

IC,cap,sea maritime operating cost per unit passenger-equivalent capacity €/kg

ICO2,payload eVTOL grid-related CO2 emissions per unit payload mass kgCO2/kg

ICO2,cap,sea maritime CO2 emissions per unit passenger-equivalent capacity kgCO2e/kg

kgeom geometric correction factor for reference frontal area –

kind induced-power correction factor –

kprof profile-power correction coefficient –

kQ(T ) temperature-dependent battery-capacity correction factor –

L/D lift-to-drag ratio –

(L/D)eq equivalent lift-to-drag ratio used in the cruise model –

LF average engine load factor for maritime propulsion –

m aircraft mass kg

mcap,sea passenger-equivalent capacity mass of the maritime reference vessel kg

mCO2,eVTOL indirect grid-related eVTOL CO2 emissions kgCO2

mCO2,eVTOL,grid grid-related eVTOL CO2 emissions kgCO2

mCO2,eVTOL,direct direct eVTOL operational CO2 emissions kgCO2

mCO2,sea maritime CO2 emissions kgCO2e

mempty aircraft empty mass kg

mf fuel mass consumed during the maritime crossing kg

mpayload payload mass kg

mpax,ref passenger-equivalent reference mass kg

mTO total take-off mass kg

Mbatt battery mass kg

MTOM maximum take-off mass kg

N total number of mission segments –

Npax passenger capacity of the maritime reference vessel –

nrotor number of rotors –

P ∗ battery specific power W/kg

Pbatt,max maximum available battery power W or kW

Pcruise cruise power W or kW

Phover hover power W or kW

Pi power demand of mission segment i W or kW

Pind induced power contribution W or kW

Pinst installed propulsion power of the maritime vessel kW

Pmargin available power margin W or kW

Pmax maximum mission power W or kW

Pparasite parasite power contribution W or kW

Pprofile rotor profile power contribution W or kW

Pprofile,0 reference rotor profile power W or kW

Q(T ) battery capacity as a function of temperature Ah

Qref reference battery capacity Ah

R mission range or route distance km

RoC rate of climb m/s

RoD rate of descent m/s

SFC specific fuel consumption of the maritime diesel engine kg/kWh

Sref reference frontal area m2

SOC state of charge %

SOCfinal,phys final physical state of charge %

SOCfinal,use final usable state of charge %

T absolute temperature K

TC ambient temperature ◦C

Tref reference absolute temperature K
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Symbol Description Unit

ti duration of mission segment i s

tclimb forward-climb time s

tcruise cruise time s

tdesc forward-descent time s

teVTOL total eVTOL mission time s or min

tmission total mission time s or min

tsea maritime crossing time h

tsea,kin kinematic maritime crossing time h or min

V generic forward speed m/s

Vair aircraft airspeed m/s

Vclimb forward climb speed m/s

Vcruise cruise speed m/s

Vdesc forward descent speed m/s

Vf fuel volume consumed during the maritime crossing L

Vg effective ground speed m/s

Vheadwind headwind component along the route m/s

Vsea maritime vessel speed kn or km/h

Vtailwind tailwind component along the route m/s

Vtip representative rotor tip speed m/s

Vwind along-track wind speed m/s

vh ideal hover-induced velocity m/s

vi induced velocity in forward flight m/s

W aircraft weight N

∆E usable battery energy margin Wh or kWh

∆P battery power margin W or kW

ηbatt battery efficiency –

ηcharger charger efficiency –

ηcruise cruise efficiency –

ηind induced-power efficiency –

ηprop propulsive efficiency –

κ induced-power correction factor in the speed-dependent cruise model –

ρ air density kg/m3

ρf diesel fuel density kg/L

AAM Advanced Air Mobility –

BV LOS beyond visual line of sight –

CSFL continued safe flight and landing –

eV TOL electric vertical take-off and landing –

FATO final approach and take-off area –

HSC high-speed craft –

MOC means of compliance –

SC-V TOL Special Condition for VTOL-capable aircraft –

TLOF touchdown and lift-off area –

UAS unmanned aircraft system –

V TOL vertical take-off and landing –
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