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Abstract. Urban Air Mobility (UAM) is emerging as a transformative solution for sustainable
urban transportation, offering a potential alternative to traditional ground-based transport. With
the rapid advancements in electric Vertical Take-Off and Landing (eVTOL) aircraft, UAM aims to
alleviate congestion, reduce emissions, and enhance mobility in densely populated cities. The
need for more efficient and complex solutions beyond pure battery-powered systems has become
increasingly evident due to batteries’ limitations in terms of energy density, which restricts the
operational range and flight time. Hybrid systems that integrate alternative power sources have
emerged as viable solutions, allowing eVTOL aircraft to achieve longer flight durations, reduce
weight, optimize fuel consumption and enhance operational flexibility. Thus, adopting hybrid
solutions over pure battery systems is essential for enhancing range, reliability, and overall
performance, which are critical for realizing the widespread integration of UAM in urban
environments.

This paper presents the optimization of a range-extender powertrain for an eight-rotor eVTOL
drone designed for short urban missions. Maintaining a purely-electric baseline configuration,
various hybrid layouts are explored, including different Internal Combustion Engine (ICE)
concepts powered by synthetic fuels and a hydrogen Fuel Cell (FC). The study compares the hybrid
powertrains to the baseline, aiming to maintain the same overall weight while extending
operational range. The findings highlight the trade-offs between powertrain options and tank
sizes, providing insights into their viability for urban drone applications. This research
contributes to the development of efficient, eco-friendly aerial vehicles for urban transportation,
supporting the transition to sustainable mobility solutions.
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1. Introduction

Urban Air Mobility (UAM) is emerging as a transformative paradigm in the future of urban
transportation [1]. Driven by rapid urbanization, escalating traffic congestion, and growing
environmental concerns, UAM aims to introduce a third dimension to mobility by enabling the use of
low-altitude airspace for short-distance passenger and cargo transport [1], [2], [3]. At the heart of this
shift, lie electric Vertical Take-Off and Landing (eVTOL) aircrafts: vehicles designed to operate in dense
urban environments with minimal infrastructure, reduced noise and low carbon footprints [4], [5]. The
potential advantages of eVTOL systems are significant. These include faster point-to-point travel,
reduced dependence on existing ground transportation infrastructure, and the promise of cleaner, urban
environments [6]. However, realizing these benefits requires overcoming a complex array of
technological, infrastructural, regulatory, and social challenges. Among these, the physical and
aerodynamic layout of eVTOL vehicles plays a critical role in determining their performance, feasibility,
and acceptance [6]. In fact, eVTOL aircrafts bridge the gap between traditional unmanned drones and
conventional manned civil airplanes [4]. Unlike small drones, which are primarily uncrewed and operate
at low altitudes with limited payload and simplified safety requirements, eVTOLs are designed to carry
passengers or significant cargo loads, thus demanding a higher level of structural integrity and system
reliability. In the meantime, eVTOLs differ from traditional civil aircraft by virtue of their complex
vertical lift capabilities, often enabled by multiple rotors or tilt mechanisms, and the need to operate in
constrained urban environments, which introduces additional operational risks and certification
challenges. Multiple layout configurations have been proposed and are under active development by
both industry and academia [4]. These include multi-copter designs, compounded, tilted duct, and tilt-
rotor architectures [4], [6], [7]. The choice of layout influences key performance parameters such as
range, payload capacity, take-off and landing precision, flight stability, and overall energy efficiency.
Multirotor configurations are particularly well-suited for short-range missions and operations requiring
low cruise speeds. Their architectural simplicity, characterized by multiple fixed rotors dedicated to
vertical lift and control, enables robust hovering capabilities and precise manoeuvrability in confined
urban environments [4]. Generally speaking, the operational cycle of eVTOL aircraft can be divided into
distinct flight phases, each with specific aerodynamic and energy demands that significantly influence
vehicle design and control strategies [8]. These phases include take-off and landing, hovering, transition
(climb and descend), and cruise [6], [8], [9]. Take-off and landing phases require high power output to
overcome gravity and achieve controlled ascent or descent in confined urban spaces [10]. During the
hovering phase, the aircraft maintains a stationary position which demands continuous vertical thrust
and stability control, often within complex and constrained environments such as vertiports or
emergency landing zones. The transition phase represents the critical manoeuvre where the aircraft
shifts from vertical lift to horizontal forward flight or vice versa. This includes both climb and descent
transitions, where rotors or tilt mechanisms adjust orientation to gradually transfer lift responsibility
between propulsion and aerodynamic surfaces, requiring sophisticated flight control [8] to ensure
stability and passenger comfort. Finally, the cruise phase is characterized by efficient forward flight [6].

Regarding the propulsion architecture, the design of aircrafts for UAM influence mission range,
environmental footprint, and operational flexibility. Different propulsion configurations have emerged
as focal points in current research and market as battery-electric, Internal Combustion Engine (ICE)
hybrid ICE and Fuel Cell (FC) systems [11], [12], [13], [14], [15], [16], [17], [18], [19]. Each configuration
presents a unique set of trade-offs in terms of specific energy, power density, system integration, and
infrastructure readiness [11], [20]. For instance, FC could represent a suitable solution for UAM as
discussed by Ahluwalia et al. [13], reporting optimal 1000 W/kg as specific FC power to compete with
200 Wh/kg batteries. Thomas et al. [15], studied the potential for hybrid ICE series-hybrid layout, which
allowed to reduce battery weight. Hagag and Jager [16] analysed the energy density of FC and hybrid
powertrain architectures (coupled with 20% battery power), concluding that hybrid series/parallel
layouts allow to more than double the values of FCs in terms of autonomy, leading to lower kWh/km
consumption.
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However, when addressing the challenges and opportunities of UAM, it is essential to adopt a holistic
evaluation framework that goes beyond energy efficiency alone. While minimizing energy consumption
is a key objective in the design of urban mobility systems, even the environmental impact of these
emerging transport modes has to be assessed. In densely populated urban areas, where sustainability is
a core priority, emissions must be rigorously assessed [21]. This includes not only direct emissions (such
as those from combustion processes), but also indirect emissions related to components’ production and
electricity generation. In this context, Lifecycle Assessment (LCA) methodologies offer a valuable tool
for quantifying these impacts across the vehicle’s entire operational and production cycle [21], [22]. In
fact, when pure electric eVTOLs are considered, the energy mix has a deep impact on total LCA of the
aircraft, as discussed by Liberacki at al. [23]. In this context, e-fuels (fuel produced with net zero CO;
emissions), green hydrogen and Sustainable Aviation Fuels (SAFs) have emerged as suitable alternatives
to conventional fuels and electric propulsion [24], [25], promoting their adoption both for conventional
ICEs, and more recently even Hydrogen Internal Combustion Engines (H:ICEs) thanks to the
advancements and development of control techniques and aftertreatments systems [26], [27], [28].

This work focuses on the analysis and comparative assessment of various powertrain architectures
for small-scale, eight-rotors eVTOL aircraft designed for urban environments. The primary objective is
to identify the optimal propulsion solution capable of maximizing flight endurance, under the constraint
of a fixed maximum take-off weight. Given the stringent mass limitations typical of this vehicle class,
particular attention is devoted to the trade-offs between different energy sources, namely battery, liquid
fuels and hydrogen. The study aims to provide insights into the performance limits and feasibility of each
powertrain option when applied to compact eVTOL platforms intended for one passenger operations,
where range extension and energy-to-weight ratio are critical factors.

2. Modelling

The reference aircraft considered in this study is a small-class eVTOL platform featuring an eight-
rotors multirotor configuration suitable for environmental monitoring, urban logistic up to regional
urban mobility [29]. Key parameters were defined to reflect realistic operational conditions and to
ensure comparability across different powertrain architectures relying on real manufacturer data. The
vehicle was designed with a Maximum Take-Off Weight (MTOW) of 290 kg, including a composite
structure (55 kg), propulsion system, energy storage, and payload. A target payload capacity of 80 kg
was assumed, corresponding to a single passenger with minimal luggage. The cruise speed of the profile
was set to 17 m/s (initially considered as 71% of the total mission profile), a typical value for intra-urban
transport balancing speed and efficiency [4]. The operational altitude was limited to 100 m above
ground level, in line with current urban airspace management constraints and vehicle performance
capabilities [30]. These baseline parameters provide a consistent framework for evaluating flight
performance and energy requirements across different propulsion technologies. In order to explore the
impact of propulsion architecture on flight endurance and system performance, six distinct powertrain
configurations were analysed:

1. Pure battery-electric, based on Lipo batteries [31];

2. Hydrogen FC, employing Proton Exchange Membrane (PEM) systems for onboard electricity

generation;

3. Two-stroke (2T) ICE in hybrid series configuration;

Four-stroke (4T) ICE in hybrid series configuration;

5. Wankel rotary engine, known for its compactness and favourable power-to-weight ratio in

hybrid series layout;

6. Four stroke H,ICE, in hybrid series configuration.

As regards battery cell, the same type has been adopted in pure electric version as in the hybrid ones.
The characteristics of the cell are summarized in Table 1.
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Table 1: Cell's properties [31]

doi:10.1088/1742-6596/3143/1/012097

Property Value
Configuration 12S/1P
Minimum Capacity [mAh] 22000
Nominal Voltage [V] 44.4
Nominal Discharge Rate [1/h] 25C
Max Burst Discharge Rate [1/h] 50C
Weight [g] 6300 (£ 20g)
Dimensions [mm] 117x174x238

As regards the different engines and FC adopted in the study, real literature and market data have
been considered. Due to confidentiality constraints, the specific data of the components used cannot be
disclosed. However, it can be stated that the Wankel and 2T engine exhibit comparable power-to-weight
ratios and efficiency. Both the 4T engine and the H,ICE present lower power-to-weight ratios compared
to 2T /Wankel, but with improved efficiency. Finally, the FC system achieves the highest efficiency among
all powertrains considered, but with the lowest power-to-weight ratio. In the case of series-hybrid
powertrain architectures, it has been considered the propulsive power entirely delivered by electric
motors, the ICEs or FC are decoupled from direct mechanical propulsion and are solely used to generate
electrical power to supply the motors, without the possibility to recharge the battery (Figure 1). This
configuration allows the energy generation unit (e.g., ICE, Wankel engine, or FC) to operate at a quasi-
steady-state condition, close to its optimal efficiency point, rather than following dynamic flight loads.
As aresult, it is both reasonable and practical to model these systems using a fixed efficiency.
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Figure 1. Powertrain layouts of the pure electric (a), ICE-powered range extender (b) and fuel cell range
extender (c)

Finally, for the tanks, a weight ratio equal to 8% [32] has been considered for the hydrogen ones,
while for the liquid conventional fuel 95.3%. The propulsion power requirements for the reference
eVTOL configuration were obtained using a custom Simulink-based simulation model properly modified
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for the considered eVTOL, capable to calculate the power demand as a function of drone characteristics
(i.e., weight and weight distribution) [33]. Based on the simulated power demand, the autonomy of each
powertrain configuration was computed. In particular, it was assumed that the mission must be
completed with a 5% residual State of Charge (SoC) in the electric storage system, reflecting a
conservative operational safety margin as the generation units can not withstand the landing power
requirement. Additionally, for hybrid configurations, it was assumed that the entire available fuel supply
is consumed during the mission. This approach is justified by the fact that propulsion is delivered
electrically, and thus energy management must ensure sufficient battery reserve for landing operations.

3. Results

At first, the results for the pure-electric layout are presented. As visible in Figure 2, increasing the
number of battery cells allows to minimally improve flight autonomy, however, due to the heavy battery,
only three possible configurations falls within the weight constrains (considered between 270 kg and
290 kg in order to consider the same fixed frame structure). The results underscore that the autonomy
ranges between 25/27 min within the considered weight range.
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Figure 2. Pure-electric autonomy as a function of drone weight

Starting from this baseline result, the autonomy and powertrain configurations of the other
powertrain have been calculated performing a Design of Experiment (DoE) considering different engine
powers, number of batteries, stored fuel (therefore tanks weight). In particular, for the power of the
thermal units, the 1 kW - 35 kW range has been investigated; for the batteries, up to 30 modules have
been considered, while as regards the fuel tanks, fuel masses up to 50 kg and 10 kg have been considered
for conventional liquid fuels and hydrogen respectively (owing to the higher hydrogen specific energy
density and tank weight ratio).

Analysing the results, the different weight distribution of the layouts are reported in Figure 3 where
for each layout the optimal configuration has been selected based on the total autonomy. Frame, payload,
avionic, propellers and electric motors are constant among all the six layouts accounting up to 70% of
the total weight (slightly discrepancies are reported due to different total weights of the drones in the
range 270 kg - 290 kg). The remaining 30% is devoted to powertrain and energy storage. As visible, the
share accounted for batteries is similar among conventional ICE-powered aircrafts, around 10-12%,
while lower values are reported for hydrogen-fuelled powertrain. Focusing on the fuel storage, it is
evident that the hydrogen tanks cover the biggest share among the storage systems of the hydrogen-
fuelled aircrafts (almost up to 20%), while fuel weight is less than 1.5% partially owing to higher lower
heating value than conventional fuels. The opposite happens for conventional fuels, where the fuel
accounts up to 13%, while the tank structural share is 1% (of the overall weight). Finally, the optimized
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engine sizes (in terms of power) result equal to the mean mission power (between 23 kW and 25 kW)
and the differences in terms of share are a direct consequence of the different power-to-weight ratio o
the engines. Since in pure electric the battery accounts for a larger share of the total weight compared
to hybrid configurations (where fuel and batteries cover a lower share) since part of the weight is
allocated to the range extender, it is particularly interesting to assess the actual energy available on
board. Figure 4 reports the systems capability to store energy.

100
I Frame
["IPayload
I Avionics
80 I | || Propellers + Electric Motors

[ |Batteries

— I Engine/FC

= I Tank

o 60F - | Fuel

<

<

(72}

-

<

D2 40 4

]

=

20 B
0
A A 4y AY
R \0?’ <© A B N
ot o W

o
Figure 3. Optimized weight distribution of each configuration

The low specific energy density of the batteries is extremely detrimental on the total autonomy.
Focusing on Figure 4a where the total energy stored is normalized over the storage system weight, it is
evident that the liquid fuels allow to store more energy than pure electric or hydrogen (which still
guarantees higher storage efficiency than batteries).

Storage Specific Energy [kWh/kg]

a) Full Electric H,ICE FC 27 4T Wankel

Aircraft Specific Energy [kWh/kg]

b) Full Electric H,ICE FC 27 4T Wankel

Figure 4. Specific energy density calculated at storage level (a) and system level (b)

Despite the configurations show different tank/battery-to-propeller efficiencies (with pure electric
being the one with the highest one), however, the improvement on the total specific energy is not
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counterbalanced by the lower efficiency of the engines, therefore these systems are capable to deliver
more energy to the electric motors/propeller. Finally, considering Figure 4b, where the total energy is
normalized over the total aircraft weights still demonstrating superior storage capability of the liquid
fuels, however, even hydrogen might play a crucial role in this sector, owing to higher storage efficiency
than pure electric storage coupled with negligible pollutant emissions.

Finally, the optimized total autonomy of each configuration are reported in Figure 5.
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Figure 5. Optimized autonomy of each configuration (left axis) and autonomy gain (right axis)

As visible, all the other configurations with respect to the pure electric allow to increase the
autonomy. In particular, hydrogen-powered aircraft have the potential to achieve between three and four
times the range compared to the baseline only electric aircraft, representing a significant advancement
in energy efficiency and sustainable aviation. Powertrain configurations utilizing liquid fuels
demonstrate superior endurance capabilities compared to hydrogen-based systems, primarily due to
the higher gravimetric energy density of liquid fuel storage (at tank level). In fact, despite liquid-fuelled
engines typically present lower efficiency when compared to hydrogen-based configurations, such
penalty is not enough to counterbalance the superior storage efficiency, especially if weight constrained,
as in the UAM sector.

Conclusions and Future Work

This study compared six different propulsion systems for eVTOL applications, focusing on flight
autonomy given a constrain on the MTOW and a fixed payload equal to one passenger. Results show that
pure electric powertrain are efficient and mechanically simple but heavily limited by battery energy-to-
weight ratio, which restricts their range. Hydrogen-based configurations have been investigated, namely
internal combustion engine and fuel cell. These layouts provide a good balance between efficiency and
energy storage, resulting more competitive than the pure electric layout (increasing the range up to four
times). Conversely, liquid-fuelled layouts offer the highest autonomy, thanks to their favourable power-
to-weight ratio and the high energy density of conventional fuels. Despite their performance advantages,
combustion-based systems raise concerns regarding emissions and long-term sustainability. Thus,
propulsion system selection must consider not only technical performance but also environmental
impact, fuel availability, and future regulatory frameworks. In this context, hydrogen, may become more
viable as technology.

Future activities will mainly focus on two directions. The first involves 0D modelling of the different
powertrain configurations, building on these preliminary results, in order to obtain more accurate
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consumption estimates by including operating maps and accounting for in-flight weight evolution, with
the goal of improving the sizing proposed here. The second will focus on the life cycle assessment of
these powertrains, analysing their environmental impact in terms of CO, equivalent emissions and
pollutants.
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