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Abstract

The substantial growth of cars in recent years has led not only to an increase of pollutant emissions
but also to an increase of road traffic in large urban centers. Urban air mobility is a possible solution,
which is analyzed in this work, where three different electric Vertical Take-Off and Landing (eVTOL)
aircraft are considered: Lift + Cruise (L+C), Tilt -Rotor (TR) e Tilt -Wing (TW). Even though the
propulsion systems of these eVTOL aircraft are electric, the energy source is not entirely clean. Thus,
a study comparing two energy sources, batteries lithium and fuel cells running on hydrogen (green and
blue hydrogen), is performed. The three aircraft and their respective versions are designed and sized
for a given urban mission. From the conceptual design, the TR configuration is observed to require
the least amount of energy to accomplish the design mission. The use of green hydrogen produced
via water electrolysis has shown to have a lower environmental impact relatively to the blue hydrogen
produced by natural gas reform, due to the use of fewer resources in its production. When comparing
the production of batteries with the production of fuel cells, the latter ones present a higher impact
regarding human health, due to the use of platinum. However, the aircraft running on hydrogen require
less energy to accomplish the same mission. Thus, green hydrogen could be an interesting solution for
eVTOL aircraft.

Keywords: urban air mobilty, aircraft design, fuel cells, Li-based batteries, hydrogen, life cycle assess-
ment

1. Introduction

Pollutant and noise emissions are two of the main
concerns regarding the introduction of Urban Air
Mobility (UAM) aircraft [1].

Climate change and the need for decarbonizing
current means of transportation are on the top of
the concerns of governmental institutions. There
are many challenges and issues related to these
problems that need to be overcome, although the
best start is to stop making things worse.

Current urban road traffic is expanding with the
increase in the number of cars which is not accom-
panied by the road ways expansion, thus causing
not only an increase of time spent on the roads but
also environmental waste of fossil fuel and air pollu-
tion [2] a, besides being prejudicial to human health
(causing for instance tiredness and stress). An al-
ternative to current transport solutions within large
urban centres is the use of electric aircraft with
vertical take-off and landing capability (eVTOL),
where despite much progress has already been done
there are still several challenges to surpass [3, 4].
This solution promises to be cleaner from the point

of view of local emissions, more silent due to the
use of electric motors and safer given the use of
distributed electric propulsion and multiple energy
sources [5]. An eVTOL aircraft has the potential
to be sustainable if the electricity that is used to
recharge the batteries or to produce hydrogen via
water electrolysis comes from a renewable energy
source.

The main disadvantage of electric aircraft is the
low energy density of current lithium-ion batteries,
which leads to a reduced in range and/or payload
[4]. In order to overcome this inconvenience one of
the objective of this work is to examine the use of
fuel cells. Low-temperature proton exchange mem-
brane (PEM) fuel cells that use hydrogen as a fuel
can provide specific energy greater than batteries
without producing harmful emissions during oper-
ation. The specific energy of lithium-ion batteries
has a maximum of 250 Wh/kg [6], unlike batteries,
the specific energy of hydrogen is 33.3 kWh/kg ,
which is even higher than the specific energy den-
sity of gasoline, 13.13 kWh/kg [6]. However, hydro-
gen storage and platinum use in fuel cells are some
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drawbacks of using fuel cells.

In section 2 these alternatives will be addressed
in order to know the state of the art. In this
work, a methodology is presented , in section 3, for
the initial sizing of three eVTOL aircraft proposed
for UAM: Lift + cruise, Tilt-Rotor and Tilt-Wing.
This initial design consists of the determination of
the maximum take-off weight (MTOW) for a pre-
scribed mission. For each aircraft configuration two
versions are designed, one using only batteries and
the other using batteries and fuel cells. These air-
craft are subsequently preliminarily designed to re-
fine the results (section 4) obtained in the initial
design. The main objective of this study is to com-
pare the two versions proposed for each aircraft in
terms not only of performance, but also environ-
mental sustainability point of view. In this study
only the impact of the production of batteries and
fuel cells and their use are considered.

2. Background
2.1. UAM - Urban Air Mobility

According to the articles [7, 8] the first two com-
mercial UAM operations took place in the United
States in the 1940s and both used helicopters as
a means of transport, one in Los Angeles and an-
other in New York Both ceased because of accidents
[9, 10]. Currently several aviation-related compa-
nies are striving to boost urban air mobility using
flying taxi services, an air transport concept that is
expected to be launched in the coming years [11, 3].
In addition to Uber, which estimates the launch of
its air taxis in 2023, other companies such as Zephyr
Airworks and Airbus [12] are also currently testing
their electric air taxis, namely Cora and Airbus-
Vahana, respectively [3, 13]. In order to integrate
safely and efficiently the UAM operations it is nec-
essary to overcome several barriers, such as commu-
nity acceptance (where many studies have already
been done to better understand see the articles [8]),
quality of travel, certification process, safety mainly
in its integration into airspace in terms of accidents
and material damage, energy efficiency, life cycle
emissions and sound footprint [7, 2].

2.1.1 Aircraft configurations for UAM

VTOL aircraft do not require runways for verti-
cal take-off and landing. An helicopter, is able
to take off and land vertically, and be efficient at
low speeds unlike a fixed-wing aircraft, however it
is noisier and less efficient on cruise than the lat-
ter. Therefore, the ideal design for VTOL is to
try to combine the advantages of vertical flight of
a rotary wing aircraft with those of cruising flight
of a fixed-wing [2] aircraft. According to Vertical
Flight Society [14] more than 430 eVTOL concepts
have been proposed. For the articles [15, 13], an ex-

tensive worldwide survey was conducted to exam-
ine the different configurations of existing VTOL
aircraft. To choose the most adequate configura-
tions, their behavior should be known, especially
in what concerns its performance parameters, such
as cruise speed and altitude, range, payload and
environmental footprint [16, 13]. The current eV-
TOL aircraft can be divided or classified depending
on the propulsion method [2], but in this section
only the configurations used in this work will be
discussed.

Lif + Cruise
The lift + cruise VTOLs use two different propul-
sion systems for vertical and forward flight, us-
ing fixed vertical rotors to generate lift for verti-
cal flight and propellers to provide thrust in cruise
flight [16, 2, 13]. The wings provide support in the
cruising phase, which means a less significant en-
ergy consumption compared to helicopters or multi-
helicopters [17, 16].

Tilt-Wing

In a Tilt-Wing configuration, the wing together
with the propulsive system rotate on an axis to di-
rect the thrust [16]. Turning the wing as a whole
reduces the impact of this in the hovering flight and
as such reduces the propulsive force required to sus-
tain the aircraft relative [16] a tilt-rotor configura-
tion.

According to Lee et al. [2] Tilt-Wing have a good
efficiency in cruise flight, which reduces fuel con-
sumption, making a good choice for long range op-
erations.

Tilt-Rotor

In a tilt-rotor design, its rotors can rotate inde-
pendently of the wing in order to modify the direc-
tion of the impulse [13].

According to Lee et al. [2], despite both tilt-
rotor and tilt-wing designs have instability prob-
lems when changing from vertical to forward flight,
their cruise efficiency is high

In this work, it will be used an all-electric propul-
sion system using batteries and another using bat-
teries and fuel cells. The architectures of these two
electrical systems are illustrated in Figure 1.

2.2. Batteries

Batteries are electrochemical devices that produce
electricity in spontaneous reactions when their elec-
trodes are connected through a charge and in con-
tact with a electrolyte[19]. Batteries are composed
by two electrodes, a positive cathode (+) and a neg-
ative anode (-) [6].

According to Sundén, the most common
rechargeable batteries, also classified as sec-
ondary batteries, are lithium-ion (Li-ion), lithium-
metal (Li-M), nickel-cadmium (Ni - Cd), nickel-
metalhydride (Nimh) and zinc-air (Zn-ar) [6].
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Figure 1: Electric aircraft propulsion systems us-
ing fuel cells (FCEA) and electric aircraft using
batteries (BEA), adapted from [18]. PCU is the
acronym for Power Control Unit.

Currently, the most promising batteries for elec-
tric airplanes are lithium-based, which is the light-
est metal, due to its low atomic mass [19], and will
likely lead to higher specific energy (stored energy
per unit mass) [20, 4].

For a small aircraft, current battery state of the
art allows its electrification, but for a reduced range
and payload [4].

According to Dever et al. [20] lithium ion batter-
ies in 2030 can reach 400 Wh/kg and 450 Wh/kg for
2045 years, depending on new According to Sundén,
the most common rechargeable batteries, also clas-
sified as secondary batteries, are, namely in the se-
lection of materials for cathode, anode and elec-
trolyte. Taking into account the challenges and
the current technological development, several or-
ganizations conduct research and development so
that there can be batteries with energy capacities
closer to those of fossil fuel in the future. The
most promising lithium-based battery technologies
are lithium-air/oxygen (Li-air/O2), lithium-metal,
solid lithium and lithium-sulfur (Li-S) batteries;
while the most promising nonlithium-based batter-
ies are aluminium-air (Al-air), magnesium-air (Mg-
air) Zinc-air (Zn-air), sodium ions (Na-ion) and flow
batteries. All these batteries present potential for
aviation and aerospace applications [19, 21, 6]. In
this work will be used the batteries of Li-S.

The state of the art of Li-S batteries has a spe-
cific energy exceeding 350 Wh/kg [4, 21]. According
to NASA [20] the continuous development of elec-
trolytes, anodes and cathodes may lead to specific
energies at the cell level of 500 Wh/kg in 2030 and
800 Wh/kg in 2045.

However, for different authors the theoretical po-
tential of Li-S batteries is 2500 Wh/kg according to
[22, 21] and more than 3800 Wh/kg for [19], which
can be achieved by replacing the graphite electrode
for the lithium metal oxide cathode with a more
suitable sulfur electrode [22]. Wieczorek [22] says
that optimising the electrolyte is one of the most
crucial objectives for improving the Li-S battery in
terms of performance, especially in terms of cell ca-

pacity, rate capacity, safety and service life.
However, according to Petrovic Li-S batteries are

not available because of numerous problems as Li
dendrite growth, low electronic conductivity, low S
mass load and dissolution of polysulfide [19].

According to Smruti Sahoo et al. [4] current Li-S
batteries reach 500 Wh/kg of specific energy and
1500 cycles in laboratory environment.

2.3. Hydrogen
Currently in a society where the environmental fu-
ture of our planet is much debated, hydrogen (H)
is considered the fuel of the future, since it stands
out for its high energy content and high potential
for climate impact reduction [6, 18].

Hydrogen is a colorless, diatomic, odourless,
flammable gas [6], which is the most abundant ele-
ment on Earth, represents more than 70% of every-
thing that is located on the Earth’s surface. How-
ever, hydrogen is not abundant in its gas form, it
is rather usually found in combination with other
chemical elements such as water or organic com-
pounds [23].

According to Sunden et al. [6] there are basically
three main processes to produce hydrogen by steam
reform, gasification and electrolysis. In this section
some processes for hydrogen production will be de-
scribed. Hydrogen is called according to the energy
source used in its production process [24, 25]. The
two types of hydrogen used in this are green and
blue.

Blue hydrogen is achieved from natural gas that
is divided into hydrogen and carbon dioxide (CO2)
by Steam Methane Reforming, but considering that
the CO2 emitted in the process is captured and
stored by means of the. Carbon Capture Usage and
Storage (CCUS) process [24, 25].

Green hydrogen is produced by means of water
electrolysis if the electric energy used to power it
is from a renewable source [24, 25]. However, this
process is still considered expensive [6, 23, 24].

2.4. Fuel cell
Fuel cells are electrochemical devices that transform
the stored chemical energy into electrical energy,
through combination of hydrogen with oxygen, pro-
ducing water as sub-product [6, 26].

According to Sahoo et al. [4] when a fuel cell
is powered by H2, it does not emit CO2 or other
harmful pollutants, but contrails may be form un-
der certain conditions.

Of the various technology-based fuel cells, poly-
mer electrolyte membrane fuel cells (PEMFC) and
solid oxide fuel cells (SOFC) are the two most com-
mon and exploited for aviation applications[4, 26,
6, 27]. In this work, PEMFC will be used.

The PEM is a FC that operates only with hydro-
gen as a fuel, operates at a relatively low temper-
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ature, manufactured by the incorporation of poly-
meric electrolyte membranes as proton conductor
and electrochemical catalyst to withstand the re-
dox reaction [6].

This FC allows faster start-up, low temperature
operation, high efficiency and portable applications.
However, it presents some disadvantages includ-
ing the requirement of expensive platinum catalyst,
high-cost membrane and cell components, low toler-
ance to poisoning and water management problems
[28].

For Misra [26] and Sahoo et al. [4] the state of
the art of specific energy for PEMFC is in the range
between 600-800 Wh/kg, attractive for aerospace
applications.

The state of the art of PEMFC power density is
approximately 0.5 kW/kg at the system level [26].

Therefore, in this work will be used a PEMFC
used in the Toyota Mirai 2021, with a maximum
output power of 128 kW, a specific output power of
5.4 kW/kg , a weight of 32 kg and 330 cells [29]. It
was also considered an efficiency of 50% and a life
cycle of 5000 hours for this fuel cell.

3. Implementation
3.1. Conceptual design
In order to determine some basic and general pa-
rameters of the aircraft the follow-up of the con-
ceptual design was based on the books [27, 30, 31]
and the article [1].

In order to analyze the effectiveness of VTOL
principles for UAM, a methodology was used to
estimate power, mass, energy, aircraft dimensions,
stability, gliding ratio, noise emissions and life cycle
assessment. And these are determined using ana-
lytic and semi-empirical equations associated with
a set of mission and configuration related parame-
ters. It should be noted that this work uses an itera-
tive process to estimate the maximum take-off mass
(MTOM), using the principles used for conventional
aircraft [1, 31, 27]. The estimation of MTOM is of
utmost importance in the conceptual design of an
aircraft, since the initial estimation of all parame-
ters of the aircraft depends on it.

3.2. Life Cycle assessment
Life cycle assessment (LCA) is a tool used to assess
the effects and environmental impact of a product
or service. This evaluation includes the phases that
go from the extraction of the raw material to the
end of the product or service’s life. The applica-
tion of this methodology is mainly governed by the
ISO 14040 (2006) [32] and ISO 14044 (2006) [33]
standards. Its application aims at the development
and improvement of a product or service, strategic
planning, formulation of public policies, marketing
and others.

Life cycle assessment is divided into 4 phases [ISO

Figure 2: Methodology for the design of an aircraft.
For the estimation of mass, power, energy and noise
the article was the reference [1], for aerodynamic re-
sistance [2, 16, 27], for stability and sizing parame-
ters [30, 31].

14040 (2006)] [32]:

• definition of objective and scope;

• analysis of inventories;

• impact assessment;

• interpretation.

3.2.1 Goal and scope definition

The application of the life cycle assessment tool
aims to study environmental impacts and quantify
the emissions caused by the production and use of
batteries, biofuels, and fossil fuels.

The application will be made taking into account
the steps from the cradle to the grave, and also from
the cradle to the end of production (cradle to gate).

The functional unit used for this work and in
which all calculations are based on the energy re-
quired to do a mission for better comparison and
uniformity of results, the results obtained from the
application of the ACV Energy tool in kWh/ per
mission.
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3.2.2 Invetory Analysis

The inventory analysis phase is characterized by the
collection and calculation of relevant data regarding
the inputs and outputs of each stage, as well as the
entire life cycle.

In this phase, the energy and mass spent during
the processes are counted, as well as the emissions
emitted to air, water and land.

3.2.3 Impact category

The main objective of the Life Cycle Impact As-
sessment (LCIA) is to evaluate and study a prod-
uct or service system from an environmental per-
spective, where LCI results are classified within
the impact categories, each with a category indi-
cator. The execution of LCIA involves appropri-
ate methods, according to Bueno and Rossignolo
[34] today there are more than 50 methods for
the application of LCIA. Also according to Bueno
e Rossignolo [34] the main methods widely used
in the LCIA phase are: textitEco Indicator 99,
EDIP 97, EDIP 2003, (Dutch) Handbook on LCA
(CML2002), TRACI, EPS 2000, Impact 2002(+),
LIME, Swiss Ecoscarcity (Ecopoints 2006), Recipe,
Meeup and Impact World +. The impact cate-
gories are what differentiate these methods. These
impact categories can be expressed at midpoint or
endpoint.

Knowing that Recipe is a method that integrates
and frames the approaches of midpoint and end-
point, this method will be used in this work for
the evaluation of impacts. The midpoint methodol-
ogy contains a larger number of impact categories
in a general and more detailed way, in reference
to endpoint that normally consider the three im-
pact categories (human health, ecosystem quality
and resource use) [35].

There are three scenarios or perspectives within
the ReCiPe method. The first is the individualistic
perspective, which is based on short-term interests,
approximately 20 years; the second is the hierar-
chical perspective based on scientific consensus, the
evaluation is made considering a period of approx-
imately 100 years, and finally the egalitarian per-
spective, the interest in the result is over the long
term, approximately 1000 years [35].

Here, a hierarchical perspective will be used.

3.2.4 Interpretation

The interpretation is the final stage of the LCA,
where the results of the inventory analysis and
impact analysis are verified and evaluated, falling
within the defined objective and scope, in order
to reach certain conclusions, recommendations and
model limitations.

4. Results
This section is divided into two parts. The first part
(sub-section 4.1) encompasses the results obtained
by applying the methodology mentioned in section
3 to conceptually design the aircraft for a given mis-
sion profile. The results from the life cycle analysis
to the aircraft studied are presented in sub-section
4.2.

4.1. Aircraft Design
A standard and simple mission over four 30 km trips
resulting in 120 km covered without replenishment
or battery recharge or replacement. This mission is
characterized by 1 minute at vertical climb power
for each vertical flight operation (i.e. take-off and
landing), cruise flight at an altitude of 1km + 0ºC,
payload of 900 lb (including 1 pilot and 4 passengers
with respective luggage) and 20 minutes of battery
reserve.

For the design of the aircraft and the propul-
sion system the following restrictions have been im-
posed on the MATLAB® code: maximum allow-
able power of 670 hp, wing span not exceeding 50 ft,
noise limit of 65 dB for the aircraft hovering at an
altitude of 500 ft. For the aircraft design, the ranges
of values indicated in the Table 6[1] were taken into
account.

Three different aircraft configurations were stud-
ied: L+C, TR and TW. These configurations are
illustrated in Figures 3, 4 and 5. For each one of
these configurations two versions were considered,
one with batteries only and another with fuel cells
and batteries. In the latter version, the batteries
help fuel cells during power demanding stages, i.e.
vertical flight operations.

Figure 3: Aircraft type L+C

General characteristics and properties of these
aircraft after being conceptually designed are shown
in table from Figure 6. The total flight time in
minutes considering the take-off, cruise and land-
ing phases. From the Figure 6 you can see that
Vcr of the L+C configuration in both versions is
higher than Vcr of the TR and TW configurations,
so it has shorter flight time for the same range. It
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Figure 4: Aircraft type TR

Figure 5: Aircraft type TW

Figure 6: General characteristics and properties of
aircrafts.

should be noted that in both cases the aircraft with
TR-B configuration consumes less energy because it
has a higher gliding ratio Vcrnt. It is also possible
to note from Figure 6 that the TW-B aircraft has
a value of SPLmax slightly higher than 65 dB. It is
worth to mention that for a reference pressure Pref

= 20 µPa, a SPL = 70 dB is considered a moderate
noise, which corresponds to, for example, the noise
caused by urban traffic [36].

For the wing design, in accordance with the val-
ues of Cli [30] the best airfoil is the one whose
(Cl/Cd)max is the highest, Cm min is the lowest,
(t/c)max is the lowest, the Cdmin is the lowest and
Clmax is the highest.

It should be noted that for the calculation of to-
tal L/D, the induced aerodynamic drag caused by
the vertical stabilizers and the aerodynamic drag
caused by the nose of the aircraft was not consid-
ered, as it is difficult to obtain at this early design
stage.

Knowing this requirements the book of
Sadraey[30] and the aircraft Cessna 337 Sky-
master were used as reference for the design of the
fuselage in this work with the help of Openvsp. For
this work, the same fuselage was considered for
all aircraft models with a seat arrangement in a
straight line 1 + 1.

4.2. Life Cycle assessment

The results of life cycle evaluations will be presented
in this sub-section. These results estimate the emis-
sions caused by fuel cells and batteries using green
and blue hydrogen as their energy source. The life
cycle assessment shall examine processes from pro-
duction to use. It should be emphasized that in this
analysis the recycling was not considered, as well as
the hydrogen storage tank due to lack of data.

Figure 7: Impact assessment for the production of
1 kWh of energy, between Li-S battery, PEMFC-LT
fuel cell, green and blue hydrogen.

Figure 7 presents the results for the generation of
1kWh of energy, using batteries, fuel cells and two
H2 production processes and considering the end-
point method. From a cradle to gate approachfuel
cells have been found to have higher impact in the
human health category (H) and resource scarcity
(R), which was already expected as fuel cells use
platinum as a catalyst. It is worth to mention that
the greater the mass of the platinum, the greater
its efficiency.

Regarding the production of hydrogen, observing
Figure 7, it is possible to note that the production
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of blue hydrogen causes a higher impact than green
hydrogen, even considering the capture of CO2, as
expected.

Figure 8 presents data to quantify emissions and
analyze which of the alternatives are more viable
in environmental terms. This analysis was drawn
up for the year 2023, for which the introduction of
aircraft into the urban network is foreseen [12]. The
impacts were estimated by mission.

Figure 8: Environmental impact assessment for
each aircraft considered, including battery versions
and fuel cells powered by green and blue hydrogen.

Analyzing the Figure 8 the battery solution is
the most environmentally friendly regardless of the
aircraft configuration.

However, given that global warming is one of the
as, this is directly related to climate change, and
not only affects human health but also the ecosys-
tem. Green hydrogen alternatives have been found
to have a lower carbon footprint, mainly for the
TR model, as it consumes less energy per mission.
Green hydrogen is therefore the most promising so-
lution from the point of view of global warming.

5. Conclusions

The performance of the three main eVTOL aircraft
configurations was evaluated in terms of MTOM,
energy consumed, flight time and SPLmax. The re-
sults of the conceptual design demonstrate that fuel
cell aircraft consume less energy for the prescribed
urban mission because they have a lower MTOM
value due to the high energy density of the fuel cells.
In the same study it was verified that the aircraft
with the TR configuration present the most satis-
factory results from the point of view of energy con-
sumption. A life cycle assessment was carried out
to evaluate which alternative, batteries or fuel cells,
has the lowest environmental impact. Blue hydro-
gen presented higher environmental impacts, since
it derives from fossil fuel and requires large amounts
of resources. The same was observed for the pro-
duction of fuel cells, which need many resources,
including platinum. Due to this last point, it was

observed that batteries have a lower overall environ-
mental impact than fuel cells. For different aircraft,
those using green hydrogen powered fuel cells have
slightly lower impacts on human health and ecosys-
tems than those using only batteries. However, the
impact on resources is greater than for battery-only
solutions due to the use of platinum. This problem
can be mitigated if the latter material is recycled.
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