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Abstract: This article describes the creation of a program that would be useful for calculating mathe-
matical models in order to estimate the weight of aircraft components. Using several parameters, it
can calculate other parameters of civil transport aircraft powered by batteries or fuel cells. The main
goals of this research were to add the missing dimensions and parameters to the aircraft database,
create a simple but effective program for creating mathematical models, and use this program to
find technological barriers to battery or hydrogen fuel-cell-powered aircraft concepts. The article
introduces the reader to the problem of calculating OEW (operating empty weight) using Breguet—
Leduc equations. A calculation model was created for OEW calculation. The result of this work is
the verification of a mathematical model for battery-powered electric aircraft of the CS-23 (European
Aviation Safety Agency Certification Specification for Normal, Utility, Aerobatic, and Commuter
Category Aeroplanes) category by comparing the program’s outputs with real aircraft. Subsequently,
the results of mathematical models are shown in graphs that specify the space of possible concepts of
aircraft powered by batteries or fuel cells, sorted by the number of passengers and the range of the
aircraft, delimited by two or three criteria, respectively.

Keywords: battery-powered aircraft; Breguet-Leduc equations; energy efficiency factor; hydrogen
propulsion; fuel cell; energy density; gravimetric efficiency; volumetric mass density; mass efficiency factor

1. Introduction

During the latest years of air transport aircraft development, the Achilles” heel of many
aircraft manufacturers was the changing nature of the market demand. Two examples of
this phenomenon that stand out are the Aérospatiale-BAC (British Aircraft Corporation)
Concorde and the Airbus A380. The Concorde was designed as a response to the ever-
increasing need for speed in air travel in the late 1960s. One of the main reasons for its
retirement in 2003, however, was the fact that first-class passengers preferred the comfort of
a subsonic aircraft cabin over the possibility of shaving a few hours off their travel time [1].
The market research for the A380 development dates to the early 1990s when air travel was
booming, and the market showed an unanswered demand for a high-capacity subsonic
aircraft [2]. However, during its development and production, the demand shifted towards
relatively smaller aircraft, which can achieve a higher load factor on a point-to-point, rather
than a hub-and-spoke, system. This fact sealed the fate of the A380, and its potential
successors, with the end of production in 2021 [3].

In comparison with the challenges stated above, today’s development of air transport
aircraft has one big advantage—the undoubted need for a carbon-neutral airliner. Climate
change is slowly moving from being only a threat into a full-blown emergency, taking
human lives daily and showing a clear link with possible widespread famine, the world-
wide migration crisis, biodiversity collapse, and much more in the future [4]. According to
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carbon emissions data provided by Emission Database for Global Atmospheric Research
(EDGAR), international aviation will account for approximately 1% of total global emissions
in 2020. The IEA states that between 2013 and 2019, prior to the COVID-19 epidemic, global
carbon emissions from air transport already exceeded 70% of the ICAO’s projected values.
By 2050, aviation will be responsible for 25% of global carbon emissions if current trends
continue [5]. One can easily conclude that the demand for carbon-neutral air travel will
only grow. The research and development of carbon emissions in aviation for the period
from 1992 to 2021 is outlined in the article A Bibliometric Analysis and Visualization of
Aviation Carbon Emissions Studies [5]. The use of sustainable aviation fuels (SAFs) can also
play a key role in achieving future emission targets; bio and synthetic fuels are currently the
most viable option, but hydrogen is also being considered as a long-term solution [6]. It is
hydrogen that proves to be a suitable fuel for industries that pollute the environment, such
as aviation. It is abundant, clean, and produces no carbon emissions, only water after use,
which has the potential to cool the environment. However, other issues such as storage,
costs, and the entire production chain require significant efforts to implement hydrogen [7].

Propulsion systems powered by proton exchange membrane fuel cells (PEMFCs) emit
only water vapor and would reduce the climate impact of aviation. Research into the
feasibility of hydrogen-powered PEMFC propulsion systems for applications in various
aircraft categories was carried out by Schmelcher and Hafly [8]. The authors Trainelli
et al. [9] focused on the sizing methodology of the hybrid electric drive of the aircraft based
on fuel cells. The method is based on an accurate physical model of the fuel cell module,
integrated within a procedure that, given aircraft and mission parameters, estimates the
corresponding sizing and performance.

The possibility of using liquid hydrogen and fuel cells was also addressed by
Nicolay et al. [10]. The research focused on finding an efficient configuration of the aircraft
and suitable components related to propulsion, such as a hydrogen tank, fuel cells, and
electric motors.

A clear goal was set during the 2021 United Nations Climate Change Conference
(COP26): securing global net-zero emissions by midcentury while keeping 1.5 °C of tem-
perature rise within reach. Hydrogen (Hy) propulsion technology provides one of the most
promising opportunities to meet this target and decarbonize global aviation. Challenges
and recommendations for future research for hydrogen-powered aircraft and fuel cells are
provided by research by Gao et al. [11].

In order to design fuel cell systems for passenger aircraft, it is necessary to specify
the requirements that the system has to fulfill. A statistical approach to the analysis of
such requirements was elaborated in their research by Kadyk et al. [12]. By using Monte
Carlo-based sampling of flight mission profiles, the range of necessary component sizes, as
well as optimal degrees of hybridization with a battery, is explored, and design options
are evaluated.

Electric and hybrid aircraft drives may initially find use in light-sport aircraft and
regional aircraft. The feasibility of an electrified drive for light-sport aircraft is confirmed
by the authors McQueen et al. [13]. The simulations performed in this research theoretically
confirm that hybrid-electric aircraft could achieve 44% of the range of conventionally
powered aircraft. Therefore, it is still necessary to improve the power-to-weight ratio of
the existing battery technology before electrified propulsion becomes a contender in the
light-sport aircraft segment.

The authors Palaia and Salem [14] deal with the possible application of hybrid-electric
drives in regional aircraft, whose research results show that the hybrid-electric drive
integrated into regional aircraft provides direct fuel savings, which have a positive impact
on environmental protection.

Over recent years, many prototypes of hybrid aircraft have been proposed. In 2017,
Frosina et al. [15] developed a simple model to evaluate the performance of a light aircraft
equipped with a hybrid-electric propulsion system. Marinaro et al. [16], in their article,
present a numerical study of a light electric aircraft whose architecture based on batteries is
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converted to an architecture based on fuel cells with the contribution of a battery pack that
essentially intervenes in the take-off phase and, in addition, of a pack of ultracapacitors
to prevent a high discharge rate of the battery. The final intent is to explore the range
extension without an increase in maximum take-off weight.

The authors Staack et al. [17] deal with the analysis of system components and possible
construction concepts of a fully electric aircraft. These limitations are illustrated with a
conceptual study of a full-electric FAR/CS-23 commuter aircraft and realistic estimations
of its performance.

This article focuses on better understanding the relationships between different di-
mensions and parameters of modern commercial aircraft. It uses a large database of nearly
all commercial aircraft in service today. This database is enriched and corrected to create a
unique collection of information that has not yet been accessible. The development of a
code that draws links and trends from the database is then described, and the initial results
serve to picture a technological barrier of different new propulsion technologies. As we
focused on battery and hydrogen technologies, we dedicated the theoretical description to
these two, focusing on the key numerical values that may serve as their comparison.

2. Theoretical Description of Aircraft Propulsion Technologies

Of all the technologies proposed to supply and produce a thrust of a future air transport
aircraft, two of them show the best potential to be used in the future: battery and hydrogen
technology. Batteries are widely used nowadays in road vehicles, and their capacities are
growing with leap improvements linked to discoveries of new chemistries every couple of
years. This improvement makes the overall long-term curve of their energy capacity show
an exponential improvement. Hydrogen, which is mostly used as a fuel cell, is still finding
its way into road vehicles and aircraft alike [18]. However, its recent improvements and
experimentations show some advantages of this technology.

2.1. Liquified Hydrogen

The liquified hydrogen technology seems to be the best choice out of all hydrogen
storage technologies due to its high natural energy density, 120 MJ/kg, and its potential to
reach relatively high gravimetric and volumetric efficiency [19].

Gravimetric efficiency, also called gravimetric capacity, refers to the ratio of the mass
of the propellant alone versus the mass of the entire storage system, including the pro-
pellant [20], and is commonly presented as the percentage of hydrogen by weight. As
we concluded from many articles, the current values of gravimetric efficiencies of this
technology vary greatly. The state-of-the-art value is in the range of 8-25% [21], but values
up to 30% can be expected by 2035 [22,23]. In the work of Marciello et al. [24], it was as-
sumed that by 2050, hydrogen fuel cells would be advanced enough to completely replace
kerosene-based engines.

Volumetric efficiency is typically represented in absolute values of grams per liter,
and we will use a numerically equivalent SI unit of kilograms per cubic meter. The
volumetric density of liquid hydrogen is 71 kg/m? (at —252.87 °C and 1.013 bar) [25]. As
for the volumetric density of the entire system, the same as gravimetric efficiency, this
measure also shows large variations in different studies. The state-of-the-art value is around
40-50 kg/m? (56-70%) [22,26], and we may anticipate an increase up to 60 kg/m3 (85%) in
the upcoming decade, which is the value used in this calculation.

2.2. Gaseous Hydrogen

Nowadays, gaseous hydrogen is widely used in the automotive industry. Its tanks
are usually compressed to 700 bar, which gives a gravimetric efficiency of 5.7% for the
Toyota Mirai tank [26]. This value is rounded up to 6% for future calculations and expects
an increase to 10% in the upcoming decade. The volumetric density of gaseous hydrogen is
42 kg/m3 (at 25 °C and 700 bar). In the same case of Toyota Mirai, the volumetric energy
density is up to 4.9 MJ/dm?, which gives us a very high volumetric density of the entire
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tank system of 40 kg/ m3 (95%). Therefore, this value is used to represent the current
practice. As for the values in the upcoming decade, Rivard et al. [27] set the ultimate
value to 6.1 MJ/dm? (considering tanks with higher pressure), so the rough mean value
between the present and the ultimate one is taken, namely 5.5 MJ/dm?>. An illustration of a
hydrogen tank can be seen in the following Figure 1, where total fuel is represented by the
blue area and the mass of the rest counts as the delta system mass.

@ High-density polymer liner

9 Carbon fiber composite material

Pressure Sensor Dome Pro(eciorl

H2 Discharging part
Temperature Sensor

¥TPRD : Thermal and Pressure
@ H2 Charging part @ TPRD Relief Device

Figure 1. Hydrogen tank. Adapted with permission from Ref. [28]. 2023, Doosanmobility.

2.3. Battery

We know about two types of battery technology that show an improvement strong
enough to be considered potential energy vectors of a future commercial electric aircraft:

e Lithium-sulfur

This type promises substantial improvements when compared to lithium-ion batter-
ies. It was used, for example, in the Airbus Zephyr solar aircraft [29]. Lithium-sulfur
(Li-S) battery is identified as one of the most promising next-generation energy storage
systems due to its ultra-high theoretical energy density up to 2600 Wh/kg (which is approx.
9MJ/kg) [30]. A disadvantage of this type is that the batteries can experience rapid loss
in capacity over multiple cycles due to changes in electrode volume. This phenomenon is
currently being tackled by the use of binders within the cathode of the battery cell [31]. The
current applications of lithium-sulfur batteries have relatively low volumetric mass den-
sity. However, there is a technology of compressed graphene/carbon nanotubes (G/CNT)
aerogels, which allows for a high volumetric mass capacity, namely 1640 kg/ m3 [32].

e  Metal-air

This type typically uses a sodium /potassium hydroxide or sodium chloride solution as
the electrolyte with a metal anode and an ambient air cathode. It is being considered for the
Alice electric business aircraft of the Eviation company [33]. These battery cells’ theoretical
maximum energy density is 46 MJ/kg. The proposed technologies for putting this theory
into practice are met with many drawbacks, such as the need for flammable organic
electrolytes or noble metal nanomaterials to use as electrocatalysts. It is also important
to mention the fact that recharging these batteries is still very problematic. Therefore, the
solution to this could be a concept of battery packs, which would be quickly and easily
removable [34]. For the purpose of further calculations, a hypothesis of achieving an energy
density of these battery cells of 20 MJ /kg is proposed. As for the volumetric mass density,
a reference value of 1500 kg/m? is used, similar to the one achievable today.

2.4. Conventional Kerosene (Jet A-1)

Given the fact that virtually all modern airliners use the concept of a wet wing, the
added weight of the tank system is very low. A 10% decrease in energy density is used
to account for fuel pumps, ventilation parts, sealant, and other parts needed in such a
structure. The values of the volumetric mass density of Jet A-1 were computed on the
whole scale of its possible values, varying with temperature.
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All the hypotheses above led to a comparison of the resulting values in Table 1.

Table 1. Comparison of alternative energy vectors.

Near Future 2035
Jet
A-l Gaseous H, Liquid H, Battery Ga;_;:us Liquid H, Battery
Energy Density (fuel alone) (MJ/kg) 42.8 120 120 9 120 120 20
Gravimetric efficiency 90% 6% 10% 60% 10% 30% 75%
Energy Density (fuel + tank system) (MJ/kg) 38.52 7.2 12 5.4 12 35.7 15
Vol. Mass Density (fuel alone) (kg/m?) 775-840 42 71 N/A N/A 71
Vol. Mass Density (fuel and tank system) (kg/m?) ~775-840 40 45 1640 N/A 60 1500
Vol. Energy Density (fuel and tank system) (MJ/dm?) ~33.17-35.95 49 54 14.76 5.5 7.2 30

In conclusion, can be said that the only technology that has a chance of matching the
energy density of kerosene is liquid H,. Regarding volumetric energy density, the only
technology matching kerosene values is a battery. Both of those technologies have their
specific characteristics, and they should be seen as partners rather than competitors.

3. Presentation of the Stakes, Tools, and Objectives

When planning a new concept of an aircraft, the first task we must do is to define the
design space. The design space of conception can be defined through three directions, also
known as the 3 main axes:

1.  Technologies: hydrogen, electric, etc.

2. Service: payload vs. range, altitude, speed, cost, etc.

3. Aircraft category: VTOL/STOL (vertical/short take-off and landing), Cargo/PAX
(passenger), etc.

The question is, therefore: how do we proceed when exploring this 3-dimensional
space? Our proposition is to start by defining tools that will enable us to rank the solutions
in the design space.

3.1. Evaluation Tools

The first step of a database analysis is to define the evaluation criteria. We start by
stating 3 typical evaluation criteria from the service quality point of view of a certain
transport service:

PK: Npax x distance;
MK: payload x distance;
LT: lifetime of the device (expressed in amount of using cycles).

Next, we have criteria from the point of view of the physical cost of a transport service.
We can divide those according to two domains, with the first being the domain of energies:

DE: direct energy consumption (e.g., the amount of fuel burnt);
PE: primary energy consumed (e.g., if the fuel is Hydrogen that has been produced
by electrolysis;
e  RE:recycling energy (spread over lifetime).
The second is the domain of materials:
MTOW: the maximum weight of the device;
OEW: the empty weight of the device;
MSIJ: the mass of the various materials used to build the device times the “scarcity
index” of the materials;
e EE:embodied energy (spread over a lifetime).

We can then combine these criteria to evaluate the efficiency of an aircraft. These
combined criteria can be, for example:
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e  Energetic transport criteria: PK/MTOW, PK/DE, PK/PE, PK.LT/(PE + EE), PK.LT/(PE
+ EE + RE), etc.
e  Mass transport criteria: MK/MTOW, MK/OEW, MK.LT /% MS], etc.

With these evaluations, we can define limits for new aircraft (battery or hydrogen-
powered) to find out if the aircraft concept is viable or not. Among all the criteria we
determined, we chose to focus on the PK/MTOW.

3.2. Completion of the Database

At the beginning of our research, we worked on an incomplete database of 324 civil
aircraft. The given database contained errors and blank spaces for some data. It was also
divided into two separate files (commercial aircraft and business plus general aviation),
where sometimes one or both of the files entirely lacked the required parameters. Our first
task was, therefore, to fill in the missing data and check the existing ones.

To find the data, we used both the literature and the Internet. From the literature, we
used the following two encyclopedias:

e Jane’s: All the World’s Aircraft—In Service [35];
e Elodie Roux: Avions civils a réaction [36].

On the Internet, the most complex data we found came from the following websites
(both accessed on 13 March 2023):

e www.,jetav.com
e  www.skybraryaero

However, certain data were untraceable in any of these sources. It was mostly the
case of more detailed dimensions, such as the HTP (horizontal taiplane), VTP (vertical
tailplane) area, or propeller diameter. Therefore, we had to measure these dimensions
directly from the aircraft blueprints. The blueprints we used usually came from websites
the-blueprints.com or drawingdatabase.com.

To measure the needed dimensions, we used Image]J software, in which we always set
the scale first on a horizontal dimension (for example, fuselage length) and then checked it
on a vertical one (for example, wingspan) or vice versa in order to check for the correctness
of the blueprint or potential distortion due to non-linear zooming of the image. Finally, to
find the area of the HTP, we used a simple method of extending the leading and the trailing
edges. In the case of the VTP of smaller GA aircraft, the area was approached by connecting
the root of the fin with the lower inboard corner of the rudder, as shown in Figure 2.

Figure 2. Methods of measuring HTP and VTP surfaces.

4. Method for the Identification of the Masses

Having established our main criterion and introduced the database, let us now analyze
the database on the performance aspects to set up hard and soft limits for our future
calculations. First of all, we have to specify that we are interested in “small” aircraft of the
CS-23 category—aircraft whose mass is less than 5700 kg.

4.1. PK/MTOW vs. Range

As we can see in Figure 3, if we plot the PK/MTOW (marked vs. nominal range of the
aircraft in our database), we see that the aircraft is well dispersed around the regression
line and that their relative errors are increasing with higher nominal range and higher
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PK/MTOW. We can therefore define a lower limit of a minimal PK/MTOW regarding range,
which will accept 100% of the database’s aircraft. In other words, we set up a maximum
weight of an aircraft carrying a given number of passengers over a given distance. The
formula for this limit is very simple:

range(km)
PKoM - nominal_range
14 |
12 /
///
10 | g =

PKoM (km)
[e+]

\\

‘\

L ] -
8 P general
e e commuter
2 .

/ A e business
/ gaS narrow_body
o4 £~ e wide body
0 1000 2000 3000 4000 5000

nominal_range (km)
Figure 3. Minimal PK/MTOW.

In Figure 3, we marked this function by a red hatched line. Let us stress the fact that
we will consider this a limit for any new aircraft concepts, i.e., we will not build an aircraft
below this line because it would be simply too heavy for its mission.

4.2. Npax vs. Range

Having defined a lower limit in terms of the range of our conceptual aircraft, let us
now set up an upper limit. For this, we chose the number of passengers as the defing factor.
If we plot the number of passengers on the range (Figure 4), we can see that an upper
constraint can almost exclusively limit the existing aircraft. This constraint gives us the
minimum distance that can be accepted for a given passenger capacity. Note that we are
not discussing a limit here, but only a constraint that shows us the contemporary practice
among airplane manufacturers. Once again, its formula is very simple, and one can see
that it corresponds to 19 passengers over 1300 km:

19

P /Kmax =
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n_pax - nominal_range

17.5 - y
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Figure 4. Maximal number of PAX per range.

4.3. OEW Estimation

If we plot the OEW vs. MTOW of our database (Figure 5), we can see a fairly

linear regression.

OWE - MTOW
4000
> .
3500 1 .
e
//
3000 rva
pd B
2500 1 o L0
—_ ///
o 4
< 2000 S —
: |
1500 g
//
1000 - // general
b e commuter
500 / e business
e narrow_body
04 / e wide_body
T T T T T T
0 1000 2000 3000 4000 5000
MTOW (kg)

Figure 5. OEW vs. MTOW.
This regression can be expressed mathematically as:
OWepasic = —9.63e — 7-mtow? + 0.61-mtow =+ 10% 3)

We notice 2 points about the regression:

1. That the regression is quite robust, i.e., it remains valid whether the aircraft has a
turboprop or a piston engine. We know that the power density of an electric engine
is similar to the density of a turbine of a turboprop (considering that the propeller
remains the same).

2. That the regression is independent of an aircraft’s design capacity and range. In other
words, the regression is valid, whatever the mass we add to the OEW.

We will therefore develop a model of calculation of the OEW. This model is explained
by the two schemes in Figure 6. We assume that we have this relationship between the
OEW and the MTOW of a conventional aircraft, and we will keep these relations, but we
will adjust the masses of the components inside (add the new engine, the mass of the new
system, etc.). We assume that the regression is still valid to link MTOW with the basic part
of the new OEW.
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regression regression
f structure f structure
basic engine basic new engine
oew systems oew systems new
op equipment mtow op equipment | oew g mtow
payload added systems
fuel payload
fuel

Figure 6. Comparison of OEW/MTOW regression for conventional and hydrogen/battery-
powered aircraft.

To put into practice the principle in Figure 6, we remove the propulsion of a piston
engine and add the mass of an electric motor and the mass of the batteries. This process is
shown step by step in Figure 7 below:

08Wpew = — 9.63e — 7 - mtow? + 0.61 - mtow

_ ( PWmax

I’i»'ﬁ'rﬂ”power density

) === Remove basic engine mass

PWmax PWmax e g
( + ¢ Add new engine mass
Motorpower density power_elecpower density

Wpuiserdistance /tas
(p Cruise / ) ¢ Add battery mass

batteryenergy density

Figure 7. Example of OEW estimation in case of replacement of a piston engine by an electroprop
with batteries.

4.4. Installed Power Estimation

In order to scale the new engines, we need to approximate the necessary power of an
aircraft. We find that the total power (power multiplied by the number of engines) of our
database’s aircraft is strongly associated with their MTOW. Therefore, we can proceed with

a similar approach to the OEW estimation. In Figure 8 below, we see that the regression
is quadratic.

total_power - MTOW

1200 A

1000 A

800 +

600

total_power (kW)

400 -

general
e commuter

e business

» narrow_body
e wide_body

200 +

0 1000 2000 3000 4000 5000
MTOW (kg)

Figure 8. Total power vs. MTOW.
The following equation can be used to express this regression mathematically:
PWoax = 0.0197-mtow? + 100.6-mtow + 20% 4)

Our model will use this equation to scale the selected power plant and its required systems.
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4.5. Bregquet—Leduc Demonstration

In order to calculate OEW, we first need to calculate the fuel required for a certain
mission. We perform this by using a few aircraft parameters, such as speed, SFC (specific
fuel consumption), lift-over-drag ratio, or engine efficiencies; we are going to derive the
Breguet-Leduc formula. We will first introduce some general equations needed to build
the fundamental principle of these formulas. Then, we will divide the calculations into
six groups, according to the required propulsion system, and express the range of an
exemplary aircraft of each group. Those expressions will then help us to calculate the total
fuel, including all the different types of reserve fuel.

4.5.1. General Equations
Firstly, we will take the basic fuel flow formula:

~dm

ff = ar ®)
Then we will divide it by speed expressed in a similar manner:

dx

It will give us an expression that will become useful in the next calculations:

dm_g

- = 7
dx v @

Now, let us take the two basic flight formulas. The lift and the drag formulas, respec-
tively, are:

1
mg = EpSVZCZ ®)

F= %ps#cx 9)

By dividing the lift formula by the drag formula, we obtain an expression of lift to

drag ratio:
mg C, L
—_— = — = — 1
F C D (10)
For the purpose of the following calculations, we will express the thrust from the
last equation:

F= (11)

3
SE

4.5.2. Range Calculation

Knowing that each combination of engine type and energy source type requires its
own equation, we divided them in the following way:
1.  Jet/fan engine

e Conventional (turbojet/turbofan);

e  Electric (electrofan);

e  Battery;
e  Fuel cell (Hy).

2. Propeller engine

Conventional (piston or turboprop);
Electric (electroprop);

Battery;

Fuel cell (H,).
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Conventional Turbojet/Turbofan

From the definition of thrust-specific fuel consumption (TSFC), we know that it cor-
responds to the fuel consumption (fuel flow) of an engine per unit of thrust. Therefore, if
we take Equation (7) and replace the fuel flow with the TSFC multiplied by thrust from
Equation (11), we will obtain the following equation:

dm _ ropemsl (12)
dx Lv
The development of this equation will lead us to the following expression of dx:
L
__pv dm
dx = TSFCxg m (13)

As we will use this formula only for turbofan aircraft, we can replace the speed
by a product of the Mach number and a speed of sound at 35,000 ft ISA (International
Standard Atmosphere):

E*Mxa dm

dx = TSFCxg m

(14)

The integration of this equation will give us a final Breguet-Leduc formula for turbo-

fan aircraft: L
=*xMxa m;
Range = -2 log( — 1
N8 = TGFCxg °g<mf> (15)

where m; stands for the initial mass of the aircraft (take-off mass) and m; stands for its final
mass (landing mass).

Conventional Propeller Engine

The final Breguet-Leduc formula for propeller-powered combustion engine aircraft is:

L
_ _"pD my
Range = PSFC*glOg<mf> (16)

Battery-Powered Electrofan

In the case of electric motors, we need to split the power variable into two separate
variables, the electric power W, and the motor power Wy,. The electric power represents
the power coming from the batteries, and the motor power is the one on the shaft of the
engine and thus equivalent to the shaft power of a turboprop engine. The ratio between W,
and Wy, is expressed simply by the efficiency of the electric power train including power
electronics and the motor 1y,:

W
= 17
nm We ( )
The final formula for expressing the battery-powered electrofan range is:
NMm 5
m
Range = m D Ebattery (18)

Fuel-Cell-Powered Electrofan

In the case of a hydrogen fuel cell system, we will use a method similar to the one
for conventional fuel since, in both cases, we are reducing the amount—and therefore the
weight—of the remaining fuel.

The required expression of the range is:

Range = Dlog (19)

nf>mm>mfc>x<HHV>s<L (mi>
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Battery-Powered Electroprop

This system is, by its principle, identical to a battery-powered electrofan, with the only
difference of using a propeller instead of a fan. Its range formula will therefore be the same
as the one for an electrofan, with the only difference being the use of propeller efficiency 1,
instead of fan efficiency n:

MpNm 5
m
Range = prnigEbattery (20)

Fuel-Cell-Powered Electroprop

This system is once again identical to a fuel-cell-powered electrofan, with the only
difference of using a propeller instead of a fan. To obtain its range formula will once
again use the one for an electrofan and substitute fan efficiency 7 instead of propeller
efficiency np:

(21)

#1) #1 ok HHV* & .
Range: Tlp Nm *Mfc DIO (1’1'11>

g my

4.6. OEW Calculation

We are going to try to find a formula that would give an aircraft’s operating empty
weight (OEW) as a function of the aircraft’s maximum take-off weight (MTOW) and its
type on the basis of its mission. First, we need to identify the MTOW as follows:

MTOW = OEW + payload + fuel + fuel _reserve (22)

As the MTOW will be considered known and the OEW will be the result of the final
formula, we will now concentrate on the other members of the sum.

4.6.1. Payload

The payload will be simply the number of passengers Npax multiplied by a selected
average mass of a passenger, including their baggage Mpax:

Payload = Npax*Mpax (23)

4.6.2. Leg Fuel

Leg fuel equals the fuel used during a flight leg. It refers to the distance between
the two waypoints divided by groundspeed and multiplied by the fuel burn rate for the

leg type.

Conventional Turbojet/Turbofan

In this part, we will calculate the trip fuel, that is, the fuel needed for a particular route,
excluding all reserves. First, we will calculate it for the case of turbofan aircraft. Let us start
where we left off—with the Breguet-Leduc formula:

L
_ pxM=xa m;
Range = TSFC>|<glog <mf> (24)

If we simplify the speed into v and approximate the initial and final masses as MTOW
and (MTOW-leg fuel) respectively, we obtain:

(25)

L
Range = T D*Y < MTOW )

SFCx glo MTOW — leg fuel
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The development of this equation will lead us to:

TSFC*Lg*Range _ log< 11 : 1) (26)
Loy 1_ eg fue
D MTOW
thus:
TSFCxg+Range
1 leg fuel e(i%*" ) _1 @27)
MTOW
and finally:
_ (TSFng*Range)
leg fuel = MTOW |1 —e D*Y (28)

Battery-Powered Electrofan
The leg fuel is represented by the electric energy in the battery, Epattery, which is easily

expressed from the range Formula (18) as:

MTOWxgxRange

T (29)
NEFNm*p

Ebattery =

Fuel-Cell-Powered Electrofan

If we take the range expression (19) and express the weights in the same manner as
before, we obtain:

B ﬂf*nm*ﬂfc*HHV*% MTOW
Range = g o8\ Nrrow = leg fuel (30)
A similar development as the one used above leads us to:
R 1
e L~ 1Og leg fuel (31)
ﬂf*nm*ﬂfc*HHV*ﬁ 1— MgTOW
thus: ( )
leg fuel %
(1 MT OW) e D 1 (32)
and finally:
_ ( gxRange - )
leg fuel = MTOW |1 —e \fmmnieHAVES (33)

Conventional Propeller Engine

By developing (16) in a similar manner as for the conventional turbofan, we obtain:

_ ( PSFC*g*Eange )
leg fuel = MTOW |1 —e ) (34)

Battery-Powered Electroprop

Same as for the range formula, the electroprop leg fuel formula is equivalent to the
electrofan one, only with the propeller efficiency:

MTOW sxgxRange

L
np*nm*ﬁ

Ebattery = (35)
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Fuel-Cell-Powered Electroprop

Once again, we obtain the electroprop formula by using the same method:

leg fuel = MTOW

_ ( g+Range )
L
1 —e np*nm*nfc*HHV*ﬁ (36)

4.6.3. Reserve Fuel

The reserve fuel of most commercial flights of turbofan aircraft consists of three main
parts: diversion fuel, contingency fuel, and holding fuel.

Diversion Fuel

We will count with an average diversion distance Ry;y, (e.g., a route from the destination
to the alternate airport) of 200 NM. To approximate the necessary fuel, we will use the same
reasoning as for the trip fuel. The only difference is the range substituted by Ry;y:

_ (TSFc*g*Rdiv )
diversion fuel = MTOW |1 —e B (37)

Contingency Fuel

Contingency fuel is calculated simply by adding 3% or 5% to the trip fuel; therefore:
contingency fuel = k,*leg fuel (38)
where k; is a factor of 0.03 or 0.05.

Holding Fuel

The final reserve is calculated in terms of time and usually equals to 30 min of flight
time in a holding configuration. We will, therefore, derive it by using a combination of
Equations (5) and (11) and the definition of the TSFC, which will give us the following;:

CZTm _ SFC:mg (39)
t B
Therefore: 4 SFC
g (40)
m D
This, after integration, equals to:
log 3 — SF(L:*gA (41)
myg D

At this point, we can write the final mass as the initial mass minus Am, where Am
corresponds to the fuel burned in the final holding phase. After developing the logarithm,
we find the following:

()
holding fuel = (MTOW — leg fuel) |1 —e * D (42)

We realize that the resulting formula is, in fact, a variation of the leg fuel formula, with
two differences:
e Updating MTOW to MTOW — leg fuel;

e  Expressing Ra;lge as At.
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We can therefore obtain the formulas for all the other propulsion systems by following
only these two steps. For the fuel-cell-powered electrofan, battery-powered electrofan,
conventional propeller engine, fuel-cell-powered electroprop, and battery-powered electro-
prop, respectively, we obtain the following formulas:

(MTOW — leg fuel)xg*At

E = 43
battery R % (43)

B ( BTASWSL__ )
holding fuel = (MTOW — leg fuel) [1 —e \"fMm™ iV (44)

7 (SFCL*g*TAS At)
holding fuel = (MTOW — leg fuel) [1 —e 5*Mp (45)
MTOW — leg fuel ) xg+xTAS*At
Ebattery = ( & )L & (46)
T]p M m* D

B ( gIAS M )

holding fuel = (MTOW — leg fuel) [1 —e \"p*Im™ieHiVeE (47)

With the newly acquired relations, we can update Formula (22) for a conventional fuel
turbofan as follows:

_ (TSFC»Lg*Range )
MTOW = OWE + NpaxMpax + MTOW |1 —e D

_ (TSFC*g*RdiV
1—e

+MTOW B )] + kyxleg fuel (48)

- (SeEar)
+(MTOW —leg fuel) [1—e * D

5. Construction of a Model for Estimating the Masses of Aircraft Components

Once the criteria are defined, we need to calculate the parameters of the new concepts.
We will simplify the calculation with the following assumptions:

e  We focus only on the cruise leg, which we extend from the departure airport all the
way to the destination airport.
We consider climb energy as the potential energy acquired by the aircraft.
As we use the Breguet-Leduc formula, we consider the trajectory to be static for the
entire duration of the flight.

e  Asstated before, we will consider only small aircraft of the CS-23 category, meaning
aircraft with MTOW < 5700 kg.

e  The aircraft will therefore have a range of approximately 2000 km and lift to drag ratio
of around 10.

e  Regarding the mass, we make a small hypothesis that the hydrogen-powered aircraft
is so light that even on long missions, we will not have more than 5% mass variation.
This hypothesis is explained mathematically by the formula below:

s ). () ()
Miyel _ ( % Nthpr 121e6

mass mass

~ 0.05 (49)
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where 7, is the efficiency in transforming fuel heat flow into propulsive power, and
we approximate it as 0.3. Finally, if we consider a battery-powered aircraft, the mass
is rigorously constant. Therefore, we can consider that the mass of our concept aircraft
is constant.

5.1. Software Implementation

The python software created to build models prepares the raw data for and then
executes the calculation of the abovementioned formulas. We are going to describe its
calculation process step by step.

5.1.1. Coefficient Setup

In this part, we will set up all the coefficients required for future calculations. First, the
software allows us to set a temperature deviation from the International Standard Atmosphere.

Next, we set the heating value of the combustion of kerosene to 43 MJ/kg and the one
of hydrogen to 121 MJ /kg.

We can now set all the efficiencies of propulsion system components (Table 2). We set
the propeller efficiency np to 0.8 and the fan efficiency n¢ to 0.82. Regarding the electric
motor, we set its motor efficiency to 0.93, as it is the minimal value of the efficiency of
electric aviation motors of the Magnix company. This company is one of the most successful
in developing electric motors for aviation, as their motor Magni500 powered the first-ever
electrified commercial airplane, the De Havilland Beaver seaplane of Harbour Air, in
2019 [37]. The last required efficiency is one of the fuel cells. The maximum theoretical
conversion efficiency of fuel cells is 82.7% [38]. One of the leading companies in fuel cell
solutions, Horizon, proposes fuel cells with efficiencies of 40% and has shown a peak
efficiency of 59% during tests of its newer products [39].

Table 2. Comparison of Fuel Cell Technologies. Adapted with permission from Ref. [40]. 2023,

Energy.gov.
Fuel Cell Type Common Electrolyte Operating Typical Stack Size Electrical Efficiency (LHV)
Temperature
Polymer 60% direct Hy;
Electrolyte Perfluorosulfonic acid 120° 1kW-100 K 40°
Membrane erfluorosulfonic aci <120°C <1 kW-100 kW 0%
(PEM) reformed fuel
Aqueous potassium
Alkaline hydroxide soaked
(AFC) in a porous matrix <100 °C 1-100 kW 60%
or alkaline polymer
membrane
5-400 kW,
Phosphoric Phosphoric acid soaked in a 100 kW module
Acid porous matrix or imbibed in a 150-200 °C (liquid PAFC); 40%
olymer membrane < olymer
PAFC poly b 10 kW (poly
membrane)
Molten Molten lithium, sodium,
and/or potassium . 300 kW-3 MW, o
C(?\;Ikg);\é;e carbonates, soaked in a 600-700°C 300 kW module 50%
porous matrix
Solid . .
Oxide Yitra stabllized 500-1000 °C 1kW=2 MW 60%
(SOFC)

Let us now move on to setting the power densities of different propulsion solutions.
The power density, also known as the power-to-weight ratio, expresses the nominal power
of a certain propulsion system divided by its weight. We will use these densities as a simple
way of calculating a transformation from one propulsion system to another. We set the
turbofan power density to 7 kW /kg [41], the turboprop to 5 kW /kg [42,43], and the piston
to 1 kW/kg, which is the order of magnitude for a typical Lycoming used in a Cessna
172 [44]. As for electric motors, for the purpose of further calculations, we are going to split
the power densities into one value for the electric motor itself, one for a propeller installed
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on an electric motor (electroprop), and one for a fan installed in the same way (electrofan).
For the electric motor itself, we will use the Magni500 once more as an example, with its
power density of 4.2 kW /kg [45]. For the propeller, we take an example of the Bombardier
Q400 with its 6-bladed all-composite Dowty R408, which weighs around 251.7 kg [46].
Given the fact that the engine’s nominal power is 3781 kW, the ratio is 15 kW /kg. As for
the fan, we took the approximation performed by Periklis Lolis [47], which gives the mass
of the fan of a CFM56-7B27 engine, including its frames, as 1226.6 kg. This engine is used
on 737-900 W, for which we calculated a power of 10,146 kW. The ratio will therefore be
8.3 kW/kg.

To be able to compare the use of battery-powered motors with conventional engines,
we will also need the battery energy density and volumetric density. We will use pro-
jected values for two commonly used chemistries, Lithium-ion and Lithium-Sulfur [48].
The best-performing Lithium-ion chemistry, Li-NMC441, has a gravimetric density of
around 250 Wh/kg and a volumetric density of around 400 Wh/dm?, which translates to
1600 kg/m?3. The Lithium-Sulfur also shows values of around 400 Wh/kg for the gravimet-
ric density, but the volumetric density is projected to be as high as 400 Wh/dm?, which
translates to 1000 kg/m?>. We will pre-set the coefficient to the values of the Lithium-ion,
but they can be easily rewritten to Lithium—-Sulfur or any other chemistry as required.

Finally, to be able to compare the use of fuel-cell-powered motors with conventional
engines, we will add gravimetric and volumetric densities for each of the fuel cell compo-
nents, which are the fuel cell itself, its cooling unit, and, finally, the liquid or gas hydrogen
tank. For the gravimetric density of a fuel cell, we will use, once again, the Horizon fuel cell,
which shows a density of 5 kW /kg [49]. For its cooling unit, we will make an approximation
of 6 kW /kg, which corresponds to the data mentioned by Canders et al. [50]. To represent
the gravimetric and volumetric densities of hydrogen tanks, we will use the gravimetric
and volumetric index. As stated in Section 1, for liquified hydrogen, the state-of-the-art
value for the gravimetric index is around 10% and around 45 kg/m? for the volumetric
index. In the case of compressed gas hydrogen, the values are about half of those for
liquified, that is, 6% for the gravimetric and 40 kg/m3 for the volumetric index.

5.1.2. PAX Allowance

For the purpose of further calculations, we need to set the average weight of a passen-
ger, including their luggage for different types of flights. We label this variable as the PAX
allowance and pre-set it with the following values in Table 3.

Table 3. Cruise, diversion, and holding altitudes as per aircraft type.

Range (km) <1000 1000-8000 >8000
PAX allowance (kg) 90 110 150
5.1.3.L/D

To calculate the lift-over-drag ratio, the software at first sets L/D limit values. These
values are also coupled with MTOW limit values. The aircraft’'s MTOW is then compared
with these limits. If the MTOW is found to be outside of the limits, its L/D is automati-
cally assigned as the limit L/D value. If it is found to be between the limits, the L/D is
calculated as:

Lo B o oy

D \D MTOW max — MTOW nin

5.1.4. PSFC and TSFC

In the case of PSFC (propeller-specific fuel consumption) and TSFC, the calculation is
the same, with the only difference of using the shaft power as an input for the PSFC and
the equivalent shaft power developed during take-off for TSFC, as defined in the database.
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We will describe the case of PSFC: The pre-set limit values of PSFC are coupled with limit
values of shaft power. In the case of hydrogen-powered aircraft, the PSFC limit values are
multiplied by the ratio of the fuel heating value of kerosene divided by the one of hydrogen.
The reason is the formula for SFC itself:

Vo

SFC = ——
Nin*Npr*FHV

(51)

where ny, and np, stand for the thermal and propulsive efficiency, respectively, and Vj is
the air speed upstream of the engine.

Once the limit values are established, the aircraft’s max shaft power (P) is then com-
pared with the limits (Pmax and Ppin). If it is found to be between the limits, then it is
calculated as:

(PSFCinax — PSFCpnin )% (P — Prnin )

Pmax - Pmin

PSFC = PSFCpax —

(52)

5.1.5. ref_power and ref OEW

In this part, we set up the regression curves for the required total power for an
airplane with a given MTOW and the averaged OEW for an airplane with a given MTOW,
respectively. It is, in both cases, a least square linear regression, which forms the following;:

y = (a*MTOW + b)*MTOW + ¢ (53)

where a, b, and c are the coefficients that are calculated by the software but have to be reset
manually into the code whenever the database changes. For our calculations, we chose a
polynomial equation of a second degree, but it is possible to change the degree should we
require the function to follow any database trend more closely.

5.1.6. Cruise, Diversion, and Holding Altitudes

We assign cruise, diversion, and holding altitudes to each aircraft according to their
type in the following order in Table 4:

Table 4. Cruise, diversion, and holding altitudes as per aircraft type.

Aeroplane Type Cruise Altitude (ft) Diversion Altitude (ft) Holding Altitude (ft)
General aviation 5000 5000 1500
Commuter 20,000 10,000 1500

Business, Narrow

body, Widebody 35,000 25,000 1500

5.1.7. Reserve Data

This part specifies the reserve fuel parameters for each airplane type. It assigns
contingency fuel percentage, diversion leg length, and holding time in the following
manner in Table 5:

Table 5. Percentage of contingency fuel, length of diversion, and holding time as per aircraft type.

Airplane Type Contingency Fuel (%) Diversion Length (NM) Holding Time (min)
General aviation 0 0 30
Commuter 0 0 30
Business, Narrow body 5 200 30
Widebody 3 200 30
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5.1.8. Leg Fuel

We now finally calculate the leg fuel (also referred to as trip fuel) required for a
given distance.

Conventional Turbojet/Turbofan

We take the aforementioned Equation (28) and adjust it to suit the input data. We
replace MTOW with a variable called start_mass, which corresponds to the mass at the
beginning of a flight segment, so in this case, it would be the actual TOW. We also replace
speed with the TAS (true airspeed) and range by the given distance.

fuel = start_mass |1 —e TAS«f5 (54)

Fuel-Cell-Powered Electrofan

_ w)
fuel = start_mass {1 —e (“f*“m*“fC*HHV*% ] (55)

where ¢ stands for fan efficiency, nm for motor efficiency, and ny. for fuel cell efficiency.
Battery-Powered Electrofan

With this type of technology, the calculated value will be energy expressed in Joules as
opposed to fuel mass expressed in kilograms.
start_massx*gx*distance

I (56)
NeFNm* D

Ebattery =

Conventional Propeller

_ ( PSFC*g*distance)
fuel = start_mass |1 —e P+l (57)

Fuel-Cell-Powered Electroprop

_ gxdistance )
fuel = start_mass {1 —e ("P*”m*”fC*HHV*% ] (58)

Battery-Powered Electroprop

start_massx*gxdistance
L
Mp*Nm* B

Ebattery = (59)

Finally, we add 5% of the calculated leg fuel (or battery energy required for a leg) on
top in order to take into account the climb phase of each flight.

5.1.9. Holding Fuel
Conventional Turbojet/Turbofan

Same as for the leg fuel, we take the appropriate Equation (42) and replace (MTOW—
leg fuel) by start_mass, which in this case corresponds to the mass at the beginning of the
holding phase.

- (TSFCEg*At)
holding fuel = start_mass |1 —e D (60)
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We follow the same logic for all the remaining propulsion setups, mostly updating the
leg fuel formulas with the relevant variables:

Fuel-Cell-Powered Electrofan

B ( gxTAS*A )
holding fuel = start_mass |1 —e npNm e HAVS f§ (61)
Battery-Powered Electrofan
startmass ¥g*x TAS*At
Ebattery = mass ™8 L (62)
NeFNm* D
Conventional Propeller Engine
B (PSFC*g*TﬁAS*At)
holding fuel = start_mass |1 —e "P*D (63)
Fuel-Cell-Powered Elecroprop
B ( g+TASxAL )
holding fuel = start_mass |1 —e Mp MmN HHV= 15 (64)
Battery-Powered Electroprop
start_mass*g*TASxAt
Ebattery = & (65)

L
Np*Nm* 5

5.1.10. Total Fuel

Having performed all the calculations above, we can now calculate the total fuel
required for a certain mission. The software adds all the different parts of reserve fuel to
the leg fuel according to the formula below:

OWE = MTOW — payload — total fuel (66)

At this stage, we also calculate the weight of the fuel tanks. In the case of gas and
liquid hydrogen storage, we use the corresponding gravimetric index as follows:

fuel tanks = total fuelx < . 1 — — 1) (67)
gravimetric index

In the case of battery storage, we simply divide total fuel by the battery energy density.
Finally, in the case of conventional fuel, we do not take the weight of the fuel tanks into
account, as their weight tends to be negligible compared to OEW.

5.1.11. OEW Structure

Here, we calculate the change in aircraft’s mass in case of a theoretical propulsion
system change. We use the predefined power densities each time to calculate the mass of
the engine using its nominal power. Then, we save this initial mass as a variable. We follow
the same process for the target propulsion system, making sure to add all required weights.
This means the electric motor plus fan or propeller mass in the case of a battery-powered
aircraft. In the case of a hydrogen fuel-cell-powered aircraft, we add the calculated mass of
the fuel cell and its cooling system on top. Once again, we save the newly calculated target
mass as a variable. We now set up a new variable called delta_engine_mass, which will be
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simply the difference between the target engine mass and the initial engine mass, and its
result is finally added or subtracted from the OEW.

5.1.12. Design

Along with basic information about an aircraft’s design, this function allows for the
calculation of four following evaluation criteria:

Mass Efficiency Factor
This criterion is calculated simply as:

Npax*distance

MTOW (68)

mass efficiency factor =

It represents the transport service as compared to the mass to be invested. In other
words, it tells us how much mass we need to invest in order to provide a certain service. We
can, therefore, think of it as of a dimensionless EROI ratio (energy return on investment).

Energy Efficiency Factor

This criterion is very similar to the previous one but uses the total energy as a compar-

ing factor.

Npax*distance

energy efficiency factor = (69)

total energy

The total energy represents the energy of the total fuel required for a certain mission
(including reserves), which is either calculated by multiplying the fuel mass by its heating
value or taken directly as the necessary energy in the case of battery-powered aircraft.

System Energy Density

The energy density of a certain energy stockage system is calculated as the total energy
potentially exploitable from the fuel or battery divided by the mass of the latter.

total energy
tem mass + total fuel

system energy density = delta sys (70)

In the case of kerosene, we take the mass of the fuel solely and neglect the relatively
small mass of the tanks. In the case of all other systems, we calculate the added mass and
then add it as delta system mass to the total fuel mass. The delta system mass can be the

mass of the tank holding the liquid or gas hydrogen or the mass of the so-called battery
pack, which surrounds the battery itself.

6. Application to the Concept of Battery-Powered Aircraft and Its Limits (Research of
the Technological Frontier according to the Energy Density)

To put our model in the trial, we decided to focus on the general aviation domain, as
there are already multiple electric aircraft in service or in development that we can use as a
clear indicator of whether our model is precise. Therefore, we wanted to see whether we
can use it for further exploration of the domain of battery-powered aircraft.

6.1. Chosen Aircraft Examples

We chose to compare our model with two real aircraft, the Socata TB20 Trinidad and
the H55-Bristell Energic. Let us now introduce the two with their specifications.

6.1.1. Socata TB20

The Socata TB20 is one of the most common light single-engine piston aircraft devel-
oped and manufactured in France. The TB within the designation stands for “Tarbes”,
which is the city where the aircraft is manufactured. It was introduced in 1975, and until
2007, there were 2150 units produced [51].
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6.1.2. H55-Bristell Energic

The H55-Bristell Energic is one of the first light single-engine electric aircraft proposed
for serial production. It is developed by a consortium of a Czech aircraft manufacturer,
BRM Aero, based in Kunovice, and a Swiss company, H55. BRM Aero supplies the aircraft
itself, as it is a derivative of their own Bristell B23. H55 supplies the propulsion system,
including its batteries, as it is the company behind the Solar Impulse project. The aircraft is
currently undergoing testing and it should be certified under CS-23 by 2024.

Specifications of H55-Bristell Energic are an engine power of 100 kW [52] and the
range, which was calculated by taking its endurance of 90 min and making a hypothesis
of a cruise speed of 130 km/h. To be compliant with the regulations, we need to have a
30 min reserve and, therefore, only 60 min of trip time, which gives us a range of 130 km.

6.2. Model Validation

Let us now assemble the key aircraft specifications, which we will use as inputs for
our software. As one can see in Table 6 below, for the TB20, we interpolated the number of
passengers as four and a half, as the aircraft max occupancy is four to five passengers.

Table 6. Model validation software inputs.

Airplane Type Nb PAX Cruise Speed (km/h) Range (km)
Socata TB20 4.5 280 1300
H55-Bristell Energic 2 130 130

If we run the calculation with this input, we obtain the output of a conventional
propeller engine-powered aircraft and a battery-powered electroprop, respectively, in
Tables 7 and 8:

Table 7. Model validation software outputs for a conventional propeller engine-powered aircraft
with Socata TB20 specifications.

Parameter Value
Max. power 192 kW
Mission fuel 161 kg
Reserve fuel 16 kg

Total fuel 177 kg

Mission energy 1924 kWh
Reserve energy 194 kWh
MTOW 1478 kg
OWE 896 kg
Payload 405 kg
PK/MTOW minimum 2.6 pk/kg
PK/MTOW 3.96 pk/kg
PK/Energy 2.76 pk/kWh

Max. distance vs. PK/M 2573 km
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Table 8. Model validation software outputs for a battery-powered electroprop with H55-Bristell
Energic specifications.

Parameter Value

Max. power 102 kW

Cruise power 29 kW

Battery mass 230 kg

Mission energy 32 kWh

Reserve energy 14 kWh

MTOW 866 kg

OEW 686 kg

Payload 180 kg
PK/MTOW minimum 0.26 pk/kg
PK/MTOW 0.30 pk/kg

PK/Energy 5.64 pk/kWh
Max. distance vs. PK/M 153 km

We can now compare the highlighted data with the real ones from the manufacturer,
as stated in Table 9.

Table 9. Specifications comparison of selected airplanes with manufacturer data.

Airplane Type Max. Power (kW) MTOW (kg) OEW (kg)
Real: Socata TB20 186 1400 900

Model: Socata TB20
(deviation from real)

Real: H55-Bristell Energic 100 850 660

Model: H55-Bristell Energic
(deviation from real)

192 (+3%) 1478 (+6%) 896 (—1%)

102 (+2%) 866 (+2%) 686 (+4%)

We can see that for these specific aircraft and in those specifications, our model
overestimates the real values slightly, but its deviations stay lower than 10%.

6.3. Technological Frontier Exploration

Using the limits defined in Section 4 and our battery aircraft model, we can depict the
space of possible designs on a Npax vs. Range in Figure 9 below:

In Figure 9, the color field shows %, and the yellow line highlights the case
when PK/M = PK/M,in. As established in Section 4, this line will be considered a lower
limit of a possible design, meaning that we will not build an aircraft below this line.

The grey line shows the previously developed P/kmax = 0.0146. This line represents
an upper limit of a possible design, and the design space that does not satisfy the constraint
is once again covered by hashes. As stated before, this limit is not a hard one. It just shows
the current practice among aircraft manufacturers.

The designs producing the highest level of service (PK maximum) should be in the
white ellipse of Figure 10. As we can see, this area is mostly considered unusable due to
the upper limit. We will, therefore, divide it into two points, A and B, which will represent
the maximal level of service possible with the limits chosen and the maximal range with

19 passengers if we disregard the soft limit, respectively.
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PK/M Field

N passenger

Distance (km)

Figure 9. Design space, Npax vs. Range.

PK/M Field

N passenger

Distance (km)

Figure 10. Points of the maximum level of service in the design space.

As we established earlier, the most important factor in battery-powered aircraft devel-
opment is the battery power density. It will, therefore, also change the field and the Ilzl/(—l\//ll\fm
position of the PK/M = PK/Myjy, line. In the following, we will follow the trajectories of
points A and B when the battery energy density varies from 200 Wh/kg to 600 Wh/kg

(Figure 11).
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Figure 11. Design space with a 200 Wh/kg technology—case of H55-Bristell Energic.

In Figure 12, we can see a comparison of points A, which is the maximal constrained
level of service, and point B, the maximal absolute level of service for 19 passengers, for
battery energy densities varying from 200 to 600 Wh/kg.

200 300 400 500 600

19 B 4 e »
15 —
13
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N pax 9 /
7
: |
3 |4 L~
1
0 200 400 600 800 1000 1200

Range (km)

Figure 12. Comparison of points A and B for battery energy densities of 200-600 Wh/kg.

It is important to mention that these results focus on the small aircraft domain, the
(CS23. We could continue to have a higher number of passengers and a higher range with a
commuter aircraft category, for example, but we can conclude that, according to our model,
this technology is interesting mostly for shorter distances than the usual practice among
aircraft manufacturers.

7. Application to the Concept of Hydrogen-Powered Aircraft and Its Limits (Research
of the Technological Frontier according to the Energy Density)

Due to a lack of complete information about flying hydrogen-powered aircraft (the
Boeing fuel cell demonstrator, for example, was using batteries along with a fuel cell and
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therefore was not powered solely by hydrogen [53]), we had to skip the model validation
part and concentrate on the technological frontier research, which is, in this case, more
complex. As we are concentrating on the small aircraft domain of the CS-23 category, we
are going to consider fuel cell technology powered by hydrogen in the form of gas. The
reason for this hypothesis is that the fuel cell technology with gas hydrogen seems to be
the best one, as it was proven, for example, by the Boeing demonstrator mentioned above
or the Zero Avia’s modified Piper Malibu [54].

Technological Frontier Exploration

We are going to use the same Npax vs. Range figure as in the previous section and we
add one more limitation, which is simply the weight limitation to keep the MTOW of the
aircraft to less than 5700 kg in order to stay in the CS-23 category. This limitation is marked
by the purple line in the figures below.

Unlike battery technology, hydrogen has not one but three defining parameters. It is
the fuel cell system power density, the cooling power density, and the fuel cell efficiency.
The first two of the three are given in kW /kg, and the efficiency is a unitless variable. The
power densities of a fuel cell and its cooling are in the order of 5 and 6 kW /kg, respectively.
However, in this case, we are considering a fully integrated system designed for affordable
production and safe service. We are, therefore, going to downgrade the aforementioned
values to 2 and 3 kW /kg, respectively, in the first instance. As for the fuel cell efficiency, we
are going to start with the value of 0.4 declared by the Horizon fuel cell company. We can
see the results for this first instance with the lowest values in Figure 13 below:

PK/M Field
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6 0.6
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2
0.0

1000 1200
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Figure 13. Design space with the lowest fuel cell technology.

If we ignore the holes in both the PK/M and maximal MTOW limitations, which are
caused by the software not being adapted for these low values, we can see that the point
with the highest level of service is situated roughly at 6 passengers and 400 km of range.

We will now increase each of the parameters (the fuel cell system power density, the
cooling power density, and the fuel cell efficiency) one by one to demonstrate their effect
on the overall concept (Figure 14). Let us start by increasing the fuel cell efficiency to 0.7
while keeping the other parameters constant.
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Figure 14. Design space with fuel cell efficiency of 0.7.

We can see that we are no longer limited by the PK/M, and the mass limitation puts
us at 12 passengers and a little bit over 800 km of range.

If we bring the fuel cell efficiency back to its default value of 0.4 and increase the fuel
cell system power density to 5 kW /kg while keeping the cooling system power density at
3 kW/kg, we obtain the following Figure 15.

PK/M Field
18

16
14
12 4

10

N passenger

200 400 600 800 1000 1200
Distance (km)

Figure 15. Design space with the fuel cell system power density of 5 kW /kg.

In this case, all three limitations intersect roughly at the same point of 9 passengers
and a bit over 600 km of range.

Let us now increase the cooling system power density to 5 kW /kg while holding the
remaining parameters at their minimum values (Figure 16).
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Figure 16. Design space with cooling system power density of 5 kW /kg.

We notice that we obtain a very similar, albeit slightly lower, level of service than
when solely increasing the fuel cell system power density.

Finally, we increase all the parameters at once, that is, 5 kW /kg for both the fuel cell
and the cooling system power density and 0.7 for the fuel cell efficiency. Notice in Figure 17
below that we increased the maximal range to 2400 km.
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Figure 17. Design space with the highest fuel cell technology.

We marked the point of highest service (17 passengers over around 1200 km) as point
A and the point of highest range, which is around 2250 km, with 8 passengers on board,
as point B. Let us now look at a comparison of points A in all the abovementioned cases
(Figure 18):



Aerospace 2023, 10, 482

29 of 34

18
® Highest
16
14
12 e Fuel cell efficiency
10 =
N pax o Fuel cell power density

8 e

6 N Cooling power density

4

2

0

0 200 400 600 800 1000 1200 1400
Range (km)

Figure 18. Comparison of points A for different hydrogen technologies.

As we can see, the fuel cell efficiency increase from 0.4 to 0.7 clearly outperforms both
the fuel cell and the cooling system power density increases from 2 to 5 and 3 to 5 kW /kg,
respectively. Out of these two, the fuel cell power density shows better improvement.
However, this is mostly because we kept the initial cooling power density higher than one
of the fuel cells. If they were kept at the same values, these two variables would have a
very similar effect.

In conclusion, we would like to stress the hypothesis that we proposed. The study
focuses on the mass aspect of commercial aircraft. Nothing says a priori that the fuel cell
aircraft is feasible. The problems with feasibility may arise mainly because of thermal
evacuation problems. Moreover, we did not take into account this technology’s need for
volume. Large tanks of compressed hydrogen could radically change the fuselage of such
an aircraft concept. However, we assumed that we could always obtain a lift to drag ratio
of 14, whatever the embarked technology.

8. Discussion

The scope of this research is to provide a comprehensive analysis of the potential
of battery- and hydrogen-fuel-powered aircraft as alternatives to traditional fossil-fuel-
powered aviation systems. As a part of the research work, a program to calculate mathe-
matical models that estimate the weight of aircraft components has been developed, with a
specific focus on batteries and fuel cells. The study has identified the technological barriers
to the development of these technologies and has created a database and software for
exploring and comparing them.

The results of the study have shown that both battery- and hydrogen fuel-cell-powered
aircraft have the potential to replace traditional engines, with power density and efficiency
improvements making them viable alternatives. However, there are limitations to the
adoption of these technologies, particularly in terms of the difficulty of putting hydrogen
propulsion technology into place.

One of the main limitations of this research is that it primarily focuses on the power
density and efficiency trade-offs of various advanced engines, electrolytic batteries, fuel
cells, and cooling technologies. While this is an essential aspect of understanding the
potential of these technologies, there are other factors to consider, such as the economics
of implementation and the regulatory framework. For example, the cost of hydrogen fuel
cells is currently high, and this could be a significant barrier to their adoption. Additionally,
the regulatory framework will need to be adapted to accommodate these new technologies,
which may take time and require significant investment.
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Another limitation is that the research focuses on general aviation, and there may
be differences in the application of these technologies in other areas, such as commercial
aviation. The study does not explore the potential for hybrid systems, which could combine
the benefits of both battery and fuel cell technologies.

Ideas for further work could include an exploration of the economics of implementing
these technologies, including the cost of production, maintenance, and infrastructure.
Additionally, further research could explore the regulatory framework and policy changes
required to support the adoption of these technologies. Another area of research could
be the development of hybrid systems that combine the benefits of both battery and fuel
cell technologies.

In conclusion, this research provides a valuable contribution to the understanding
of the potential of battery and hydrogen-fuel-powered aircraft. It highlights the need for
interdisciplinary research and collaboration to find sustainable solutions to contemporary
challenges. While there are limitations to this study, the results demonstrate the potential of
these technologies and provide a foundation for further research. Ultimately, the adoption
of these technologies will require significant investment, innovation, and collaboration
between industry, policymakers, and researchers.

9. Conclusions

This article presents a program for calculating mathematical models to estimate the
weight of aircraft components, focusing on battery- and hydrogen fuel-cell-powered aircraft
concepts. The research aimed to add missing dimensions and parameters to the aircraft
database, create an effective program for creating mathematical models, and identify
technological barriers. This article showed a new possibility of comparing new technologies
by using data from conventional ones. It introduced the two most important propulsion
technologies, showed their past and current development, and compared their core values
critically. It then described the creation of the database and its exploiting software. Finally,
it presented a model validation for battery technology and a search of the technological
frontier of both technologies. The results showed overall better values of the level of
service of the hydrogen technology, defining the fuel cell efficiency as its most important
parameter. However, this lead over battery technology is the difficulty of putting the
hydrogen propulsion technology in place. It is best demonstrated by the fact that small
battery-powered aircraft have already reached serial production (such as the Alpha Electro
of the Pipistrel company [55]), whereas purely hydrogen-powered aircraft are still waiting
for their first pioneering model. Nevertheless, batteries and hydrogen should be regarded
as partners, completing rather than competing with each other.

The research primarily focuses on calculating power density and efficiency trade-offs
for various advanced engines and turbines, electrolytic batteries, fuel cells, and cooling
technologies. One of the critical aspects of this work is to evaluate the potential of hydrogen-
and battery-powered aircraft to replace traditional fossil-fuel-powered aviation systems,
which contribute significantly to the carbon footprint and air pollution. The analysis results
indicate that the power density and efficiency of electric motors and fuel cells have been
improving with advancements in technology, making them viable alternatives to traditional
engines. The authors also highlight the importance of cooling technologies for high-power
density electrical machines in aviation applications.

Apart from the technical insights, the article demonstrates the importance of collab-
orative and interdisciplinary research in finding sustainable solutions to contemporary
challenges, such as reducing carbon emissions in aviation. The authors have integrated
findings from various sources to provide a comprehensive overview of the current and po-
tential technology for hydrogen- and battery-powered aircraft, which can benefit designers,
engineers, policymakers, and regulators.

Overall, this work presents valuable contributions to the ongoing discourse about
sustainable aviation and provides a starting point for further research and development of
hydrogen- and battery-powered aircraft concepts.
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Nomenclature

Abbreviations

BAC British Aircraft Corporation

CS-23 European Aviation Safety Agency Certification Specification for Normal,
Utility, Aerobatic, and Commuter Category Aeroplanes

DE Direct energy consumption

EE Embodied energy

EROI Energy return on investment

G/CNT Graphene/carbon nanotubes

HHV Hydrogen heating value

HTP Horizontal tailplane

ISA International Standard Atmosphere

LT Lifetime

MK “Mass-kilometer” (Payload times Distance)

MSIJ Mass of the various materials used to build the device times
the “scarcity index” of the materials

MTOW Maximum take-off weight

Npax Number of passengers

OP equipment  Operational equipment

OEW Operating empty weight

PAX Passenger

PE Primary energy consumed

PK “Passenger-kilometer” (Npax times Distance)

PK/M PK/MTOW = (Passenger capacity times Range) divided by
Maximum take-off weight

PSEC Propeller-Specific Fuel Consumption

RE Recycling energy

SFC Specific Fuel Consumption

SI International System of Units

TAS True airspeed

TOW Take-off weight

TSFC Thrust-Specific Fuel Consumption

VTOL/STOL Vertical/Short take-off and landing

VTP Vertical tailplane
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List of Symbols

a Speed of sound

CO, Carbon dioxide

Cy Drag coefficient

C, Lift coefficient

D Drag

E Energy

F Force; Engine thrust

ff Fuel flow

g Gravitational constant

Hy Hydrogen

kr Contingency fuel factor

L Lift

m Mass

M Mach number

Mpax Average mass of a passenger and their baggage
p Density

pw Power

Raiv Average diversion distance
S Wing area

t Time

v Speed

We Electric power; Energy flow
Wigel Fuel energy

Wm Motor power

Wihatt; P Shaft power

X Distance

n¢ Fan efficiency

urs Efficiency of a fuel cell

Nm Motor efficiency

np Propeller efficiency

TNithpr Thermopropulsive efficiency
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