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Conceptual design and optimization of the LEAF hybrid aircraft: a step towards the future.
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Abstract

In latest years, environmental policies have been conducted for the aviation sector to obtain less polluting propulsion. All-electric
aircraft offer the possibility to eliminate direct fuel combustion emissions, but their development is blocked by battery energy limits
and power density. Therefore, hybrid propulsion systems have emerged as a potential solution, as they have demonstrated a good
compromise between performance and low polluting emissions. This work proposes an alternative solution to the powertrain of a
regional aircraft by testing a hybrid configuration created with the aid of technologies that can be developed by 2040. Using the
ATR 42 aircraft as a reference, the propulsion system was equipped with two turboprop and four electric motors, powered by both
batteries and supercapacitors, the latter used in the take-off phase due to the high power density, they also have a structural function
thus allowing a reduction in weight. The Wing-Load is estimated by the most critical condition that is the take-off phase through
the take-off parameter to respect the required field length; the needed engine power is calculated for each flight phase. Finally, an
analysis of the fuel consumption during the mission, of the emissions produced based on the origin of the energy sources, a survey
on the costs, safety and environmental impact due to the disposal of the storage systems are reported to verify the sustainability of

the solution.
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1. Introduction

The CO, and NO, are the most relevant problem in 2022
for the conventional aircraft. Before the COVID-19 pandemic
(2019) the airline industries spent for the fossil fuel $ 188 bil-
lions, The COVID-19 pandemic has offered a chance to mea-
sure air transport’s impact on the environment, the pause in
travel resulted in an 8 percent drop in CO, emissions in 2020
[1]. During this situation the research has moved to control the
emissions due to carbon dioxide, some researches has moved
into the hydrogen cells, others in the control of the emissions
at ground; actually the most reasonable choice is the renewable
energy that is the electric energy. Flying produces on average
285 grams of carbon dioxide per passenger for each kilometer
traveled, for a 800 km regional fly and 50 passengers the es- *
timate is: 11.5 ton of carbon dioxide. According to Friedrich
and Robertson [2], the large-scale hybridization of aircraft in
the future may allow fuel savings of up to 10% compared to
conventional turbofan engines but, when combined with aero-
dynamics, materials and structural advances, hybrid-electric °
propulsion reveals a potential fuel saving of 70%, together with
significant benefits in terms of emissions and noise reduction.
However, on the topic of hybridization the literature focuses
almost exclusively on small aircraft. For these types, Kohler
and Jeschke [3] compared three possible propulsion systems,
namely the internal combustion engine, the parallel hybrid and
the fully electric propulsion system. The results show that, for
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specific power requirements, the parallel hybrid propulsion sys-
tem can offer advantages in terms of system mass and cruis-
ing efficiency over the conventional internal combustion en-
gine system. Sziroczak et al. [4] instead realized a concep-
tual design of a small Aircraft with a hybrid propulsion system
demonstrating that a low level of hybridisation results in little
mass increase, baseline range and reduced energy use, but only
achievable at the expense of reduced speed. Ribeiro et al. [5]
justify this dominance of fossil fuel aviation for large-scale air-
craft with the fact that hybrid aircraft have technical limitations
in terms of operational range and seats available. Although the
electrification of aircraft offers significant advantages both in
terms of emissions and energy efficiency [6], with current tech-
nologies the batteries have an energy density that is not suitable
for supporting large aircraft without causing an excessive in-
crease in mass [7]. The Low Emission Aircraft of the Future
(L.E.A.F.) project is born as part of the competition proposed
by the Futprint50 initiative to reduce the pollution due to CO,
through the aircraft hybridization. The design is conceptual,
other phases require a lot of resources and a very large budget;
this is an academic competition, so the budget and resources are
very limited. The calculations are raw but provide a model that
refined in the other phases of the design process. The main idea
is the growth of technology, the L.E.AF. project’s takes into
account the development process of the propulsion and struc-
tural components and this is designed to 2040 as foreseen by
the competition. The goal of this project is a hybrid electric re-
gional aircraft that release in the atmosphere less CO; than the
other similar regional conventional aircraft (ATR-42 and ATR-
72). The mission requirements are listed below:
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e 50 passengers (5300 kg).

¢ Range 800 km.

e Cruise speed 0.48 Ma.

e Payload 5800 kg.

e Minimum RoC 1850 ft/min.

e Minimum FL 170 time to climb 13 min.

e Maximum operating altitude 7620 m (25000 ft).
e Minimum take-off field length 1000 m.

e Minimum landing field length 1000 m.

For the range requirement the mission is divided by submis-
sions that are:

o Taxing.

e Take off.

100

e Climb.
e Cruise.
e Descent. 105
e Loiter.

e Climb.

e Cruise for the reserve fuel policy. e

e Loiter for the reserve fuel policy.

e Landing.
115
e Taxing.

The paper is organized as follows. Chapter 2 describes the
methodologies used to design the aircraft; in particular, Para-
graph 2.1 shows how the take-off weight was estimated, Para-
graph 2.2 analyzes the wing loading, Paragraph 2.3 describes
how the powers requests during the flight were determined and
Paragraph 2.4 studies the aerodynamics of the aircraft, report-
ing the dimensions of each element. We then move on to aniz
analysis of the powertrain with paragraph 2.5 which shows the
architecture considered for the aircraft and paragraph 2.6 which
goes into detail on the sizing of the various components. Then,
we arrive at paragraph 2.7 which describes the optimization of
the applied energy management. The chapter ends with para-is
graph 2.8 which explains how the center of mass was estimated.
Chapter 3 instead examines and discusses the results deriving
from the design with an analysis on emissions in paragraph
3.1 with a comparison with respect to the reference aircraft, a
cost analysis in paragraph 3.2 and a safety analysis in paragraphizo
3.3.

2. Methodology

2.1. Take off weight estimation

To estimate take-off weight it is necessary to calculate the
empty weight, the fuel quantity and the weight fractions for
each phase of the flight. For the L.E.A.F. project’s the aircraft is
built by the conventional materials and the the wing is fixed and
it has not a sweep angle, the estimate from this consideration
was made by the following formula:

W, .
2 A Wokekys
Wo

ey

Where A and c are estimated by the historical data, k. and k,
are the coeflicients for the adoption to the composite materials
and sweep variable geometry and W, is the take-off weight that
is unknown. The take-off weight formula’s is:

Wcrew + Wpayload
Wy W,

Wo Wo

Wo = 2

Replacing 1 in 2 and using the Breguet’s formula for Wy is
possible to estimate the take-off weight. An iterative method
is used to solve the equation 2, guess initial value W, after a
few iterations, a value of take-off weight was obtained for an
entirely thermal propulsion aircraft. Another iterative scheme
was used to estimate W, that is the weight of batteries due
to the hybridization of aircraft. The electric optimal strategy
is explained in the Section 1 which provides the use of elec-
tric motors in the phases of take-off and climbs while during
the cruise the batteries are charged. Having an initial value Wy,
through the procedure described in Chapter 2.6.3 is possible to
calculate the initial weight of batteries Wp,,;. Adding Wp,, in the
2, after a few iterations between the adapted Breguet’s formula
and the modified 2, a value of take-off weight for the hybrid
aircraft was obtained.

The L.E.A.F. results are:

e Maximum take-off mass: Wy = 42620 [b

e Operating mass empty: W, = 24012 [b

2.2. Wing-Loading

The crucial phase of flight is the take-off, to satisfy the re-
quirement of the take-off field length it is necessary to choose
properly the Wing-Loading.

For each phase of flight the wing loading was calculated, be-
tween all flight phases the take-off phase required the lowest
wing loading. In accordance with the mission requirements it
was necessary to calculate properly the wing loading, to choice
properly the wing loading for the take-off phase that respect the
requirement of take-off field length it was used the Take Off Pa-
rameter (TOP), this parameter is defined for each take-off field
length.

The wing loading due to this approach is 621b/ f1* that is very
close an ATR vehicle.
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Table 1: Aerodynamics parameters of the L.E.A.F. aircraft.

Parameter Unit  Value
Sweep Angle deg 0
Dihedral Angle deg 0
Taper Ratio - 0.45
Aspect Ratio - 9.2
Swet/S ref - 5.5
Enax - 14

2.3. Power requirement of flight

Each phases of flight require a power level, to estimate the
weight of batteries, so the take-off weight, it is necessary to
calculate the power requirement for each phase of flight. This
aspect is fundamental to sizing the thermal propulsion and the
electric propulsion, is obviously that is a compromise between
the two powers. To calculate the power requirement of flight it
was used the typical formula for a turboprop aircraft the results
is shown in Figure 11. The better choice for the mission was the
use of the thermal propulsion (turboprop) during the cruise, so
the thermal propulsion is under-sizing respect the take-off and
climbing phases and the gap of power of this phases is com-
pensated from the electric power (electric motors). From these
assumption, the electric power was calculated and the weight of
batteries was sizing properly.

160
2.4. Aerodynamics Configuration

For a regional aircraft the velocity is so far to transonic re-
gion, so the configuration is very simply respect to the conven-
tional civil aircraft that have a turbofan propulsion. From these
consideration the L.E.A.F. aircraft have a high wing for the lat-
eral direction stability with zero dihedral angle and zero sweep'®
angle with a non zero taper ratio to reduce the induced drag.
The dimensions of the wings are shown in Table 2 while those
of the tail and those of the fuselage are shown in Table 3 and
Table 4 respectively.

170
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Figure 2: Polar aerodynamic diagram referred to the cruise phase.

Table 2: Wing Size of the L.E.A.F. aircraft.

Parameter Unit Value
Span ft 82

S ref f 12 718
S et f 12 3950
Croor ft 12.2
Ciip ft 5.5
MAC ft 9.26

Table 3: Tail Size of the L.E.A.F. aircraft.

Parameter Unit Value
b ft 33.8
S f 2 124
b, ft 30
St f 12 66.7

Table 4: Fuselage Size of the L.E.AF. aircraft.

Parameter Unit  Value
Length L ft 91.04
Diameter D ft 11.38

The aircraft have a slotted flap that increase lift coefficient to
2.2 (Cimax), therefore from some considerations is possible to
estimate the lift coefficient for take-off or landing and the drag
coefficient.

It was possible to estimate the polar aerodynamics using an aca-
demic software, the Figure 2 shown the results in cruise at dif-
ferent velocity.

2.5. Powertrain Configuration

Figure 3 presents a scheme of the aircraft architecture that it
has been decided to use. As regards the arrangement of the pro-
pellers, the solution proposed by Hoelzen et al. [10] was used,
the latter is characterized by two turboprop side by side parallel
to four electric motors, this choice was determined by a much
higher reliability of the electric motors compared to the engines,
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Figure 3: Aircraft architecture. (Aircraft silhouette taken by [9])

for this reason a greater number of them were used. Each elec-
tric motor then needs an inverter that converts the DC voltage
into AC voltage [11], these are components with high efficiency
[12], their efficiency has therefore been assumed to be consis-
tently 98%. Although the contribution of electric motors brings

a significant advantage in terms of sustainability and reliability,
the electrical energy storage systems suffer from a very low en-
ergy density which leads to low use [13]. In addition to this, it
is known that batteries exhibit degradation phenomena due to
various factors, including time and use [14]. To overcome this
problem, for the power supply of the electric motors it was de-
cided to add supercapacitors to the batteries, which, despite the
even lower energy density and extremely short discharge times,
are characterized by a high power density as well as the ab-
sence of degradation phenomena because they are purely elec-
trical rather than electrochemical devices [15]. By virtue of
the listed characteristics, supercapacitors are used in phases in
which there is a high demand for power in order to limit the
current outgoing from the battery pack in order to increase its
Cycle Life. Furthermore, materials with both a structural func-*'°
tion and that of supercapacitors are recently in the experimental
phase [16], it was therefore chosen to take advantage of this
solution in such a way as to obtain a reduction in weight. Fi-
nally, during the continuation of the mission there are phases
in which the battery is recharged by the heat engines, this first
of all allows the turboprop to work in conditions of greater effi-
ciency but in addition to this a reduction of the Depth of Charge
of the battery pack is allowed by increasing so the Cycle Life.
The above is made possible by inserting an electricity genera-
tor downstream of the turboprop connected to the battery pack®
by means of an Electric Link, this solution was also adopted by
Glassock et al. [17].

215

2.6. Powertrain Components Analysis

2.6.1. Engines 225
As previously mentioned, as regards fuel-assisted propul-

sion, it was decided to use turboprop whose scheme is shown

in Figure 4. Specific Fuel Consumption (SFC) is analyzed as

-! Compressor [~~~ 7~

‘ : Burner

Figure 4: Schematic drawing of a turboprop engine. [18]
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Figure 5: Performance Curve of a Turboprop Engine.

a function of the corrected power ratio BHP/BHP - \/5/5,
where 6 and ¢ are the pressure and temperature ratios, respec-
tively. The air pressure and temperature input values can be
determined as [19]:

-1
Tinlet = Tamb ‘ (1 + )/T . MaC/’lz) (3)

-1

2

-1
Pinlet = Pamb * (1 + )/T . Machz) (4)

The ratio between constant pressure and constant volume spe-
cific heats for air, y, is assumed equal to 1.4. The ambient pres-
sure and temperature values 7,,,, and p,.p, together with the
speed of sound needed to determine the Mach number, were
obtained from altitude-dependent tabulated values found in the
literature [20]. To size the turboprop, it was made so that during
the cruise phase, known to be the most influential phase of fuel
consumption, there is a corrected power ratio equal to 1, thus
ensuring that the engine has maximum efficiency. Therefore,
from this reasoning we chose the PW125B engine characterized
by a nominal power equal to 2500/p and a specific consump-
tion equivalent to 0.463[b- hp~'h~! [21]. Then, the specific fuel
consumption is determined at each instant of time by means of
an approach proposed by Fletcher and Walsh [22] in which a
function of the corrected power ratio is considered with a trend
shown in Figure 5. Therefore, the specific consumption related
to each instant of the mission is known, multiplying the latter
by the instantaneous power of the thermal engine obtains the
fuel flow necessary to power the thermal part of the aircraft.

2.6.2. Electric Motors

It has been demonstrated that electrical motors provide an
ideal means for achieving aircraft propulsion [23]. For the
choice of the electric motor, it was ensured that in the take off
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Figure 6: Electric motor efficiency map.
phase, corresponding to the period of time in which there is

the highest power request of the mission, the necessary power
is guaranteed taking into account both the contribution of the
electric motors and the contribution of the turboprop, for the
latter it was decided to consider a power in the take off phase
equal to the power required in the cruise phase. Consequently,
from the literature [24] it was chosen to use a motor having the
torque curve shown in Figure 6. The efficiency map was instead
obtained by considering the efficiency of a generic electric mo-
tor. For electric propulsion, a propeller with a fixed number of
revolutions was preferred, imposing a rotational speed of 5000
rpm, thus splitting the power required by the single electric mo-
tor for the set speed, the torque that must be delivered at all
times and the resulting working point of the engine to which its
efficiency corresponds is obtained. As a result, increasing the
power required for the efficiency of the electric motor results in
the instantaneous power to be supplied by the electricity accu-
mulators.

2.6.3. Batteries

The main electricity storage system that is used is made up of
batteries; in this period the market is dominated by lithium-ion
batteries due to their high specific energy and their availability
on the market [25]. Currently, the electrification of the aircraft
is very challenging, with the scale of the challenge increasing
with size and range [26]. The main reason for these difficulties
lies in the low energy density, equal to about 250Wh/kg, which
still characterizes batteries today [27]. According to Tiede et
al. [28], in the year 2040 the batteries will be characterized
on average by an energy density of S00Wh/kg. Batteries also
have a power requirement, the latter being evaluated on the ba-
sis of the Crate, which is defined as the maximum current of
the battery for continuous discharge divided by its nominal ca-zno
pacity [29]. Generally, the high-power phases of missions may
require a 4-5 C discharge [26]. On the basis of these data and
on a comparison between the cells currently available on the
market, a possible cell having the described characteristics has
been hypothesized, the parameters of this cell are summarizedzrs
in Table 5.

Given the sporadic use of electric motors, it was decided to
use a power requirement as a primary requirement for sizing
the battery pack. In particular, given that in the take off phase

Table 5: Cell specifications.

Parameter Unit Value
Voltage v 3.6
Capacity Ah  10.15
Crate C 5
Weight g 73
Volume cm? 26

Table 6: Specification of the battery sized in this investigation.

Parameter Unit  Value
Mass kg 1431
Capacity Ah 7105
Energy MWh  0.50
Power MW 251
Maximum Discharge Current A 3553
Maximum Charge Current A 710.5

the battery pack is assisted by supercapacitors, the climb phase
is used to establish the maximum power that can be delivered
by the batteries, ensuring that the thermal engines maintain a
power constantly equal to the power required during the cruise.
In addition to this, for safety reasons it was decided to add an
energy requirement of 500kWh. First of all, the number of cells
to be placed in series is determined, this is chosen in such a way
that the battery pack has an output voltage equal to the nomi-
nal voltage of the electric motor, the latter is equal to 700 V,
then this voltage is divided for the nominal voltage obtaining
the number of cells in series that make up a single string. The
string of cells in series is characterized by a power equal to the
product of the number of cells in series Ny by the cell voltage
V. by the nominal capacity C,,,, of the single cell multiplied by
the discharge C,4:

Py=N;- Ve Cuom Crase (5)

The same string contains an energy equal to the product of the
capacitance times the cell voltage multiplied by the number of
cells in series:

E;=N; Ve Chom (6)

Thus, the number of strings to be inserted in parallel is obtained
considering the maximum value of strings required for energy
Or power.

Following appropriate reiterations due to the correction of the
masses, a battery pack of 70 strings in parallel was obtained,
characterized by 196 cells in series for a total of 13720 cells.
The characteristics of the battery pack obtained are shown in
Table 6 taking into account the fact that the mass has been cor-
rected by a factor of 1.4 in such a way as to also include the
wiring and the cooling system.

The batteries were then modeled using a quasi-static approach
proposed by Guzzella and Sciarretta [30] using the equivalent
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Figure 8: Trend of the open circuit voltage as the state of charge varies.

electrical circuit shown in Figure 7, the latter being character-
ized by an open circuit voltage Voc and an internal impedance
R;. Knowing the power required at each instant, solving the
circuit shown in Figure 7 we obtain the relationship:

Ppair = Voc — Rilpai) lpar @)

Where the unknown is represented by the current I, it is
therefore necessary to solve a second degree equation at all
times in order to determine the current output from the battery
pack and therefore the state of charge of the cells.

As input parameters, it is known that the open circuit voltage
has a non-negligible dependence on the state of charge of the
battery, therefore experimental data have been obtained from
the literature [31] that report the trend of the open circuit volt-
age as a function of the state of charge for lithium ion batteries,
these data were then approximated by a polynomial function™
whose results are shown in Figure 8. For the internal resistance,
instead, a value equal to 500m< was considered.

It is important to point out that it is good to start with the battery
not fully charged since otherwise there could be overcharging
problems [32]. It was therefore decided to consider an initial®®
state of charge equal to 90%.

As described in paragraph 2.1, a Take Off Weight is determined
for the LEAF aircraft equal to:

o Wy =45768 Ib
L] Wb,m =3148 Ib 310
2.6.4. Supercapacitors

Supercapacitors compared to batteries have significant ad-
vantages, including high power density, fast charge and dis-

Table 7: Specification of the supercapacitors considered in this investigation.

Parameter Unit Value
Gravimetric Capacitances  mF/g  22.24
Volumetric Capacitances ~ mF/cm®  5.97
Storage Modulus MPa 2939
Loss Modulus MPa 632.9

charge times, low input resistance, high useful life and respect
for the environment [33]. The main disadvantage of superca-
pacitors is the low energy density [34] as well as the fast self-
discharge times [35]. For the characteristics listed, they can
be combined with batteries for the electric propulsion; in fact,
where the batteries have a high energy density and a low power
density, supercapacitors are characterized by a high power den-
sity and a low energy density to the point of being classified as
a Short Term Storage System.

It is known that the energy that can be accumulated by a ca-
pacitor is proportional to the capacity and to the square of the
voltage through the relationship [36]:

Ey = %c Ve ®)
From this relationship, therefore, the necessary capacity of the
supercapacitors that will be installed on the aircraft is obtained,
as available energy it was decided to use the energy necessary
during the entire take off phase, adding a further contribution
of 20% for safety purposes. while the voltage is equal to the
working voltage of the motors; that is, 700 V. Consequently, it
has been obtained that the supercapacitors must have a capacity
equal to 1000F.

As far as modeling is concerned, an approach proposed by
Guzzella and Amstutz [37] was used similar to that seen for the
batteries; in particular, supercapacitors are modeled as an open
circuit characterized by a capacitor and an internal resistance;
consequently, the following relationship must be respected at
all times:

Py = (Voo = Rily )1 (9)

By determining the I, current at any time, it is possible to ob-
tain the state of charge of the supercapacitors as the ratio be-
tween the instantaneous voltage and the maximum voltage.
There are materials that have the characteristic of being multi-
functional since they have the ability to perform both a super-
capacitor function and a structural part thus contributing to the
reinforcement of the aircraft and, therefore, obtaining a weight
reduction. Javaid et al. [38] have created a multifunctional ma-
terial having the characteristics shown in Table 7.

It follows that for the application under analysis a supercapaci-
tor having a mass of 45kg and a volume of 168! is required. It is
necessary to specify that if the batteries had to support the take
off phase it would have been necessary to add a weight of about
125kg, so the advantages in this aspect are evident.
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2.7. Energy management optimization

2.7.1. Targets

Although polluting emissions are generally associated with

heat engines, there is a contribution in this sense also from the
type of source used to power the electrical counterpart [39] as
well as for the production and disposal of storage systems [40].
The listed aspects are analyzed below.
As regards the emissions due to combustion, these are obtained
by multiplying the mass of fuel necessary to complete the mis-
sion by the combustion factor relating to the fuel used, the latter
must take into account both the combustion achieved and the
contribution of the necessary logistics to transfer the fuel to the
filling station:

C02eng =E.F.- mfuel (10)

From the literature [41] it has been seen that Jet Kerosene has
an emission factor of 3.25, increased to 3.8 for the reasons men-
tioned.

From the point of view of electric propulsion, the emissions
related to the latter depend on the primary source of energy
used which is not always advantageous compared to turboprop
propulsion. The trend of average emissions expected up to 2030
in Europe due to the production of electricity was found in the
literature [42], the result is shown in Figure 9. By extrapolat-
ing these data it can be obtained that according to these fore-
casts in 2040 European countries will emit on average about
75gC 0O, /kWh, multiplying this result by the necessary electric-
ity we obtain the emissions due to the propulsion supply.
Finally, Kelly et al. [43] have analyzed the CO, emissions due
to the production of lithium-ion batteries obtaining that the lat-
ter emits a minimum of 42kgC O, /kWhp,,, since the installed
battery pack contains an amount of energy equal to 501.3kWh,
the production of the battery pack emits 21054.6kgCO,. To
enter this value within the calculation of emissions for the sin-
gle mission, it is necessary to fraction it to the Cycle Life of
the batteries; that is, the number of charge and discharge cy-
cles that the battery pack can undergo before it reaches the end
of its useful life. The main parameter that influences the Cy-
cle Life of the batteries is the Depth of Discharge (DOD), the
latter represents the difference between the maximum state of
charge and the minimum state of charge, therefore it defines
the exploitation of the battery pack during the entire mission.
Shchurov et al. [44] have analyzed this dependence obtaining
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the trend shown in Figure 10. The emissions due to disposal are
not considered as they are negligible due to the fact that lithium
batteries can be recycled with high efficiency [45].

Ultimately, during the mission there is an overall amount of
CO; produced equal to:

CO2pun

COyp =CO + COy +
2tot 2eng 2el Llfe

11
Cycle (i

The primary objective is the reduction of this value.

2.7.2. Description of the optimization

After making the necessary weight corrections due to the
electrical energy accumulators, the trend of the total power re-
quired by the aircraft during the entire mission was obtained,
the results are shown in Figure 11. With the exception of the
taxing phase, in which it is preferred to use only electric propul-
sion in order to make airport operations cleaner and quieter
[46], there are nine phases in which to define the energy man-
agement of the powertrain with the aim of minimize greenhouse
gas emissions. To define energy management, a vector u is used
consisting of nine components corresponding to the nine flight
phases:

Lt:[uz uz ug4 Us Ug U7 U Ug u10] (12)

Each component of the vector u is defined as the ratio between
the power delivered by the electric propulsion and the total
power required by the aircraft:

P
M(l) = P l((li))

In addition to this, it is necessary to define the contribution of
the supercapacitors, to do this we consider a vector v which in

13)
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the take off phase and in the two climb phases characterizes the
relationship between the power supplied by the supercapacitors
and the power required by the electric accumulators in general:

v = [VZ v v7] (14)
PYC )
i =7 ((’l,)) (15)

There is therefore a total of twelve variables characterizing the
energy management of the aircraft. The goal is to find the opti-
mal combination of these variables that leads to the minimiza-
tion of total emissions; in addition to this, we want to preservesso
the useful life of the batteries by maximizing the Cycle Life
[47], due to the huge costs associated with them. Finally, al-
ways with the aim of reducing costs, a minimization of fuel
consumption is required.

With these premises, a multi-objective numerical optimizationass
was used; in particular, it was decided to use the NSGA-II al-
gorithm, this is a multi-objective optimization algorithm that is
part of the genetic algorithms, the latter are a simplified ver-
sion of Darwin’s evolution [48]. In particular, the NSGA-II
algorithm has three specific characteristics, fast non-dominatedsso
sorting approach, fast crowded distance estimation procedure
and simple crowded comparison operator [49]. However, there
is a real possibility that the optimization phase will lead to re-
sults without physical meaning, to overcome this, constraints
are imposed such that these solutions are classified as unfeasi-ss
ble”, these constraints are reported below:

e The turboprop must have a corrected power ratio never
higher than 1:
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e The torque supplied by the single electric motor must
never exceed the maximum torque that can be supplied by
it:
maX(Tel) < Tmax (17)
e The battery pack current must always be between the max-
imum charge and discharge current limits:

max(lbart) < [max,dis (]8)

min(lbatt) = Imax,ch (19)
e The state of charge of the battery pack must always be
greater than 30% thus preserving safety and useful life:

min(S OCpay) = 30% (20)
e The state of charge of the supercapacitors must always be
positive:
min(S OCy) > 0 (21)
With these premises, the optimization is performed by imposing
the following objectives:

1. Overall emissions minimization.
2. Battery pack cycle life maximization.
3. Fuel consumption minimization.

We therefore started from a first generation consisting of 50
random elements and then carried out the evolution in the fol-
lowing 150 generations for a total of 7500 elements.

2.8. Center of gravity estimation

The position of the center of gravity of the airplane can be de-
termined by considering the airplane system as a concentrated
mass system, whereby knowing the weight of the airplane and
its parts can be used to determine an estimate of the position of
the center of gravity as the various components are added. The
weights of the components were founded in literature, where
given the empty weight of our airplane, it gives an estimate
of the weight of the components. Having thus obtained these
weights, by introducing a reference system with origin at the
nose of the aircraft and positive direction of the longitudinal
axis (X-axis) towards the nose, we have positioned the concen-
trated masses representing the aircraft parts and by also refer-
ring to similar aircraft configurations have estimated the posi-
tion of the center of gravity. At the end of the work, the position
of the center of gravity turns out to be 12.83m along the x-axis
from the nose of the fuselage. However, the method used by
Nicolosi et al. [50], in which the weights and relative positions
of the centers of gravity of the various systems and subsystems
are considered, turns out to be an approximate method, also
considering that the estimate of the center of gravity was ob-
tained assuming that the aircraft is stationary and not in flight.
However, although this method is not very accurate, it was pos-
sible to obtain the position of the aircraft’s center of gravity to
a good approximation.

3. Results

3.1. Emissions analysis

During the simulations using the NSGA II genetic algorithm,
started with the aim of determining the optimal energy man-
agement strategy for the mission, 4188 feasible solutions were
derived, from these the Pareto front was extracted; in particu-
lar, a solution is called Pareto Optimal when it is not possible
to improve an objective without deteriorating at least another
one [51]. Figure 12 shows the solutions constituting the Pareto
Front, the CO, emissions are shown on the abscissa axis and
the Cycle Life of the battery pack on the ordinate axis. Opti-
mization regarding fuel consumption was not considered since
the most significant contribution in greenhouse gas emissions is
provided by combustion, so they are directly related to fuel con-
sumption. By comparing the solutions, it was decided to have
overall emissions below 4970kgCO, and a Cycle Life above
4500, thus obtaining the following solution:

u=[0.13 0.28 0.00 0.00 0.00 033 0.19 0.12 0.00]
(22)

v=[1.00 000 0.00] (23)
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Figure 13: Trend of the overall power delivered by the turboprop during the

mission.
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From the optimization it was highlighted that in no flight phase
is it required the recharge on board of the batteries, this allows
the removal of the generators, this prerogative is appropriate
because it allows to eliminate the mechanical connections be-**
tween the electric machines and the turboprop, a simplification
that brings also economic and mass reduction benefits.

Figure 13 and Figure 14 show the trend, following the improve-
ment of the parameters, of the overall power delivered by the
engines and electric motors respectively. It can be observed*®
that the electric motors do not intervene in the cruise, landing
and loiter phases while they support the turboprops in the high
power phases, in this way it was possible to reduce the size of
the turboprop. Furthermore, it should be noted that the turbo-
prop, started in the take off phase, always remain operational,*®®
an indispensable condition to ensure that the gas in the engine
follows the combustion cycle.
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Figure 14: Trend of the overall power delivered by the electric motors during
the mission.
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Figure 15: Operating points of the turboprop during the mission.
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Figure 16: Operating points of the electric motors during the mission.

It is possible to analyze the influence of the powers determined
on the characteristic curves of thermal and electric engines, in
Figure 15 the operating points of the turboprop are shown and
in Figure 16 the operating points of the electric motors on the
efficiency map. Figure 17 shows the state of charge of the
battery pack in the continuation of the mission while Figure 18
shows the state of charge of the supercapacitors. From Figures
17 and 18 it can be seen how the contribution of supercapacitors
in the take off phase ensures that there is a considerable saving
in the state of charge of the batteries, thus favoring a lightening
of weight, an increase in Cycle Life and a safety improvement.
Finally, the current generated by the battery pack is analyzed in
Figure 19. Having established that the current never approaches
the charge or discharge limits, there is no risk of overcurrent, an
indispensable prerequisite to avoid damaging the batteries [52].
After these evaluations it is possible to state that all the con-
straints imposed in the optimization phase have been respected.
From the selected solution, an overall emissions balance of
4965kgC 0, is obtained, of which 4940kgCO, produced by the
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Figure 17: Trend of the battery pack state of charge during the mission.
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fuel combustion, 20kgCO, caused by recharging the electric
energy accumulators and 5kgCO, generated during the produc-
tion of batteries, the comparison between these results is shown,,,
in Figure 20. Having determined that the plane has 50 pas-
sengers in a distance of 1240 km, it follows that 80gCO,/km
are issued for each passenger. Assuming that the battery is
recharged using renewable energy sources, and thus eliminating
the environmental impact due to the recharging of the electrical,
part, we obtain that the L.E.A.F. aircraft emits 79gC O, /km per
passenger. Comparing this data with the reference aircraft it
follows that, according to official data [53], the ATR 42 emits
93gCO, per passenger per kilometer, while the ATR 72 emits
69gCO0; [54]. However, it is necessary to consider that the data,,,
reported refer to Tank to Wing (TtW) analysis which only count
the emissions generated in the flight phase, omitting the contri-
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Figure 20: Analysis of CO, emissions based on the source considered.
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Figure 21: Comparison in terms of emissions between the proposed aircraft and
the reference aircraft.

bution due to the transport of the fuel to the refueling stations or
the recharging of the electric accumulators, nor the production
of the battery pack. Applying the reasoning seen in Paragraph
2.7.1 in such a way as to consider the share of emissions due
to the transport of the fuel to the refueling station, it happens
that the ATR 72 and ATR 42 aircraft emit 81 and 109¢CO,
per passenger / kilometer respectively. Figure 21 shows a com-
parison between the emissions of the aforementioned aircraft.
The L.E.A.F. project is distinguished by the extent of emis-
sions similar to that referred to the ATR 72, a non-trivial result
since the latter has a significantly higher number of passengers
(74), therefore with reduced normalized emissions. Compared
with the ATR 42, a saving of 27% in emissions is determined
for each passenger for each kilometer. It is observed that the
recharging of the battery carried out using a renewable energy
source entails a further advantage which in the long term as-
sumes an important role.

With this project, the significant potential deriving from the hy-
bridization of aircraft has been ascertained. However, it should
be noted that some of the data used are not certain, while others
refer to expected values for the future, sometimes with exces-
sively hopeful criteria. Indeed:

e Electric accumulators can be charged by different sources
which generate a different amount of emissions [55].

e Kelly et al. [43] claim that, under the most unfavor-
able conditions, battery production causes emissions of

140kgC Oy [ kW hpyss.

¢ In the analysis, reference was made to the Cycle Life of
the batteries but they can undergo degradation phenomena
independent of their use which lead to the determination
of a Calendar Life [56], from this it follows that, to make
the most of the useful life of the battery pack, it must be
used continuously.

Therefore, Table 8 shows a sensitivity analysis of the data listed

on CO, emissions.
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Table 8: Sensitivity analysis of some data used.

Parameter Sensitivity
Electric Energy Source 0.42%
Battery Pack Production 0.10%
Battery Cycle Life 0.09%

Among the parameters listed, the one that has the greatest influ-
ence is the energy source used to power the storage systems, it
follows that, for powertrain systems, in order to create increas-
ingly efficient and low environmental impact aircraft, research
and development of increasingly available and low-emission
energy sources are important.

3.2. Cost analysis

The estimation of the cost of developing an aircraft is an es-
sential part of any aircraft’s design process. During concep-
tual design, the design can still be changed easily, and differ-
ent approaches to a set of top-level requirements can be tried
and evaluated. When hybrid-electric propulsion systems are as-
sessed, costs are a significant consideration. As the propulsion
system comprises a large part of total aircraft cost, the addition
of an electric power system cannot be neglected. It is chosen
to modify existing cost models to include correction factors for
hybrid-electric general aviation. To estimate the development
and procurement cost of a new aircraft, Eastlake’s GA DAPCA-
IV model is modified [57]. It requires extra adjustment factors
that consider the additional effort that the implementation of
a hybrid-electric propulsion system requires. When estimat-
ing the operating costs, predominantly Variable Direct Operat-
ing Costs (VDOC) components need to be adjusted for hybrid-
electric aircraft. Energy and battery cost represent additional
components as part of VDOC, and the calculation of mainte-
nance costs differs. In this sense, Konig et al. [58] state that in
2030 batteries will have a production cost per unit of energy of
150 €/kWh while according to Child et al. [S9] in the year 2040
electricity will cost 0.055 €/kWh. Regarding the price of fuel,
for the future the literature mainly refers to e-fuels, these are
obtained from the combination of hydrogen and CO, absorbed
from the atmosphere [60], this solution has a significant advan-
tage, given that the amount of carbon dioxide emitted is equal
to that recovered from the atmosphere; however, to effectively
have a neutral emissions balance, the reforming process thatezo
leads to the production of hydrogen must be powered by renew-
able energy sources. In particular, Zhou et al. [61] estimate that
in the year 2040, e-kerosene will cost 8%/Gallon in Europe. Ad-
ditionally, as the sales price of hybrid-electric aircraft changes,
the fixed operating cost change as well. DAPCA-IV model es-475
tablishes Cost estimation relationships (CERs) that predict ac-
quisition cost based on design parameters like mass and speed
[8]. Eastlake and Blackwell [57] adapted and modified the orig-
inal DAPCA-IV model, by adjusting the CERs according to the
specific differences in the effort required to design general avi-4so
ation aircraft. CERs for hybrid-electric aircraft have increased.
The total engineering effort is expected to be 1/3 higher than
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Figure 22: Correction factors to establish CERs

a comparable aircraft with a hybrid-electric propulsion system.
The cost of tooling is expected to increase approximately 10
%, as additional fixtures must be put in place to hold the new
systems. Analog to the cost for tooling, a 10 % increase in
manufacturing cost is expected. The increasing complexity of
assembling the propulsion system and all sub-systems will in-
crease the required manufacturing time. The overhead cost is
expected to increase slightly (approximately 5 %), as a larger,
and more specifically trained workforce will be used to deliver
a certified aircraft. The additional complexity of the propul-
sion system will require a large increase in flight test hours.
The authors believe that a 50 % increase in flight test time, and
consequently flight test cost, is reasonable. Similarly to the in-
creased flight test cost, the cost of quality control will increase
significantly. Again, a 50 % increase is expected. The cost to
fabricate hybrid-electric aircraft will only be slightly increased
(about a 5% increase is expected). The value of the correction
factors are shown in Figure 22. While it could be argued that
the degree of hybridization of power HP will influence cost,
this is most likely not a strong driver of the total cost. While the
individual cost of Internal Combustion Engines (ICE), Electric
Motors (EM), and battery will be driven by the degree of hy-
bridization, the engineering and integration effort will remain
almost constant, regardless of the power split.

Pey

H=—
P Pewm + Pick

(24)
The variable costs include the addition of the cost of electric-
ity for recharging the batteries. A recent study of automotive
charging stations revealed that charging efficiency 7¢j4rq. ranges
between 82 % and 92 % [62]. A value of 7cparg.=0.85 is rec-
ommended. The maintenance cost of hybrid-electric aircraft is
not adjusted, compared to aircraft with conventional propulsion
systems. While EMs require less maintenance than ICEs, it is
assumed that the additional complexity of a hybrid-electric sys-
tem and will outweigh this benefit. This assessment is backed
by [63], who analyzed maintenance cost for hybrid-electric ve-
hicles and found little difference between the total maintenance
cost of a conventional car and a hybrid-electric car. Only by
moving towards a fully electric propulsion architecture main-
tenance cost are reduced by 9 %. It is unlikely that the same
amount of savings can be realized for aerospace applications.
Therefore, this reduction is neglected in this model. Among
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Table 9: Cost analysis for single aircraft.

Feature Cost per Unit
Engineering 1.856066 US$
Tooling 298.113 US$
Manufacturing 1.590.000 US$
Development Support 50.106 US$
Flight test operations 27.536 US$
Quality control 69.760 US$
Materials 347.620 US$
Combustion Engine 1.840.000 US$
Electric motor 40.000 US$
Power management system 34.000 US$
Battery 75.195 US$
Mlsc 16.500 US$
COST TO PRODUCE 6.244.896 US$
Insurance 923.160 US$
Profit (10% of Cost to Produce) 435.720 US$
QFD ( Quantity Discount Factor) 69%

Fixed Direct Operating Costs (FDOC) include the Battery De-
preciation Cparp. It is reasonable to assume that the aircraft’s
battery will reach its end-of-life state much earlier than the air-
frame. Kreimeier [64] recommends to depreciate the battery
linearly and assumes a life of 1000 full charge and discharge
cycles (ncycies). The DAPCA-IV cost estimation method for
GA aircraft is modified to capture the effects of implementing
advanced propulsion systems on the development and procure-
ment cost. The selection of a hybrid-electric propulsion system
will increase aircraft procurement cost by about 17 % to 20°%°
%. However, this figure is expected to be lower for future air-
craft that take advantage of the rapid progression of technology
development in the field of electric propulsion. Methods that
capture the change in operating costs are considered as well,
and especially the variable direct operating cost components are®*
supplemented or adjusted. Ultimately, a detailed analysis of the
costs necessary for the production of the aircraft is shown in
Table 9.

530

3.3. Safety analysis

To assess the safety of the aircraft, 60 s after the take off
phase, therefore when the aircraft is in the climb phase, a fail-ss
ure of the engines was assumed. Consequently, a safe landing
was put in place using only electric motors, this test was pro-
posed by Donateo and Cavalera [65]. From the circumstance
described, a comparison was derived, shown in Figure 23, be-
tween the power supplied by the turboprop and the power sup-s«
plied by the electric motors during the mission. As can be seen,
following the failure, during the execution of the climb phase
the power required by the vehicle is exclusively supplied by
the electric motors while in the landing phase a total power of
1283.07kW is required. As described in chapter 2.6.2, the air-ss
craft has four electric motors, each of which is characterized
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Figure 23: Comparison between the power supplied by the turboprop and that
supplied by the electric motors during the safe landing mission.
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Figure 24: Battery state of charge trend during the safe landing mission.

by a nominal power of 475 kW, it follows that they are suffi-
cient to guarantee the power necessary to carry out the landing
phase. It remains to be verified that the energy requirement is
also met. Figure 24 represents the state of charge of the battery
pack in the continuation of the described mission. It may be
found that the battery has a final state of charge equal to 23%,
so it is not completely discharged, therefore it can be assumed
that the aircraft, following a failure of both heat engines, is able
to perform a landing in safe conditions supplied exclusively by
electric propulsion.

Turboprop failure is not the only aspect to consider in terms of
safety; in fact, although in the event of a failure of the electric
motors it is still possible to perform a safe landing by means of
an exclusively thermal propulsion since turboprop are charac-
terized by a much higher power than electric motors, the bat-
teries used to power the latter are subject to significant risks
such as electrical risk, fire risk and the emission of toxic sub-
stances [66]. These risks must be mitigated through appropriate
prevention and protection strategies, Roshan [67] has proposed
a flooding system based on N, and O, for fire risk protection
which is activated by means of a signal sent by a smoke sen-
sor. Furthermore, Hu et al. [68] through an Fault Tree Anal-
ysis (FTA) have shown that, in general, the main factors that
lead to the fire of an electric vehicle are the materials with low
thermal stability and the Battery Management System (BMS)
not warned in time. Hence, Guo and Feng [69] have made a
Passive Thermal Management (PTM) material capable of satis-
fying the required conditions in terms of thermal stability while
Hashemi et al. [70] proposed an adaptive battery model vali-
dated by experimental results to increase the accuracy of their
BMS functions such as fault detection. In this adaptive model,
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parameters are updated in real time using a supervised machine
learning algorithm. Finally, on the basis of tested samples, Du
et al. [71] determined that charging rates above 3 C can sig-
nificantly affect the life and safety performance of the batteries,
given that a value equal to 1 C was defined as the charge limit
for the batteries considered, by means of an appropriate BMS
management it is possible to ensure that this value is not ex-
ceeded.

4. Conclusions

The increasingly significant scarcity of raw materials, the
consequences of global warming and the energy crisis are push-__
ing towards new frontiers that increasingly aim at electrification
and energy efficiency in the transport sector. In this work an al-
ternative solution to an already existing conventional aircraft
has been proposed through the aid of technologies whose de-,
velopment is expected by the year 2040, the architecture used
consists of a parallel hybrid configuration consisting of an array
of two turboprop and four electric motors, the latter are pow-
ered by batteries possibly assisted by multifunctional superca-g,,
pacitors. Although it has been observed that fuel savings are
severely limited by the low energy density characterizing the
batteries, using multi-objective optimization it has been pos-
sible to obtain a lowering of normalized CO, emissions withg,,
respect to the number of passengers and the distance up to 27%
compared to the original aircraft. From the analysis, however,
it emerged that the type of primary source used for recharg-
ing the storage systems has a conspicuous impact on the finales
emissions balance, from this it can be inferred that for the mit-
igation of the environmental impact the electrification of the
aircraft itself is not sufficient unless accompanied by changes
to the energy park that is used. It was also observed that the hy-sso
bridization carried out brings a considerable advantage in terms
of safety in the event of a turboprop failure also by virtue of
the fact that the supercapacitors used allow a saving in the state
of charge of the battery pack which can be used for the execu-sss
tion of a safe landing, on the other hand, the batteries involve
additional risks especially as regards the fire risk, therefore fur-
ther measures were necessary for the prevention and protection
from any damage. To estimate the take-off weight was useds
a SFC in the worst case (close to max power) because in the
bibliography there were not a very large informations, so the
fuel mass is over-sized for the flight even because the thermal
propulsion is over-sized. To evaluate the emission of carbonsss
dioxide a more accurate study was done, in fact to estimate the
flow of fuel mass the SFC was related to the the power required
by the engine for each phase of flight. The choice of the over-
sized thermal propulsion (in terms of HP) is given by fact thatsso
the turboprop in the bibliography are more efficient in terms of
SFC than the other turboprop under-sizing. In the future it is
possible to develop turboprop with less HP, so less heavy and
more efficient in terms of SFC. The electric propulsion coversss
the L.E.A F. aircraft have approximately one thousand of kW,
to satisfy the requirements of flight, it would be enough two
thousand of kW from the thermal power.
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