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Abstract. The aim of this work is to present the design of a more environmental friendly aircraft that complies 
with existent and future emission regulations. Recent Market Outlooks were examined and a single engine piston 
prop was selected as a case study. Matching Charts were used to estimate the hybridization degree, meaning the ratio 
between the power provided by the electric motors and the total amount of power. This method allowed the over-boost 
advantage to be highlighted and pointed out secondary benefits of a hybrid Piston Prop. Furthermore, the zero-emis-
sion taxi possibility was evaluated. Both fuel savings forecast and safety analysis were performed, showing secondary 
advantages of a high hybridization degree for a single engine Piston Prop configuration. Furthermore, the additional 
weight related to electric motors and storage system is taken into account and state-of-the-art and innovative un-
der-development technologies are considered. Thus, the conceptual design phase will produce many possible architec-
tures; therefore, the last part of the work consists of a trade study necessary to select the optimal solution to design an 
innovative hybrid Piston Prop aircraft.
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1. Introduction

According to the most recent market outlooks and re-
search studies, within Europe only the number of com-
mercial flights will rise up to 25 million in 2050 with 
a noticeable increase if compared to the 9.4 million in 
2011. Indeed, despite of the advent of high-speed rails, 
air transport will remain the principle way of conven-
tionally satisfying the growing demand for diffused and 
flexible point-to-point connections. Today and tomor-
row engineers should be faced with the challenge of 
developing innovative aircraft in order to comply with 
the increasing market demand, taking into account the 
regulations concerning environmental protection. In or-
der to allow next generations to live in a wholesome and 
greener Earth with the aim of enhancing the air quality 
in the very proximity of airports and diminishing the 

aviation footprint, regulators of the most important 
Countries have signed different proposals. In particular, 
the European Union and other 193 Countries signed a 
very important agreement during the United Nations 
Convention on Climate Change (1992), preceding the 
well-known Kyoto Protocol (1997). Despite the inev-
itable contrasts between the European Union Trading 
Scheme (Leggett et al. 2012) and the EU ETS Prohibition 
Act of 2011 (Public Law 2012) approved by the United 
States Senate, there are common and great economic in-
terests in developing new environmentally friendly air-
craft. In this context, a collective effort interests the pub-
lic and private projects performed not only by the major 
companies but also by small and medium enterprises, 
academia and research laboratories all over the world.

http://dx.doi.org/10.3846/16487788.2015.1107306
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In such an environment, the idea of developing a 
conceptual design of a piston prop aircraft powered by 
a hybrid propulsive system has been raised. In particu-
lar, this article begins with a brief description of the role 
of Piston Prop aircraft in today’s fleet (Section 1). Some 
market outlook results are also provided in order to cla-
rify and explain the decision of selecting a small piston 
prop aircraft as a reference model.

Section 2 enters in the detail of the hybrid propuls-
ive system applications in the transport sector, with a 
particular focus on the aeronautical field. Then, two 
typical system architectures are defined and from them, 
accounting for the best solution in terms of possible 
obtainable advantages, the parallel hybrid solution has 
been selected for the purposes of this paper.

Section 3 is the core of this article. It proposes the 
preliminary sizing of a small hybrid piston prop aircraft. 
After a preliminary overview of the methodology that 
has been followed during the design process, each step 
is examined in detail. The very first step to be performed 
is the hybridization degree selection, which is a direct 
consequence of the power requirements detected at the 
beginning of the project. Then, once the main goal to be 
pursued is clear, the electric motor, the thermal engine 
and the storage system can be sized. Furthermore, this 
article proposes a basic useful algorithm to take into ac-
count the weight related to the additional mechanical 
elements that should be included in a hybrid configura-
tion. Moreover, this article suggests performing a fuel es-
timation in order to verify the benefit in terms of weight 
and pollutant emissions.

Once the methodology has been shown, a trade off 
analysis is reported in Section 4. Accounting for the dif-
ferent requirements that the designer wants to optimize, 
it is necessary to evaluate the feasibility of the design and 
to select optimal solutions. Obviously, the main goal will 
be to maximize performances and minimise the addi-
tional weight.

2. The role of Piston Prop aircraft in todays fleet

Since the beginning, transportation has been one of the 
main engineering fields that is in a continuous growth. 
This increasing trend also involves aeronautics, in which 
the future expectations reveal an exponential growth in 
flight demand. This phenomenon has been forecasted 
by different market outlooks and scientific publications 
(GAMA 2010) and many studies have been carried out 
in order to focus on the possible environmental draw-
backs. As it is shown in Fig.1, the positive trend in the 
number of possible passengers and flights will cause a 
terrible increase in the total amount of pollutant emis-
sions. In order to comply with recent and future emis-
sion regulations that impose a maximum acceptable 
threshold for the pollutant in the atmosphere, engineers 

should develop and propose innovative propulsive solu-
tions. Furthermore, new technologies should be pro-
posed in order to enhance airport operations and in-
novative fuels should be adopted by a higher number of 
companies. As it is well highlighted in the picture, the 
first established goal is to reach a carbon neutral growth 
by 2020; however, the most demanding aim is to reach 
a 50% reduction in pollutant emissions compared to the 
2005 emission levels. In this context, the hybrid propul-
sion system could find the right soil to be developed.

2.1. Recent market outlook
Among the different classes of aircraft, it is useful to se-
lect the one with the highest possible impact in order to 
reach remarkable results. For this reason, in the follow-
ing two sections the results of a recent market outlook 
and the selection of a reference aircraft are proposed. As 
far as civil aircraft are concerned, it is possible to sub-
divide them into two main categories: transport aircraft 
and general aviation aircraft. The former is composed of 
all flight machines devoted to transport under payment. 
This category includes aircraft devoted to transportation 
of both people and goods. Aditionally, the general avi-
ation category can be defined using the definition pro-
posed by the International Council Of Aircraft Owner 
And Pilot Associations: General Aviation and aerial work 
operations are all those not considered to be operated by 
airlines, charter operators or the military. In order to 
comply with the aim of this paper, the second category 
has been studied in-depth. The greatest attention was 
paid to the North American market because of the avail-
ability of the data and the high number of aircraft sold 
in these Countries which makes this data representative 
of the whole fleet. The pie-chart in Fig. 2, illustrates the 
different composition of the North American General 
Aviation fleet with respect to the propulsive system. It 
is evident that piston engine airplanes have a dominant 
role, representing \ 40% of the entire fleet considered. 
It is also useful to remember that, in addition to the 
role played within the general aviation fleet, ultra-light 

Fig. 1. Pollutant emission trends for the period 2005–2050
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aircraft should also be considered, because almost all 
aircraft of this type have a piston engine. Piston engine 
airplanes also have other peculiarities that make them 
interesting for further in-depth studies. In particular, 
they have a leading position in the number of flown 
hours and in the years of service. The first of these char-
acteristics means that this aircraft type has a high impact 
on the environment as far as the pollutant emissions are 

concerned. On the other hand, the high values of service 
life highlight a high number of possibly retired machines 
in the next few years (see Figs 3 and 4). Eventually, the 
Aircraft Market Outlook shows that it can be conveni-
ent to design and develop an innovative piston engine 
aircraft able to comply with future emission regulations; 
therefore, the research group which I belong to decided 
to study a hybrid version of a piston engine aircraft.

Fig. 2. Number of piston engine airplanes in North American market. From (GAMA 2010)

Fig. 3. Total amount of flight hours of piston engine airplanes in North American market. From (GAMA 2010)

Fig. 4. Average service year of North American fleets. From (GAMA 2010)
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2.2. Reference aircraft
In order to perform trade off studies and parametric 
analyses, it is useful to define a reference aircraft. It 
would be meaningful to make a comparison between the 
performances of existing aircraft and those that could 
be achieved by new hybrid aircraft. In particular, as it 
has been mentioned above, a small single engine Piston 
Prop has been chosen: this type of airplane is the most 
numerous considering the global fleet. Furthermore, 
evaluating their service lives, many of them would be re-
tired in the next few years. These facts suggest that small 
Piston Prop engine planes are eligible to be transformed 
into hybrid aircraft. Fig.5 shows a 3-view of the selected 
aircraft and summarizes the main technical data.

Fig. 5. Reference aircraft: 3-view sketch and technical data

3. Hybrid propulsion system review

The idea of developing innovative propulsive solutions 
for aeronautics has different pushing motivation de-
pending on the final utilization of this technology. As 
far as the military field of application is concerned, 
hybrid propulsive solutions appear tempting from the 
performance point of view. The hybrid technology can 
allow the engineers to design architectures with a lower 
acoustic emission level and also a lower thermal trace. 
Moreover, the presence of an additional electric motor, 
if appropriately sized, could be exploited to enhance the 
manoeuvrability of the airplane, accounting for an addi-
tional amount of available thrust. In contrast, in the civil 
field hybrid propulsion technology is one of the main-
streams to reduce pollutant emissions; in order to reach 
this goal, there are many research projects under-devel-
opment, both in academic and industrial environments.

3.1. Overview of hybrid technologies in 
transportation
Before starting with the description of possible aero-
nautical hybrid architectures, it is convenient to take a 
look at all those transport sectors in which this techno-
logy has been developed in the past decades. This re-
search activity is very useful for exploiting know how 
and past experience.

As far as the transport sector is concerned, the naval 
field has been one of the first sectors to exploit electric 
motors in order to produce power to perform different 
activities. In particular, hybrid technologies have been 

developed for the submarines that could not use the 
thermal engine under the sea level, due to the lack of air 
and impossibility of draining the combustion’s product. 
In the naval field, further inventions have been proposed. 
Among the most successful ones, the Azimuth thrusters 
(Adnanes 2003) and the Podded Propulsion (McCoy 
2002)can be mentioned.

Undoubtedly, automotive engineering plays a fun-
damental role in proposing and developing solutions 
that have a great impact on the market, attracting an 
ever-higher number of customers. In this field the term 
hybridization degree has been proposed. Avoiding de-
tailed and specialized equations, the hybridization de-
gree can be defined as the ratio between the power pro-
duced by electric motors and the total amount of power 
available for propulsive objectives. In this very compet-
itive environment, many constructors have developed 
different solutions reaching different levels of hybridiz-
ation. In the past (Husain 2010) has proposed to distin-
guish all hybrid cars into three families: Micro Hybrid, 
Mild Hybrid and Full Hybrid depending on the differ-
ent hybridization degree. The first group is composed 
of those vehicles in which there is an electric motor de-
voted to producing the right amount of power support 
secondary activities, such as the Start&Stop. In order to 
recover the level of energy in the storage system a Re-
generative Raking System can be implemented on board. 
As far as the Micro Hybrids are concerned, the power 
produced by the electric motor can be exploited to pro-
duce thrust, supplying an additional amount of power 
during the most demanding phases, like starting and 
overtaking. The last category include those vehicles that 
are able to exploit power coming from an electric source 
to perform short and medium travel, avoiding the use 
of thermal engines. Nowadays, accounting for the state-
of-art technologies, Micro and Mild Hybrid Automotive 
applications could be exploited in aeronautics while the 
Full hybrid technologies require storage systems with a 
higher power-to-weight ratio to be achievable.

3.2. Hybrid propulsion systems in aeronautics
Considering the hybrid propulsion systems applied to 
the aeronautic field, it is possible to identify two main 
architectures: serial and parallel hybrid solutions. The 
following two sections are focused on describing the 
main functionalities of these architectures and the pos-
sibility of exploiting these hybrid functionalities in all 
different phases of the project.

3.2.1. Serial and parallel hybrid architectures

As far as the serial hybrid is concerned, as seen in Figure 
6a, the electric motor is the main element of the system. 
It is directly connected to the propeller and it can be 
supplied by the thermal engine with a proper generator 
or by a storage system. The very first aircraft equipped 
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with a similar propulsive system was the DA36 E-Star 
(Siemens 2011), exhibited in le Bourget on June 2011. 
It has an electric motor of about 70 kW and a thermal 
engine able to supply the propeller with an additional 
power of 30 kW. Despite the possibility of executing a 
lower emission cruise and ensuring an additional power 
during take off and climb guaranteeing a wider safety 
margin, the configuration was rejected for the benefits of 
parallel hybrid architecture. As highlighted in Figure 6b, 
the gearbox is the key element of this system: it permits 
to add the power produced by thermal engine to the 
electric power provided by storage system. An example 
of this technology in aeronautics is the aircraft produced 
by Flight Design, whose propulsion system is composed 
of a thermal engine of about 85 kW and a Permanent 
Magnet electric motor able to produce the maximum 
power of about 30 kW.

a) 

b)        

Fig. 6. Serial (6 a) and parallel (6 b) hybrid architectures

Fig. 7. Parallel hybrid exploitation in different phases

Intermediate configurations of the two mentioned 
here already exist, especially in the automotive area. In 
contrast, they seem to be characterized by a higher level 
of weight and complexity, implying an additional risk 
of failure. Considering that the parallel hybrid solution 
should be the configuration with the minimum addi-
tional weight, this technology was selected to start the 
conceptual design of a hybrid aircraft. Figure 7 shows the 
different operative modes of a parallel hybrid system. Be-
fore starting with the description of the utilization of this 
propulsive system in different project phases, it is con-
venient to remark that the proposed hybrid configuration 
should have the same total amount of power compared to 
the selected reference aircraft. Firstly, in this way, all the 
comparisons make sense. Moreover, the redistribution of 
power between the electric motor and the thermal engine 
makes re-scaling possible. With these basic assumptions, 
it is clear that during the most power demanding phases 
there is the need of supplying the aircraft propeller us-
ing both the thermal engine and the electric motor. This 
is the typical situation that happens during the take-off 
phase and the first climb segment as it is revealed in the 
scheme. As far as cruise is concerned, it is useful to deal 
with the fast cruise phase and the nominal one separately. 
In the first case, the power produced by the thermal en-
gine is used to produce thrust. Conversely, during cruise 
with lower speed requirements, only part of the power 
produced by the thermal engine is devoted to propulsion. 
The residual thermal power is used to recover the energy 
from the storage system. This recharge process is com-
pleted during the descent and landing phase, when the 
propeller with a proper pitch angle can supply the elec-
tric motor, which acting as a generator can recharge the 
connected storage system. This is a very important phase 
because, as it will be detailed later on, the storage system 
could be used to supply the aircraft on the ground, in or-
der to perform taxi operations thus avoiding pollutant 
emissions. In the following sections, I will refer to this 
phenomenon with the term Green Taxi.

4. Hybrid Piston Prof aircraft sizing

This section describes the preliminary sizing methology 
used in order to design an innovative aircraft with a hy-
brid propulsion system. It follows the genearal steps pro-
posed by many publications (Chiesa et al. 2012), focused 
on System Engineering but is reported here because of 
some specific aspects.

4.1. Overview of methodology
The design of an aircraft has always been seen as a great 
adventure and a dream for many engineers, but in or-
der to design a useful and successful machine, it is bet-
ter to follow a precise basic activities flow. Many pub-
lications and books propose codified processes, already 
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implemented within the major aerospace companies. On 
the other hand, it is important to notice that the design 
of an aircraft powered by a hybrid propulsion system 
should take into account this aspect from the begin-
ning of the conceptual design phase. Indeed, the choice 
of this specific propulsion system could imply different 
constraints regarding aircraft structure, mechanics and 
propulsion. For the above-mentioned reasons, the au-
thor understands the need of proposing an innovative 
solution for taking into account the presence of a hybrid 
propulsive architecture from the beginning of the project.

The very first step, in accordance with (NASA 2014) 
and (INCOSE 2014) once the main objectives have been 
defined, is the determination of first level requirements 
and constraint definition. In particular, in case of the 
preliminary design of a hybrid propulsion system, they 
are a direct consequence of the goals the project should 
accomplish. Moreover, as it will be seen in the follow-
ing subsection, in addition to the traditional weight and 
balance constraints, in this very early design phase, the 
basic power requirements should be used. Once they 
have been derived, they should lead the first sizing at-
tempt of the two power sources: the thermal engine and 
the electrical motor. Then, using different techniques, 
the general characteristics in terms of weight, power and 
volume can be evaluated for the main components of 
the propulsion system. This is a typical example of a bot-
tom-up project that, starting from an innovative techno-
logy, wants to design the whole system (e.g. the aircraft) 
by exploiting it. Figure 8, taken from (Gosh 2014) high-
lights the two possible ways of designing an innovative 
aircraft. The design process is not a direct flow repres-
entable with a straight line. It is more similar to a series 
of concatenated optimization circles that shows iterative 
and recursive characteristics.

4.2. Power requirement identification and 
hybridization degree selection
As it has been anticipated in the previous section, the 
starting point in a hybrid aircraft design process is the 
definition of the hybridization degree. This is an au-
tomotive derived concept that means the percentage 
coming from the ratio between the power originated by 
the electric motor and the total amount of propulsive 
power. This value should be selected in order to ensure 
the aircraft’s compliance with several top-level power 
requirements. To perform this task, I would suggest to 
use the Matching Chart Method. For the purposes of 
this article, I want to propose the use of the enhanced 
version of the one suggested in (Fioriti 2014). This tool, 
called he ACAD, Adaptable Conceptual Aircraft Design, 
was developed by ASSET, AeroSpace System Engineer-
ing Team, a Research Group at Politecnico di Torino. 
Taking into account a restricted number of mandatory 
inputs, the ACAD tool is able to evaluate general aero-
dynamic characteristics and to perform the preliminary 
weight estimation and sizing of the aircraft. As it is clear-
ly shown in Fig. 9, it is a graphical output that relates the 
power requirements for all mission phases to the differ-
ent values of wing loading.

In detail, the different power requirements that 
would lead the design are revealed when considering the 
propulsive need of each single mission phase. In particu-
lar, accounting for a typical mission of an aircraft like the 
one defined as the reference model, the following phases 
can be considered:

 – taxi out (taxiing performed by the aircraft leaving 
the airport);

 – take off and climb;
 – cruise;

Fig. 8. Project development strategies. From (Gosh 2014)
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The power required is calculated by:

propP C= ⋅Ω , (4)

where: Pprop – power required; C – torque; Ω – propeller 
rotational speed.

To evaluate the actual possibility of performing an 
electric taxi, the amount of power necessary to counter-
act wheel to ground friction forces shall be estimated:

frictionF mg= µ , (5)

where frictionF – friction force acting on wheels; µ – fric-
tion coefficient; m – maximum take off mass; g –Earth 
gravitational acceleration.

In this case, the following inequality (Eq. 6) is veri-
fied and the aircraft with the hypothesized propeller 
would be able to perform the taxi:

friction propellers
TF n≤
η

. (6)

frictionF indicates friction force acting on wheels; npro-

pellers – number of propellers; T – torque; η – propeller 
efficiency.

Once all the power requirements have been derived 
(they are summarized in Table 1), the matching chart 
would suggest to the designer how to select the hybrid-
ization degree. Indeed, the traditional propulsive system, 
as it is well shown in Fig. 9, is optimized in order to sup-
ply the maximum power level during the most demand-
ing phases (i.e. take off and turn). This is a little bit det-
rimental for the thermal engine because it works at its 
maximum rating (and efficiency level) only few minutes 
per flight. This consideration should lead the designer 
to size the thermal engine in order to comply with the 
cruise requirement and to project that the electric mo-
tor would fulfil the take off and turn requirements. 
Moreover, it should also be verified whether the power 
produced by the thermal engine is compliant with the 
taxi requirement. In the positive case, the aircraft should 
be able to perform the so-called Green Taxi, i.e. to move 
on ground using the electric motor only, without pollut-
ant emissions.

Table 1. Power requirements for the reference aircraft

Mission phase Power requirement

Take off and initial climb 180 kW

Sustained Turn 190 kW

Cruise 114 kW

Taxi 23 kW

All the previous considerations about the different 
power requirements of the several considered mission 
phases lead to the selection of the hybridization degree. 
As a first attempt, in order to guarantee the exploitation 
of the electric motor for over-boost purposes and the 
possibility of performing the green taxi, a hybridization 

 – sustained turn;
 – descent and Landing;
 – taxi in (taxiing performed by the aircraft entering 
the airport).

The ACAD tool is able to evaluate the power re-
quirements of each mission segment, at a different wing 
loading, for the reference aircraft that has been con-
sidered. The Matching Chart provided in Fig. 9 shows 
the output results of this tool applied to a reference air-
craft like the one described in Fig. 5. Please note that in 
the case in which the reference aircraft is an existing one, 
the matching chart can reveal very interesting design 
peculiarities. In this case, for example, it should be no-
ticeable that the thermal engine is designed in order to 
optimize two of these requirements (the power required 
to perform the take off and the sustained turn). As far as 
the taxi phases are concerned, the power required has 
been evaluated using the basic geometrical data of the 
propeller, the maximum take off weight and the run-
way-wheel friction coefficient, in order to estimate the 
maximum drag force that the aircraft should overcome. 
This taxi requirement evaluation is an innovation in-
troduced within the ACAD tool and for this reason it 
described further. The first step is the definition of the 
speed ratio, as reported in Eq.(1):

V
R

γ =
Ω

, (1)

where V indicates aircraft speed, Ω – angular speed of 
the propeller, R – radius of the propeller.

This value enables to use the three graphics repor-
ted in Fig. 10 and to obtain the Thrust (τ) and Torque (χ) 
coefficients and to estimate the efficiency of the propeller 
once the pitch angle (β) has been selected Then, using 
the following equations, Thrust T and torque C can be 
estimated:

2 4T R= τ ⋅ρ⋅Ω ⋅ , (2)
where: T – thrust; ρ – air density; τ – thrust coefficient; 
Ω – propeller rotational speed; R – propeller radius:

2 5C R= χ⋅ρ⋅Ω ⋅ , (3)
where: C – torque; χ – torque coefficient; ρ – air density; 
Ω – propeller rotational speed; R – propeller radius.

Fig. 9. Matching Chart for the reference aircraft



92 R. Fusaro. The advantages of a hybrid piston prop aircraft

degree of 41% has been selected for the reference case se-
lected in this paper. It means that the hybrid propulsion 
system should be equipped with a thermal engine able 
to guarantee at least 115 kW (compliant with the cruise 
requirement) and an electric motor of 80 kW. In this way, 
the selected electric motor has the capability of perform-
ing green taxi and, in addition to the power produced 
by the thermal engine, can guarantee the necessary over-
boost to fulfil the take off and turn requirements

The following sections will suggest general criteria 
to perform a general weight estimation for this under-
development propulsive configuration, mainly using 
statistical data. In particular, the thermal engine, electric 
motor and storage system will be examined and results 
for the reference case will be provided in the following 
subsections.

4.2.1. Thermal engine sizing
Considering maintaining the same total available power 
of the reference aircraft, the evaluation of the hybridiza-
tion degree allows the designer to select the power that 
the thermal engine should guarantee. Once this value is 
known, several sizing criteria can be applied. Besides the 
selection of reference engines, the author suggests to use 

Eq. 7, in order to estimate the weight of each thermal 
engine, in a first attempt:

. . . .thermal engine th eng th engW P d= ⋅ , (7)

where Wthermal engine – weight of the thermal engine; Pth. 

eng. – power of the thermal engine; dth. eng. – thermal en-
gine power density.

This last value can be obtained statistically. In par-
ticular, for piston engines, 1 kg/kW is suggested. The nu-
merical estimation for the selected case study is reported 
in Table 2.

Table 2. Summary of thermal engine sizing

Characteristics Values

Assumptions
Pth.eng. 115 kW

dth.eng. 1 kg/kW

Results
Wthermal engine 115 kg

Advantage with respect to the 
traditional configuration –75 kg

4.2.2. Electric motor sizing

Similarly, statistical data can be used in order to estimate 
the weight of the electric motor. The following equation 
can be used:

. . . .electric motor ele mot ele motW P d= ⋅ , (8)

where Welectic motor – weight of the electric motor; Pele.

mot. – power of the electric motor; dele.mot – electric mo-
tor power density.

Please notice that this estimation is valid not only 
in order to evaluate the additional weight related to the 
new electric machines introduced into the architecture, 
but can also be used in order to evaluate the reduction in 
weight due to the elimination of the Starter and Gener-
ators (about 20 kg).

Table 3. Summary of electric motor sizing

Characteristics Values

Assumptions
Pele. mot. 80 kW

dele. mot.
0.65 kg/
kW

Results
Welectic motor 52 kg

Disadvantage respect to the 
traditional configuration +32 kg

4.3. Storage system sizing
The storage system sizing is one of the most relevant top-
ics in the hybrid configuration definition. This is due not 
only to the central role that it plays but also to the state-
of-the-art technologies that put a brake to this “electrical 
revolution”. The very first step is the evaluation of the 

Fig. 10. Propeller diagrams. From (Lausetti 1992)
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amount of energy that should be stored. As it is clearly 
visible in Eq. 9, this value depends on the Maximum 
Power Rating to supply and the period of time during 
which the system should be fed.

( ) si
stored i phase i i

ci

k
E P t

k− = ⋅ ⋅ , (9)

where ( )stored i phaseE − – energy to be stored for a defined 
i-phase; Pi – power required to accomplish the i-phase, ti – 
time required to accomplish the i-phase power required to 
accomplish the i-phase; ksi – safety factor for the i-phase; 
kci – charge and discharge efficiencyfor the i-phase.

In detail, the safety factor is a coefficient that inserts 
a degree of uncertainties in the evaluation, making the 
estimation conservative. Conversely, a discharge coef-
ficient is required in order to overcome the problem of 
having a single set of cells supplying the electric motor 
in several different conditions. As far as the over-boost 
phase is concerned, the battery should guarantee a high 
flux of energy in a very short period of time. On the oth-
er hand, there are other conditions like the taxi during 
which the discharge rate required is lower. In order to 
properly size the storage system, the optimal working 
condition should be selected and then proper detrimen-
tal factors should be estimated for all the other mission 
phases. Moreover, in order to estimate the weight relat-
ed to this subsystem, the type of batteries should be se-
lected. Recent studies reveal that new generation storage 
reach higher levels of both weight and volume density. 
Using statistical data to make assumptions about mass (

mρ ) and volume ( vρ ) density, Eq. 10 and Eq. 11 allow 
to evaluate both storage system weight and volume. The 
multiplicative coefficient that appears in the two follow-
ing equations takes into account the presence of a Battery 
Management System (BMS). It is the electronic control 

unit required by the storage system in order to control, 
regulate and distribute the power to the users. Besides 
different types of storage systems with a wide range of 
capability, an average additional weight of around 20% of 
the global storage system can be considered:

stored
storage sys BMS

m

E
W k= ⋅

ρ
, (10)

where Wstorage system – storage system weight; Estored – en-
ergy stored in the storage system; mρ – mass density; 

BMSk – Battery Management System coefficient:

stored
storage sys BMS

v

E
V k= ⋅

ρ
, (11)

where Vstorage system – storage system volume; Estored – en-
ergy stored in the storage system; vρ – volume density; 

BMSk – Battery Management System coefficient.
Notice that the higher the energy stored is, the more 

functions the system can exploit. Conversely, the addi-
tional weight is not negligible, and for this reason, trade-
off studies are required in order to optimize the system 
performances and design.

The size of the storage system is a direct con-
sequence of the mission phases during which it has been 
decided to guarantee the battery supply to the electric 
motor. From the point of view of the performance and 
the pollutant emissions, the best choice would be to size 
the storage system in order to make it possible for the 
the airplane to perform all the on-ground activities us-
ing only the electric motor, and additionaly to use this 
electrical source during take off and eventually in case 
of manoeuvers. Unfortunately, using state-of-art tech-
nologies, this sizing attempt would result in a too heavy 
configuration (Tab. 7). Consequentely, two different 
strategies can be adopted, hypothesizing to exploit only 
taxi activities (Tab. 5) or overboost (Tab. 6).

Table 4. Inputs required for the storage system sizing

Electric motor power 
requirement Phase duration Discharge coefficient

Taxi out 23 kW 0.0833 h 0.9

Take-off and initial climb 80 kW 0.0167 h 0.2

Final climb Thermal Engine only

Cruise Thermal Engine only

Descend Thermal Engine only

Landing Thermal Engine only

Taxi in 23 kW 0.0833 h 0.9

Table 5. Storage system sizing to support Green Taxi

Supported Operations

Taxi in ✓

Take-off and initial climb

Taxi out ✓

Storage system results
Estored 16.7 kWh

Wstorage system 100 kg
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Table 6. Storage system sizing to support the over-boost

Supported Operations

Taxi in

Take-off and initial climb ✓

Taxi out

Storage system results
Estored 24 kWh

Wstorage system 143 kg

Table 7. Storage system sizing to support Green Taxi and over-boost

Supported Operations

Taxi in ✓

Take-off and initial climb ✓

Taxi out ✓

Storage system results
Estored 41 kWh

Wstorage system 243 kg

In particular, using the iterative process proposed in 
Fig. 12, the evaluation is performed assuming different 
values of external radius of the disk until the electric mo-
tor is able to transfer the rotation to the other element. 
Once the clutch has been sized, in terms of internal and 
external diameter, and the maximum number of disks 
has been selected, the weight can be estimated consider-
ing an ideal density value, depending on the constructive 
material.

Following the same procedure proposed in the 
previous section, the results for the reference case are 

4.4. Additional estimations: mechanical interfaces 
and fuel savings
Once the main elements of the configuration have been 
estimated in terms of weight, before starting the compar-
ison with the traditional architecture, it should be very 
interesting to perform additional evaluations in order to 
estimate the weight related to the mechanical interfaces 
of the elements and the obtainable fuel savings.

Mechanical links

As far as the mechanical connections are concerned, to 
perform this sizing, the technique of the “Ideal weight” 
proposed by prof. Gabrielli is suggested. In particular, 
the weight of the clutches has been estimated by evalu-
ating the maximum friction forces and torques acting on 
the disks of the considered clutch.

Fig. 11. Ideal mechanical connections among the different 
components in a parralel hybrid architecture

Fig. 12. “Ideal Weight” sizing methodology applied to a clutch 
weight estimation
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proposed. The estimations performed suggested that 
for a propulsion system that should guarantee a total 
amount of power of 195 kW, with an hybridization de-
gree of 40%, additional 15 kg should be taken into ac-
count for the mechanical links.

Fuel savings estimation

As it has been said at beginning of this paper, the 
primary motivation for the design of a hybrid propul-
sion system, schematically shown in Fig. 11, is the re-
duction in pollutant emission. The specific computation 
in terms of pollutant particles introduced in the atmo-
sphere would require sofisticated mathematical models 
with interesting results; however, they are not so mean-
igfull for the preliminary design purpose. Conversely, 
a strictly related estimation can be performed, taking 
into account the fuel consunption. Indeed, considering 
the power reduction of the thermal engine and its dif-
ferent design point, the fuel saving estimation can be 
performed. The results obtained for the reference con-
figuration are provided in Table 8.

5. Trade-off studies and parametric analysis

The design of a new airplane is a recursive and iterative 
process in which there are also some decisional points. 
They are mandatory because, especialy in the very first 
phases of the project, different solutions are proposed 
but only some of them can be studied in-depth. In this 
case, the trade-off analyses are necessary to properly se-
lect the hybridization degree and the maximum capacity 
of the storage system.

5.1. Safety considerations
The presence of a higher number of additional elements 
devoted to the power supply, like the electric motor, 

can guarantee an additional safety level. This is a result 
achievable due to the presence of an alternative power 
source, in case the main one (e.g. the thermal engine) 
would fail. In the past, the author has developed a simple 
software able to simulate a failure during the most crit-
ical take-off phase and evaluate the capability of com-
ing back to the runway and attempting a safety-landing 
manoeuvre. This is an extremely meaningful analysis for 
a single motor while in the case of multi-engine aircraft 
the advantage of a hybrid configuration can be detec-
ted analysing the difference in the Balance Field Length 
values.

Regarding the single engine aircraft, the created 
software (for details see (Fusaro 2013)) allows the user to 
select a more suitable manoeuver to be performed once 
the failure of the thermal engine has occured. A simple 
glide, a teardrop manoeuvre (Jett 1982) and a complete 
double 180° turn (Fig. 13) can be simulated but, in order 
to be conservative and respectful to the ATM laws, the 
last manoeuver type has been selected as a case study. 
Imagining that the failure happens in the climb segment 
immediately after the take off phase, at first the aircraft 
should perform a 180° turn and a following glide seg-
ment in order to reach the starting point of the runway. 
Then, exploiting the very last altitude meters, the aircraft 
should perform a 180° turn again and try to land safely.

Moreover, the software allows the user to perform a 
parametric analysis by verifying the minimum altitude at 
which the aircraft can complete the manoeuvre. Further-
more, it permits to verify some details of the manoeuvre 
like the height-loss during the most demanding turn 
manoeuvre. Figure 14 shows the evaluation of perform-
ing a 180° turn at an altitude of 500 m and a roll angle of 
45 degrees that is considered to be the best by (Rogers 
1994). As it can be noticed, in the case that the electric 

Table 8. Fuel consumption comparison between traditional and hybrid propulsive system

Phase Specific fuel 
consumption

Power required to 
the thermal engine Phase duration Fuel consuption

Traditional 
propulsive 
system

Taxi out 0.2433 kg/kW/h 23 kW 0.0833 h 0.47 kg

Take-off and initial climb 0.2859 kg/kW/h 195 kW 0.01667 h 0.93 kg

Cruise 0.2737 kg/kW/h 115 kW 1 h 31.47 kg

Landing 0.2433 kg/kW/h 50 kW 0.01667 h 0.20 kg

Taxi in 0.2433 kg/kW/h 23 kW 0.0833 h 0.47 kg

TOTAL 33.54 kg

Hybrid 
propulsive 
system

Taxi out - - 0.0833 h 0 kg

Take-off and initial climb 0.2433 kg/kW/h 115 kW 0.01667 h 0.46 kg

Cruise 0.2433 kg/kW/h 115 kW 1 h 27.97 kg

Landing 0.2433 kg/kW/h 50 kW 0.01667 h 0.20

Taxi in - - 0.0833 h 0 kg

TOTAL 28.63 kg
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motor of a hybrid configuration is able to guarantee at 
least 66.5 kW, the aircraft would be able to perform a sus-
tained turn mantaining the same altitude. These evalu-
ations have been carried out for the entire landing path 
by exploiting the variations connected to the height at 
which the failure occurs, the roll angle and the radius 
of the turn; however, the most interesting one is the one 
reported in Fig. 15. It is the Minimum safety failure alti-
tude as a function of the residual power.

Fig. 13. Double 180° turn manouver

Fig. 14. Lateral view of different turns, at different residual 
power levels

Fig. 15. Minimum safety height as a function of residual power

This curve shows that if the aircraft has a certain 
amount of residual power after the thermal engine fail-
ure, the pilot can land safety even if the failure happened 
nearer to the ground. More specifically, for the aircraft 
selected as the reference, a 10 kW electric motor is suf-
ficient in order to allow a safety manoeuvre in the case 
of thermal engine failure at an altitude higher than 200 
m. This basic safety estimation can be useful in order to 
set an additional requirement in terms of safety. For ex-
ample, the customer can request a minimum safety mar-
gin of 100 m. In this specific case, in accordance to Fig. 
15, an electric motor of 30 kW can be sufficient to com-
ply with the safety requirement.

5.2. Weight variantions as a function of  
the hybridization degree.
The previous weight estimations have been performed 
considering the hybridization degree selected in Section 
3.2, but the aircraft design is an iterative and recursive 
process during which some variations should be taken 
into account. In particular, the author thought that it 
could be very useful to implement the previously de-
scribed methodology within a simple software in order 
to verify and evaluate the impact of changes in the over-
all propulsive system weight much easier.

For example, if the reader only considers the elec-
tric motor and the thermal engine, it is possible to verify 
that a higher hybridisation degree selection would imply 
a very interesting reduction in weight. Unfortunately, the 
state-of-the-art batteries turn this advantage into a signi-
ficant drawback.

Fig. 16. Thermal engine and electric motor trends as functions 
of the hybridisation degree

6. Conclusions

The aim of this paper is to evaluate and summarize the 
possible benefits of a hybrid propulsion system applied 
to a single engine piston prop aircraft. In order to per-
form this task, a proper methodology for the prelimin-
ary design of a hybrid airplane has been proposed and 
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applied to a reference case study. This process high-
lighted that the main drawback, in terms of additional 
weight, is directly connected to the storage system, but 
it allows the reader to discover other numerous benefits. 
In particular, the reduction in fuel consumption and the 
safety margin exploitable during the take off phase will 
be the most interesting for future customers. Further-
more, this hybrid solution will guarantee a noticeable 
decrease of pollutant emission in the atmosphere and 
the reduction of the aircraft footprint in airport area due 
to the Green Taxi feature.

In the the following years, with the development 
of an innovative high-density storage system, hybrid 
propulsive systems for small aircraft could represent a 
new and attractive portion of the market, especially in 
the General Aviation Field.
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