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ABSTRACT: 
In the quest for the reduction of chemical and 
noise pollution, novel serial hybrid-electric power-
trains promise to provide a substantial, twofold 
contribution. Firstly, they allow reducing the 
working time of the conventional, fuel-burning 
component of the propulsive system, by running 
part of the mission profile in pure-electric mode. 
Secondarily, they allow reducing the power of the 
fuel-burning component, which does not need to 
support the total power requirement for the flight. 
Despite these evident advantages, a methodology 
to quantify the emissions of this novel type of 
power-train has not been identified yet – a 
fundamental step towards the assessment of the 
potential contribution of hybrid-electric aircraft to a 
greener aviation global scenario. This work 
introduces a procedure to provide such estimation. 
While mainly focused on propeller-driven General 
Aviation  airplanes, the procedure can be easily 
scaled to cope with the specific features of heavier 
categories. 
 
1. INTRODUCTION 
The introduction of hybrid-electric power-trains 
may produce the most visible effects in the 
proximity of airfields, where terminal manoeuvres 
and circuital flights – the latter typical to training 
missions – may be flown in fully-electric or hybrid-
electric mode. Especially for lighter aircraft in the 
General Aviation (GA) category, capable of flying 
in and out smaller airfields sometimes surrounded 
by densely populated areas, this new ability has 
the potential to increase public acceptability of air 
operations close to the ground far beyond today’s 
limitations. This in turn may increase the value of 
such airfields at an infrastructure level, for instance 
by gaining them a new role as nodes in a micro-
feeding network [1] [2] [3]. 
In order to quantitatively assess the advantages of 
this type of propulsion, so as to introduce a new 
performance parameter to be taken into account 
since an early stage in aircraft design, a prediction 
model for acoustic and chemical pollution would be 
needed. 
Due to the relative novelty of hybrid-electric 

technology, prediction models for these effects are 
not directly available for such propulsion systems, 
whereas of course this topic has been thoroughly 
explored for conventionally-propelled aircraft. 
Concerning prevision models for acoustics, two 
major classes exist, namely semi-empirical models 
based on data-driven corrections of simple 
theoretical models, and detailed theoretical models 
starting from physical principles. The former are 
generally easier to use than the latter, but their 
applicability is limited to specific scenarios. 
Comprehensive models in the first category, 
capable of predicting the noise emitted by an 
aircraft considered as a whole emitter (instead of 
an assembly of different noise sources), include 
the best-practice procedures for noise prediction 
by ECAC [4], which refer to the ANP database by 
EUROCONTROL [5]. Similar procedures are the 
base of suites like ANCON [6], FLULA [7], SIMUL 
[8] and AzB [9]. Comprehensive theoretical 
methods, partly based on empirical models to ease 
the computation of sound propagation, are 
implemented in ANOPP2 [10] and PANAM [11]. 
Due to their numerically more demanding features, 
theoretical models typically treat noise from a sub-
system perspective, separately predicting the 
impact of the major sources on-board an aircraft.  
Models for propeller noise are well-documented 
[12] [13], and some include the airframe 
interference effect [14]. Indeed, semi-empirical 
models for this component have been studied too, 
as in [15]. For the airframe, sub-components like 
the wing, flaps/slats  and landing gear  have been 
treated separately, with both fully theoretical [16] 
[17] [18] and semi-empirical models [19]. Well 
documented are also the models for the engine, 
either jet or piston-powered [20] [21]. The latter 
category, more studied for application in the 
automotive field, is of greater interest in this work, 
centred on light GA aircraft.  
Typically not considered for application to the 
aeronautical field, but of major interest for hybrid-
electric aircraft, electric motor [22] [23] and 
gearbox [24] noise have been studied for some 
industrial applications. 
Concerning chemical pollution, the state of the art 
in terms of estimation procedures is represented 
by the Air Pollutant Emission Inventory Guidebook 
elaborated by EMEP/EAA [25]. For aviation, three 
methods from Tier 1 to Tier 3 are proposed, which 
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differ by featuring an increasing sophistication and 
accuracy in the results. These methods predict the 
emission of chemicals, considering pollutants and 
climate-altering substances. The evaluation 
considers the 3,000 ft threshold for dividing landing 
and take-off (LTO) emissions from climb-cruise-
descent (CCD) ones, which have a reduced effect 
on ground. Low-tier methods are more largely 
based on statistical assumptions concerning traffic 
volume, trajectories and types of aircraft, whereas 
top-tier methods are more accurate in considering 
the exact trajectory of an assigned aircraft. 
A few suites capable of simultaneously predicting 
noise and chemical effects are available for 
conventionally-powered aircraft [26] [27]. 
Being based on data for conventionally-powered 
engines, all cited comprehensive models are not 
applicable to hybrid-electric (or pure-electric) 
aircraft. In order to overcome this limitation, 
starting from acoustic pollution a new model is 
envisaged, where the sound pertaining to all 
components on board a hybrid-electric GA aircraft 
are combined together to bear the total noise 
footprint on ground. The combination is obtained 
through an accurate blending, where the 
contribution of the sources is tuned so as to 
capture the overall noise emission in reference 
validation cases. The procedure is then 
demonstrated through some theoretical testbeds 
as well as with the application to the Pipistrel 
Panthera Hybrid [28], an existing GA hybrid-
electric aircraft, derived from an original 
conventional version and developed within the 
H2020 MAHEPA project. The circuit around Milan-
Bresso (ICAO: LIMB) GA airport is considered for a 
practical assessment. Thanks to the accurate 
definition of the flying trajectory needed for the 
computation of acoustic pollution, it is possible to 
deploy Tier 3 methods for predicting chemical 
emissions for the same aircraft considered in the 
acoustic analysis. The comparisons presented in 
the results quantitatively show the advantages of 
hybrid-electric propulsion, demonstrating the 
effectiveness of the proposed prediction methods. 
 
2. PREDICTION OF NOISE EMISSIONS 
2.1. Reference Method 
Procedures by ECAC [4] provide the means to 
setup and validate a comprehensive noise 
prediction method, for application to 
conventionally-powered aircraft and compliant with 
accuracy standards. Such a method has been 
prepared as a term of comparison for novel 
procedures constituting the core of the present 
research. 
The ECAC model is based on the concept of a 
standardized discretization of terminal manoeuvres 
in proximity to the ground. The resolution of the 
discretization is bound to both geometrical 
quantities and flight mechanics parameters. 
Segmentation of the trajectory is such that the 

turning angle corresponding to each segment does 
not exceed 10 deg, airspeed excursion does not 
exceed 10m/s and no alteration in the power 
setting (throttle) is imposed by the pilot along the 
considered segment. Nodal values of thrust, true 
airspeed (hence power) and bank angle are 
defined for each segment along the trajectory. 
The Aircraft Noise and Performance (ANP) 
database by ECAC provides the values of the 
maximum sound pressure level (SPL) and sound 
exposure level (SEL), depending on power and on 
the slant distance between the noise source and a 
receiver on ground, for several aircraft and 
corresponding engine options. Once the trajectory 
has been assigned and properly discretized based 
on aircraft characteristics, it is possible to compute 
the baseline contribution to the SEL 𝐿𝐿𝐸𝐸,𝑗𝑗  in a 
location on the ground, as well as the overall 
maximum SPL perceived 𝐿𝐿𝑚𝑚,𝑗𝑗 ,, due to each 𝑗𝑗-th 
segment. Ruling out all dependencies which do not 
apply to propeller-driven aircraft, the baseline 
values taken from the database 𝐿𝐿𝑚𝑚(𝑃𝑃,𝑑𝑑) and 
𝐿𝐿𝐸𝐸(𝑃𝑃,𝑑𝑑), where 𝑃𝑃 is power and 𝑑𝑑 the slant distance 
between the source and receiver, can be corrected 
for three effects. These are: 
• the lateral attenuation effect, through an 

assigned function 𝛬𝛬(𝛽𝛽, 𝑙𝑙) of the elevation angle 
𝛽𝛽 of the line connecting the source and 
receiver, and of the lateral displacement 𝑙𝑙 of 
the receiver from the trace on ground of the 
same line;  

• the speed correction (∆𝑉𝑉), function of the ratio 
between the actual nodal airspeed and the 
reference value of 160 kn; 

• a correction ∆𝐹𝐹 modelling the finite length of 
each segment, which applies to the SEL from 
the database, obtained from ideal infinite 
length segments. 

This yields the final equations for the ECAC 
prediction model: 
 

𝐿𝐿𝑚𝑚,𝑗𝑗 = 𝐿𝐿𝑚𝑚(𝑃𝑃,𝑑𝑑) + 𝛬𝛬(𝛽𝛽, 𝑙𝑙)
𝐿𝐿𝐸𝐸,𝑗𝑗 = 𝐿𝐿𝐸𝐸(𝑃𝑃,𝑑𝑑) + 𝛥𝛥𝐹𝐹 + 𝛥𝛥𝑉𝑉 + 𝛬𝛬(𝛽𝛽, 𝑙𝑙)         (1) 

 
Fig. 1 shows the three-dimensional trajectories for 
a departure and arrival manoeuvre for a Cessna 
C172R Skyhawk operating from the standard 
RWY18 right-hand circuit of Milan-Bresso, a GA 
airport in the Northern outskirts of Milan, Italy, 
totally surrounded by a densely populated area. 
The Aero Club Milano Flying School [29] operates 
a large number of instructional and leisure flights 
from there, making it a test case of special interest 
for the present study. 
An original implementation of the ECAC model has 
been validated based on a prescribed standard 
procedure. This assumes a nominal circuit, 
discretization and data for three test aircraft. The 
level of accuracy of the method in its original 
implementation allows to consider its prediction as 
ground truth in the following steps. 
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(a) 

 
(b) 

Figure 1. Three dimensional trajectories for departure (a) 
and arrival (b), Milan-Bresso RWY18 right-hand 
standard circuit (discretization based on ECAC 

prescription for noise emission analysis). 
 
2.2. Models for Noise Sources On Board 
The first step towards a novel noise prediction 
method applicable to aircraft featuring a hybrid-
electric power-train is that of selecting suitable 
models for each sub-source. 
Concerning propeller noise, the model proposed in 
SAE AIR1407 [15] has been adopted. This takes 
as input some geometrical parameters (propeller 
diameter, number of blades and number of 
propellers), quantities describing the equilibrium 
condition (propeller rotational speed, power input 
and flight speed) and environmental conditions (air 
temperature). Based on this data, the model 
produces the A-weighted SPL accounting for 
atmospheric absorption as a function of the slant 
distance between noise source and sensor, and of 
the elevation of the line connecting the two. 
Airframe noise can be treated with the sub-models 
presented in [19]. All models take as input 
geometric quantities and the relative position 
(distance and direction with respect to the ground) 
between the aircraft and receiver. The output 
quantity obtained depends on the airframe 
component. In particular, the models for all sub-
components return a frequency spectrum of the 
SPL evaluated at each one-third of octave band. 
Models for the empennages, flaps, slats and 
landing gear do not take into account atmospheric 
absorption, which is responsible for a pure energy 
loss. The wing contribution instead correctly takes 
into account this effect. The atmospheric 
absorption effect can be retrieved via the SAE 
AIR1845 model [30] as 
 

𝐿𝐿𝑝𝑝,𝑛𝑛𝛼𝛼 = 𝐿𝐿𝑝𝑝,𝑛𝑛 − 𝛼𝛼𝑛𝑛𝑑𝑑   (2) 
 

where 𝐿𝐿𝑝𝑝,𝑛𝑛𝛼𝛼 is the absorption-reduced spectrum of 
the SPL, obtained from the unattenuated 𝐿𝐿𝑝𝑝,𝑛𝑛 value 
through a correction bound to the slant distance 𝑑𝑑 
and an atmospheric absorption coefficient 𝛼𝛼𝑛𝑛. 
The model for engine noise is taken from the 
Dobrzynski formulation [11], and provides the A-

weighted SPL from the actual and maximum 
rotational speed of the engine, maximum engine 
power and the slant distance between source and 
sensor on ground. 
Models for the gearbox and electric motor are 
taken from [23], which was not originally studied for 
aviation applications. For electric motors, the 
sound power level 𝐿𝐿𝑤𝑤 can be obtained as a 
function of the size, rotational speed and power 
output. This quantity can be translated into SPL 𝐿𝐿𝑝𝑝 
based on the following propagation law: 
 

𝐿𝐿𝑃𝑃 = 𝐿𝐿𝑤𝑤 + 10 log10� 𝑄𝑄
4𝜋𝜋𝑟𝑟2

�       (3) 
 

where 𝑄𝑄 is a shape parameter defined as the ratio 
between a sphere with radius 𝑟𝑟, equal to the slant 
distance between the source and receiver, and the 
actual area of the surface over which propagation 
is taking place at a given time. For the gearbox, the 
sound power level can be assigned as a function 
of the rotational speed of the shaft, the power 
transferred by the gearbox, and the area of a 
conformal surface at 1 m from the gearbox, 
computed through an assigned model. The value 
of the instantaneous SPL can be propagated 
resorting to Eq. 3. 
All three models for the engine, gearbox and 
electric motor do not take into account atmospheric 
absorption and produce a value of SPL 
independent from frequency – i.e. a frequency 
integral of the spectrum. In order to correctly 
include the atmospheric attenuation effect, the loss 
on the SPL Δ𝐿𝐿𝑃𝑃(𝑑𝑑) function of the slant distance 
can be estimated starting from the ANP database. 
The latter provides the value of 𝐿𝐿𝑝𝑝,𝑛𝑛𝛼𝛼(�̅�𝑑) for �̅�𝑑 = 
1,000 ft and attenuated according to SAE 
AIR1845. The provided values are functions of the 
aircraft size only, not of the engine model. With Eq. 
2, it is possible to estimate 𝐿𝐿𝑝𝑝,𝑛𝑛(�̅�𝑑). The 
propagation model in Eq. 4 can be adopted to 
obtain 
 

 𝐿𝐿𝑝𝑝,𝑛𝑛(𝑑𝑑) =  𝐿𝐿𝑝𝑝,𝑛𝑛��̅�𝑑� − 20 log10�𝑑𝑑𝑑𝑑��   (4) 
 

and from 𝐿𝐿𝑝𝑝,𝑛𝑛(𝑑𝑑) the value accounting for 
absorption can be obtained again through Eq. 2. In 
order to finally estimate the loss, it is possible to 
integrate the spectra and subtracting as 
 

Δ𝐿𝐿𝑝𝑝(𝑑𝑑) =
10 log10 �∑ 10

𝐿𝐿𝑝𝑝,𝑛𝑛𝛼𝛼(𝑑𝑑)+𝐴𝐴𝑛𝑛
10𝑛𝑛 �−

10log10 �∑ 10
𝐿𝐿𝑝𝑝,𝑛𝑛(𝑑𝑑)+𝐴𝐴𝑛𝑛

10𝑛𝑛 �
 (5) 

 
The quantity estimated in Eq. 5 can be applied to 
the noise contributions of the engine, electric motor 
and gearbox, making them compatible with those 
from the propeller and airframe. 
 
2.3. The Source-Blending Prediction Method 
A global value of the SEL 𝐿𝐿𝐸𝐸,𝐴𝐴 (𝑑𝑑) can be obtained 
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based on an energetic sum of the contributions 
from all considered sources, measured through the 
corresponding SPL values. In order to take into 
account the inaccuracy of the predictions for these 
sources, which would yield a highly coarse result if 
simply summed to one another, a blending method 
is proposed, where each contribution is weighted 
through a blending coefficient to be determined, so 
that the SPL 𝐿𝐿𝐸𝐸,𝐴𝐴(𝑑𝑑) pertaining to the whole aircraft 
is defined as 

 

𝐿𝐿𝐸𝐸,𝐴𝐴(𝑑𝑑) = 10 log10(∫ 10𝑥𝑥1
𝐿𝐿𝑝𝑝,𝐴𝐴
𝑎𝑎 (𝑑𝑑,𝑡𝑡)

10
𝑡𝑡2
𝑡𝑡1

+   

 10𝑥𝑥2
𝐿𝐿𝑝𝑝,𝐴𝐴
𝑝𝑝 (𝑑𝑑,𝑡𝑡)

10 +10𝑥𝑥3
𝐿𝐿𝑝𝑝,𝐴𝐴
𝑒𝑒 (𝑑𝑑,𝑡𝑡)

10 +         (6) 

10𝑥𝑥4
𝐿𝐿𝑝𝑝,𝐴𝐴
𝑚𝑚 (𝑑𝑑,𝑡𝑡)

10 + 10𝑥𝑥5
𝐿𝐿𝑝𝑝,𝐴𝐴
𝑔𝑔 (𝑑𝑑,𝑡𝑡)

10  𝑑𝑑𝑑𝑑).  
 
Here the SPL values pertaining to the airframe 
𝐿𝐿𝑝𝑝,𝐴𝐴
𝑎𝑎 (𝑑𝑑, 𝑑𝑑), propeller 𝐿𝐿𝑝𝑝,𝐴𝐴

𝑝𝑝 (𝑑𝑑, 𝑑𝑑), engine 𝐿𝐿𝑝𝑝,𝐴𝐴
𝑒𝑒 (𝑑𝑑, 𝑑𝑑), 

electric motor 𝐿𝐿𝑝𝑝,𝐴𝐴
𝑚𝑚 (𝑑𝑑, 𝑑𝑑) and gearbox 𝐿𝐿𝑝𝑝,𝐴𝐴

𝑔𝑔 (𝑑𝑑, 𝑑𝑑) are 
energetically summed, after weighing through the 
blending coefficients 𝑥𝑥𝑖𝑖 , 𝑖𝑖 = 1, … 5. It is noteworthy 
that the SPL are specified as functions of the time 
instant 𝑑𝑑, and the SEL is obtained through 
integration over a time frame. 
The way proposed to design the blending 
coefficients is based on tuning the SEL obtained 
through Eq. 6 in such a way to match the data of 
the ANP database. More in depth, as mentioned 
the database provides value of the SEL for a 
number of aircraft in several weight categories. 
These values are obtained through overflight 
testing, for ten slant distances between 500 ft and 
25,000 ft, a speed of 160 kn, and for at least four 
power settings, two corresponding to arrival 
configurations (relatively lower power, flaps and 
landing gear as required, etc.), and two to 
departure configurations (higher power setting, 
etc.). The SEL values in the database are obtained 
considering a time frame during the flight when the 
SPL of the whole aircraft is not more than 10 dB 
below the maximum recorded during the test. 
 
Table 1. Aircraft in the ANP database considered for the 
design of the blending coefficients in the source-blending 

method. 
Aircraft model Engines 

(number) 
MTOW 

[lb] 
Piper PA-28-161 Warrior 1 2,325 
Cessna C172R Skyhawk 1 2,450 
Cessna C182H Skylane 1 2,800 
Cessna C206H Stationair 1 3,600 
Cessna T206H Stationair 1 3,600 
Piper PA-30 Twin Comanche 2 3,600 
Beechcraft B58P Baron 2 6,100 
Piper PA-31-350 Navajo Chieftain 2 7,000 
 
For a set of eight aircraft in the database capable 
of operating from Milan-Bresso and reported in 
Tab. 1, the ten available values of the SEL have 
been extracted from the ANP database. These 
have been considered as reference values 𝐿𝐿𝐸𝐸,𝐴𝐴𝚥𝚥

������, 

based on the presumed accuracy of the method 
(already commented in Section 2.1). 
The models for the considered noise sources are 
applied to the same conditions adopted for 
obtaining the values in the ANP database. The 
following further hypotheses have been considered 
to make for a fair comparison: 
• take-off and landing flap settings have been 

retrieved from flight manuals and adopted for 
database entries corresponding to take-off at 
maximum power and landing at minimum 
power respectively; 

• when retractable, the landing gear has been 
considered down for the same database 
entries just mentioned; 

• the database [31] and sheet data for the 
engines of the considered aircraft have been 
used to translate the boundary conditions of 
the entries in the ANP database into input 
power and rotational speed needed for the 
noise of the propeller model, and maximum 
power, current and maximum speed required 
by the engine model. 

It is noteworthy that no electrical motor, nor 
gearbox is present in the considered aircraft, 
hence the corresponding coefficients 𝑥𝑥4 and 𝑥𝑥5 are 
not considered for now (this will be discussed 
later). Nonetheless, the theoretical procedure 
presented next is general, and considers all 
possible coefficients. 
Once the values for the SEL 𝐿𝐿𝐸𝐸,𝐴𝐴(𝑑𝑑) has been 
computed from the corresponding sources as per 
Eq. 6, the blending coefficients can be computed in 
an optimal fashion by minimizing the cost function 
 

𝐽𝐽 =
∑ �𝐿𝐿𝐸𝐸,𝐴𝐴𝚥𝚥��������−𝐿𝐿𝐸𝐸,𝐴𝐴𝑗𝑗�

210
𝑗𝑗=1

10
+ ∑ (𝑥𝑥𝑘𝑘 − 1)25

𝑘𝑘=1 .  (7) 
 
Here, if the SEL obtained from the prediction 
models for all sources and combined (Eq. 6) for 
each considered overflight were the same as the 
corresponding record in the ANP database, the 
first term on the RHS of Eq. 7 would be null. 
Furthermore, the ‘elastic’ contribution reported as a 
second term on the RHS would be null if the 
blending coefficients were equal to 1, i.e. again in 
an ideal condition, where consequently the value 
of 𝐽𝐽 would be null. In non-ideal conditions, where 
the combination of all sources would not match the 
expected value of SEL from the database, the 
value obtained is 𝐽𝐽 > 0. Nevertheless, the blending 
coefficients should not shift too far from the ideal 
value of one, and this is achieved thanks to the 
elastic term. This is on account of the fact that the 
models for the sub-components provide realistic 
results, even though not matching the expected 
total without a proper blending. 
The coefficients designed considering together the 
aircraft in Tab. 1, and all database entries for each 
of them, are validated computing the SEL through 
Eq. 6, and comparing the results with the output of 
the ANP database. As an example, a comparison 
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of the two methods is presented in Fig. 2 for the 
Cessna T206H Stationair. The SEL as a function of 
the distance with respect to the receiver, i.e. the 
altitude of the overflight in this case, is presented 
for four configurations, two for departure and two 
for arrival.  
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 2. Comparison of SEL data from ANP database 
and predictions from the source-blending method, with 

coefficients designed on the aircraft in Tab.1. Results for 
a Cessna T206H Stationair. (a,b) Arrival procedures. 

(c,d) Departure procedures. 
 

Comparing the red (ANP) and blue (source-
blending) lines, the similarity between the output of 
the two methods is remarkable. The dashed lines 

on the plot are obtained considering a confidence 
interval over the values of the blending 
coefficients. The dispersion is rather high, due to 
the fact that the data from the database are rather 
scattered, with an ensuing scatter effect when 
applying the blending coefficients uncertainty limits 
to the case of a single aircraft. 
Application of the source-blending case to hybrid-
electric aircraft will be shown in the results section 
for the case of the Pipistrel Panthera Hybrid, a 
novel series-hybrid version with similarities to its 
conventionally-powered version. Considering the 
series-hybrid configuration, the propeller and 
electric motor work in a strictly coupled fashion, 
and the same applies to the internal combustion 
engine and gearbox. For this reason, it makes 
sense to compare the noise level pertaining to 
these two couples of sources. 
Concerning the propeller and electric motor, five 
values of power and propeller rotational speed 
have been selected in the case of the Pipistrel 
Panthera, corresponding to fractions between 20% 
and 100% every 20% of the nominal value. A 
linear relationship between power and rotational 
speed for the propeller is implicitly assumed. The 
corresponding noise emissions are computed 
through the respective models, and the results are 
presented in Tab. 2. The more intense contribution 
from the propeller is clearly evident and allows to 
exclude the electric motor from the noise sources. 
 

Table 2. Predicted sound power comparison between 
propeller and electric motor for a Pipistrel Panthera. 

Motor setting Propeller 
[dB] 

Electric 
motor 
[dB] 

Difference 
[dB] 

200 kW 
2,400 rpm 130.6 102.7 27.9 

160 kW 
1,920 rpm 123.5 100.3 23.2 

120 kW 
1,440 rpm 115.7 97.1 18.6 

80 kW 
960 rpm 106.9 92.7 14.2 

40 kW 
480 rpm 96.1 85.2 10.9 

 
Table 3. Predicted sound power comparison between 

engine and gearbox for a Pipistrel Panthera. 
Engine setting Engine 

[dB] 
Gearbox 

[dB] 
Difference 

[dB] 
115 hp 
5,800 rpm 123.0 113.3 9.7 

92 hp 
5,800 rpm 123.0 112.9 10.1 

69 hp 
5,220 rpm 121.2 112.3 8.9 

46 hp 
3,828 rpm 115.8 111.2 4.6 

23 hp 
3,828 rpm 115.8 110.0 5.8 

 
A similar comparison is carried out considering the 
internal combustion engine and gearbox. Here the 
database [31] has been adopted to convert 
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rotational speed into power. The results of the 
comparison are presented in Tab. 3. It can be 
noticed that the noise pertaining to the engine 
changes with rotational speed, and not with power, 
according to the corresponding model. From Tab. 
3 the prevailing contribution of the engine is clearly 
apparent. This in turn allows to rule out the 
contribution of the gearbox. 
 
3. PREDICTION OF CHEMICAL EMISSIONS 
As mentioned in the introduction (Section 1), 
available methods for the prediction of chemical 
emissions are classified in three tiers and follow a 
standard set by the EEA [25]. The goal of the 
existing methods is that of computing chemical 
emissions at a system level. To this aim, low tier 
methods apply average data taken from national 
databases to estimate the number of movements 
from all airport in a nationwide system, and then 
make use of statistical emission data for aircraft. 
These methods are not sufficiently accurate to 
resolve the difference between the emission 
performance of two similar aircraft in a given 
category and flying an assigned trajectory, as of 
interest in this study. On the other hand, top-tier 
methods (class 3B) make use of precise 
characterization of the aircraft trajectory and flight 
performance characteristics, and can therefore be 
profitably applied here. 
The same discretization of the flight trajectory 
adopted for the acoustic analysis (Section 2) and 
complying with ECAC standard is considered here. 
The LTO cycle, otherwise associated to a 
predetermined flight time (lower tier methods), can 
be computed accurately based on the time actually 
spent over each leg of the arrival and departure 
procedures, based on nodal values of speed and 
geometry data of the discretized trajectory. 
A key-factor in the estimation of chemical 
emissions is the emission index 𝐼𝐼𝑗𝑗,𝑘𝑘, defined for a 
chemical component 𝑘𝑘 and a trajectory leg 𝑗𝑗. 
Databases for estimating this quantity are available 
from EEA, especially for jet engines. Instead, for 
piston engines such data can be derived from the 
detailed database [31], where emission indices for 
CO, NOx, and UHC (un-combusted hydro-carbons) 
are provided as a function of the fuel flow. On the 
other hand, the emission of CO2 is computed 
based on a pre-determined proportion with respect 
to the quantity of AVGAS 100LL fuel burned, i.e. 
3.067 gCO2/gfuel. 
A further dependence of the emission index for 
aspirated engines is from outside air temperature. 
This has been modelled by FOCA [32] through a 
linear law for CO and UHC, whereas no change is 
expected with temperature for NOx. 
According to EEA standard, the mass released in 
the atmosphere for the 𝑘𝑘-th chemical and due to all 
contributions from the 𝑁𝑁𝑙𝑙 segments along a 
trajectory can be computed from the following 
equation: 
 

𝑚𝑚𝑘𝑘 = 𝑁𝑁𝑒𝑒 ∑ 𝐼𝐼𝑗𝑗,𝑘𝑘�̇�𝑚𝐹𝐹𝑗𝑗𝑑𝑑𝑗𝑗
𝑁𝑁𝑙𝑙
𝑗𝑗=1 ,   (8) 

 
where �̇�𝑚𝐹𝐹𝑗𝑗 is the fuel flow, 𝑑𝑑𝑗𝑗 the time spent by the 
aircraft in the 𝑗𝑗-th leg. Finally, 𝑁𝑁𝑒𝑒 is the number of 
engines. As mentioned in the introduction, the LTO 
cycle is computed below 3,000 ft, hence the mass 
in Eq. 8 corresponds only to the legs of the 
terminal maneuvers under this altitude. This is not 
a significant constraint for the case of light-
powered aircraft of interest here, which fly terminal 
maneuvers typically far within this threshold. 
The database [31] provides values for the emission 
indices and fuel flow, classifying them as related to 
five flight phases – namely take-off, climb-out, 
cruise, approach and final approach. In order to 
compute �̇�𝑚𝐹𝐹𝑗𝑗 and 𝐼𝐼𝑗𝑗,𝑘𝑘 from the database for each 
segment in the considered terminal manoeuvres 
(see Fig. 1), a segment needs to be attributed to 
one of these categories. 
Differently from the noise pollution analysis, no 
scatter is considered for chemicals, hence the total 
LTO mass is a primary endpoint of the computation 
procedure. 
To better assess the potential polluting effect of 
each emitted mass, considering the strong 
imbalance between mass and harmful effects of 
some components (like CO2 and NOx), the social 
cost corresponding to each pollutant has been  
computed as 
 

𝐶𝐶𝑘𝑘 = €𝑘𝑘𝑚𝑚𝑘𝑘   (9) 
 

where 𝐶𝐶𝑘𝑘 is the cost per chemical component and 
€𝑘𝑘 is the social cost per unit mass of the 𝑘𝑘-th 
chemical. Values for the latter can be obtained 
from the literature [33], and the adopted values are 
reported in Tab. 4 (these refer to currency value in 
2008). 
 

Table 4. Social cost per unit mass for the considered 
chemicals released by internal combustion engines. 

Chemical €𝑘𝑘 [€/kg] 
CO2 0.035 
CO 0.09 
UHC 4.47 
NOx 10.05 

 
4. EXAMPLES 
The methodologies presented in Sections 2 and 3 
have been assembled in a comprehensive 
computational tool called CHANCES, an acronym 
for Component-Based, Hybrid-electric Aircraft 
Noise and Chemical Emission Simulation. The 
application of this tool will be presented in the next 
paragraphs. 
 
4.1. Noise Prediction – Effect of Power 

Generation System Use 
The method described in Section 2 has been 
deployed to compute the noise of hybrid-electric 
aircraft. As stated above, the test-case of Milan-
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Bresso aerodrome has been selected, as this is a 
noise-critical airport surrounded by densely 
populated areas. The fleet of Aero Club Milano 
operates aircraft in the category considered for the 
design of the blending coefficients in Section 2.3 
(see Tab. 1). 
Results are presented for the case of a Cessna 
T206H Stationair and for a twin-engined Piper PA-
31-350 Navajo Chieftain. In order to simulate 
hybrid-electric aircraft corresponding to these two 
models, it has been hypothesized to be able to fly 
the circuit with or without their actual internal 
combustion engines running. As no original aircraft 
specification has been altered, it has been 
implicitly assumed that having the hybrid-electric 
powertrain (including the batteries) on board would 
not alter the weight and performance of these 
aircraft. 
In order to assess the effect of the activation of the 
power generation system over a circuit, seven 
cases have been considered, reported in Tab. 5. 
The extreme cases correspond to a conventional, 
fuel-burning circuit (1) and to a completely electric 
strategy (7). 
 

Table 5. Power generation system activation options. 
ID Circuit legs w. piston engine running 
1 All 
2 Departure, Crosswind 
3 Departure, Crosswind, Downwind 
4 Downwind 
5 Downwind, Base, Final 
6 Base, Final 
7 None 

 
Noise has been predicted in terms of SEL on two 
different grids of sensors. The first is more refined  
and covers the ground trace of RWY18 right-hand 
circuit of Milan-Bresso with 76 sensors (see Fig. 3). 
 

 
Figure 3. Ground trace geometry discretization for the 

RWY18 right-hand circuit of Milan-Bresso. 
 

In order to provide a comprehensive measurement, 
the SEL values corresponding to all sensor in a leg 
along the ground trace are energetically summed 
together (see Fig. 3). A comparison of the effect of 
the different strategies in Tab. 5 is shown in Tab. 6 
and Tab. 7 respectively for the Cessna T206H and 
for the Piper PA-31-350.  
It can be noted that the departure, crosswind and 
final legs are associated to a generally higher SEL. 
The result for the first two can be expected, 
whereas the higher noise in final is due to the spill-
over on the corresponding sensors from the 
departure phase. Downwind and base are 

associated to generally lower noise, due to lower 
power regimes and greater distance from the 
ground. In terms of aircraft, noise for the Piper is 
generally higher, thanks to the greater size, weight 
and multiple-engines configuration. Considering 
activation strategies, of course number strategies 1 
and 7 correspond to the highest and lowest SEL 
respectively. Intermediate strategies tend to 
polarize around two extreme solutions. 
Considering cases 4 to 7, where at most only legs 
corresponding to low power settings are flown with 
the power generation system running, these 
produce lower noise values over all circuit than the 
cases 1 to 3, where the engine is running in circuit 
phases closer to the ground and at higher power 
settings. 
 

Table 6. Global SEL for the Cessna T206H Stationair. 
Results for activation strategies in Tab.5. 

ID Departure 
[dB] 

Crosswind 
[dB] 

Downwind 
[dB] 

Base 
[dB] 

Final 
[dB] 

All 
[dB] 

1 93.18 83.22 78.82 76.22 88.92 88.15 
2 93.15 83.02 76.44 74.39 88.68 87.99 
3 93.16 83.22 78.79 74.82 88.69 88.08 
4 90.22 80.45 78.48 74.79 86.21 85.43 
5 90.26 80.45 78.52 76.20 86.62 85.55 
6 90.26 80.06 75.97 75.89 86.61 85.38 
7 90.22 80.06 75.91 74.36 86.20 85.25 
 

Table 7. Global SEL for the Piper PA-31-350 Navajo 
Chieftain. Results for activation strategies in Tab.5. 

ID Departure 
[dB] 

Crosswind 
[dB] 

Downwind 
[dB] 

Base 
[dB] 

Final 
[dB] 

All 
[dB] 

1 97.25 87.83 83.19 80.30 91.72 92.03 
2 97.22 87.69 80.66 78.66 91.33 91.83 
3 97.22 87.83 83.17 78.99 91.34 91.94 
4 93.68 85.01 82.96 78.97 88.84 88.87 
5 93.75 85.01 82.99 80.29 89.49 89.05 
6 93.75 84.73 80.34 80.04 89.47 88.83 
7 93.67 84.73 80.29 78.64 88.82 88.65 
 
A second less refined grid has been adopted to 
study the map of the SEL in the vicinity of the 
airport. Here the sensor number has been 
increased to 496, covering an area 30,000 ft long 
(in the direction of the runway) and 15,000 ft wide.  
Example results on this grid are shown pictorially in 
Fig. 4 for both considered aircraft and for the two 
extreme activation strategies (1 and 7 in Tab. 5). 
From Fig. 4 (a) and (b), corresponding to activation 
strategy 1, it is possible to notice a high intensity 
core close to the runway threshold and reaching to 
the final leg of the circuit. This further explains the 
relatively high noise associated to this phase, as 
seen through the analysis on the first grid of 
sensors. Fig. 4 (c) and (d), referring to strategy 7, 
show the disappearance of the high intensity core, 
and show a generally lower value of SEL, as 
expected. The noise pertaining to the Piper aircraft 
is clearly higher than that for the smaller Cessna, 
as can be seen comparing Fig. 4 (a) to (b) and Fig. 
4 (c) to (d), respectively. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4. Contour plots of SEL over and extended 
sensor grid around Milan-Bresso aerodrome. (a,b) Case 

1, (c,d) case 7 (see Tab.5). (a,c) Cessna T206H 
Stationair, (b,d) Piper PA-31-350 Navajo Chieftain. 

Values in dB. 
 
4.2. Noise Prediction – Comparison of Different 

Aircraft 
Based on the same circuit analysed in Section 4.1, 
a second assessment of noise is proposed, this 
time considering three existing aircraft, namely a 
Cessna C172R Skyhawk, a Pipistrel Panthera, and 
the hybrid-electric version of the latter, the Pipistrel 
Panthera Hybrid. 
The trajectory computed for the C172R along the 
circuit, based on ANP databases performance 

data, has been adopted also for the two Panthera 
aircraft. While on one side slightly inaccurate with 
respect to reality, this choice carries the advantage 
of a fairer noise comparison, where distance from 
ground is not a possible cause for unfair 
advantages. The C172R and the conventionally-
powered Panthera fly the circuit with the engines 
always operating, whereas the power generation 
system of the Panthera Hybrid is switched on only 
above the altitude prescribed by the manual, 
corresponding to the downwind altitude of 1,000 ft 
AGL.  
The resulting maps, computed on the same grid as 
the case portrayed in Fig. 4, are reported in Fig. 5. 
As observed in Section 4.1, the most intense 
values of SEL have been recorded on ground and 
along the short final, which correspond to higher 
power setting and lower slant distances between 
the aircraft and sensor. 
 

 
(a) 

 
(b) 

 
(c) 

Figure 5. Contour plots of the SEL, same grid as Fig.4 
(a) Cessna C172R, (b) Pipistrel Panthera, (c) Pipistrel 

Panthera Hybrid. Values in dB. 
 
Looking at the two conventionally-powered aircraft 
in Fig. 5 (a) and (b), the maps are generally similar, 
except for a somewhat higher intensity in the first 
part of the downwind for the C172R. On the other 
hand, the map for the Panthera Hybrid (Fig. 5 (c)) 
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features a markedly lower noise intensity, 
especially along the take-off run and crosswind. 
The SEL level is lower than for conventionally-
powered aircraft also for the downwind leg, which 
is flown with the power generation system on, but a 
contour line parallel to the trajectory at 70 dB 
makes this map rather different from the other two.  
 
4.3. Prediction of Chemical Emissions – Effect 

of Power Generation System Use 
A comparison of the emission of chemicals for 
different aircraft has been carried out in the same 
scenario described in Section 4.1. Considering a 
Cessna T206H Stationair and a Piper PA-31-350 
Navajo Chieftain, a single engine and twin-engine 
configuration respectively, the masses released 
over the five legs of a circuit are reported in Tab. 8 
and Tab. 9. Results are proposed for one engine 
only in the case of the Piper (Tab. 9). 
 

Table 8. Released masses of chemicals, Milan-Bresso 
RWY18 right-hand circuit, Cessna T206H Stationair. 

Circuit leg mCO2 [g] mCO [g] mUHC [g] mNOx [g] 
Departure 3’884.7 1’320.1 35.5 6.8 
Crosswind 1’065.0 178.5 10.3 10.4 
Downwind 3’714.4 622.5 36.0 36.3 
Base 783.9 212.4 9.4 3.3 
Final 1’578.2 467.6 19.3 4.3 
 

Table 9. Released masses of chemicals, Milan-Bresso 
RWY18 right-hand circuit, Piper PA-31-350 Navajo 

Chieftain. Computation for one engine only. 
Circuit leg mCO2 [g] mCO [g] mUHC [g] mNOx [g] 
Departure 3’330.6 1’168.5 30.3 4.1 
Crosswind 1’134.7 398.1 10.3 1.4 
Downwind 2’566.6 445.6 24.8 24.4 
Base 524.7 142.7 6.3 6.3 
Final 1’196.2 354.3 14.6 3.2 
 
These data show that the Cessna aircraft produces 
a generally higher mass per engine. As the 
engines are actually very similar for the two 
aircraft, this effect is mainly due to the flight 
trajectory parameters. In particular, as the 
trajectory is very similar for the two aircraft – only 
slight discrepancies exist in the access to the 
crosswind and early downwind legs, as the Cessna 
climbs faster than the Piper and reaches circuit 
altitude earlier – the difference is due to airspeed. 
The higher speed performance of the Piper allows 
it to fly the circuit faster, hence reducing the time 
spent over each leg, in turn reducing emissions 
(see Eq. 8). For crosswind, the balance is in favour 
of the Cessna, as part of this leg is flown in cruise 
mode (lower power setting), as circuit altitude is 
reached earlier for this aircraft, as just observed. 
Considering next the same power generation 
systems activation strategies presented in Tab. 5, 
under the hypothesis of operating an ideal hybrid-
electric version of the two aircraft taken as 
examples (with the same weight and power 
performance), the results presented in Tab. 10 are 
obtained, in terms of social cost for the whole 

circuit. It is immediately apparent that the overall 
cost is generally higher for the twin-engined Piper 
aircraft, but by a ratio which is clearly less than 2. 
 

Table 10. Comparison of social cost associated to a 
single circuit, for different activation strategies of the 

power generation system. 
ID Cessna T206H [€] Piper PA-31-350 [€] 
1 1.990 2.901 
2 0.781 1.217 
3 1.593 2.325 
4 0.811 1.108 
5 1.208 1.684 
6 0.397 0.576 
7 0.0 0.0 

 
This confirms that the number of engines is not the 
only driver of cost, but the higher airspeed plays a 
relevant mitigation role. 
 
4.4. Prediction of Chemical Emissions – 

Comparison of Different Aircraft 
An investigation of the scenario proposed in 
Section 4.2 is proposed also in terms of chemical 
emissions. Here a Cessna C172R, a Pipistrel 
Panthera and a Pipistrel Panthera Hybrid fly the 
same circuit, and the corresponding chemical 
emissions are predicted. Due to the relevant 
disproportion between mass and social cost, a 
comprehensive comparison is more straightforward 
on the latter performance index. The hybrid version 
of the Panthera is flown in purely electric mode 
except above 1,000 ft ground, i.e. basically for the 
downwind leg. 
The results of the analysis are synthetically shown 
in Fig. 6. 
 

 
Figure 6. Comparison of social cost corresponding to a 

Milan-Bresso RWY18 right-hand circuit flown by a 
Cessna C172R, Pipistrel Panthera and Panthera Hybrid. 
 
It is noteworthy that from Fig. 6 it is possible to 
compute the total mass of each chemical released 
by each aircraft, using the data in Tab. 4. 
The largest contribution to social cost goes 
generally to the conventional version of the 
Panthera, which is based on a 260 hp powerplant, 
whereas the Cessna C172R mounts a less 
powerful 160 hp engine. The power generation 
systems of the Panthera Hybrid is also different, 
besides being activated only for a limited part of 
the circuit. Looking at the results for the UHC, it 
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can be observed that the proportion between the 
three aircraft, by comparison to the picture for CO2 
and CO, largely similar to each other, is here in 
favour of the conventional Panthera. This is 
specifically due to the better performance of the 
engine of this aircraft (Lycoming IO-540-V). The 
opposite happens for NOx, which appears better 
(lower emissions) for the Cessna C172R. In 
general terms, the top social cost is due to UHC, 
which despite being associated to a more limited 
cost per unit mass than NOx, are released in very 
relevant amounts. 
 
5. CONCLUSION 
Novel methods have been introduced in order to 
assess the acoustic pollution and chemical 
emissions of aircraft equipped with a novel hybrid-
electric power-train.  
Concerning acoustic pollution, a method blending 
the output of several sources on board the aircraft 
to obtain an overall figure comparable to that of 
comprehensive methods based on database 
(currently inapplicable to hybrid-electric aircraft) 
has been proposed. The coefficients are tuned in 
the case of conventionally-powered aircraft, and 
applied to hybrid-electric aircraft, making possible 
to quantitatively assess the advantages provided 
by an innovative power-train in terms of acoustic 
pollution around the reference case of an existing 
General Aviation airport. 
The same trajectory segmentation needed to carry 
out acoustic analyses has been adopted for the 
assessment of chemical emissions. This has 
allowed to deploy very accurate methods for the 
prediction of the social cost of chemicals released 
by example ideal or existing hybrid-electric aircraft, 
to the same realistic test case adopted for the 
acoustic analysis. This analysis too has shown the 
potential of hybrid-electric power-trains in reducing 
social cost, thus potentially raising public 
acceptance and increasing the value of smaller 
airfields in the air transport infrastructure. 
Computations have been carried out through an 
original tool called CHANCES, where the 
methodologies just introduced have been 
assembled and integrated. As noted, the tool has 
been used to demonstrate the validity of the 
considered estimation methods. When supplied 
with data pertaining to broader aircraft categories, 
and considering all necessary sub-models (like for 
jet engine noise), the tool should be capable of 
producing similarly accurate numbers. 
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