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1. Introduction

Over the past 40 years, aviation has become a power-
ful driver of economic and social development, creating 
around 62.7 million jobs (equivalent to the size of the 
UK population) and USD 2.7 trillion in global economic 
activity, representing 3.6 % of global GDP [1]. Until 2019, 
the growth prospects of the aviation sector were quite 
optimistic. Recent estimates by aircraft manufactur-
ers (Boeing [2], Airbus [3], Bombardier, etc.) predicted 
an increase in air travel demand of 4.3 % per year over the 
next 20 years.

The COVID-19 pandemic has had a significant impact 
on the aviation industry due to travel restrictions and 
reduced demand for air travel. Global passenger traffic 
has experienced an unprecedented decline in history, 
with a total reduction of more than 2.7 billion passen-
gers (–60 %) in 2020 compared to the level of 2019 [4]. An 
analysis of air transport growth trends until 2050 under 
various scenarios demonstrates the recovery of global 

demand for passenger, cargo, and business class air trans-
port. Achieving the volume of air transport at the level 
of 2019 was already expected in 2023, 2024, and 2027, 
respectively, for the scenario with high, medium, and low 
intensity, Fig. 2 [5].

To ensure the sustainable growth of the aviation 
sector, it is extremely important to devise revolutionary 
solutions in the field of innovative technologies to con-
tain the potential impact of civil aviation on the envi-
ronment to the level of the established strategic goals of 
ACARE (FlightPath2050) [6–8]:

– goal No. 9 is aimed at achieving emission targets, 
taking into account the use of advanced technologies, in 
particular the improvement of the combustion chamber [6];

– goal No. 10 refers to the introduction of electric hy-
brid propulsion systems (PS) on airplanes and is aimed at 
radical changes in the airport infrastructure due to battery 
charging requirements [6];

– goal No. 12 is aimed at the use of alternative aviation 
fuel to reduce global and local emissions [6].
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For the aviation sector, it is extremely important to devise 
revolutionary solutions in the field of technology to restrain the 
potential impact of civil aviation on the environment to the level 
of the established strategic goals of ACARE (FlightPath2050). 
The introduction of innovative technologies (improvement of 
the combustion chamber, the introduction of electric hybrid 
power plants on airplanes, and the use of alternative aviation 
fuel) will ensure the sustainable growth of air transportation.

To assess the effectiveness of advanced technologies, it is 
extremely important to have a model for calculating global/
local emissions that takes into account the parameters of the 
flight path of conventional and hybrid aircraft, operational 
characteristics of the aircraft engine and hybrid powerplant, 
and the features of sustainable fuel.

The improved module for calculating emission indices by 
combining the module for calculating the parameters of the 
flight path and the results of calculating the thermogas-dy-
namic calculation of the aircraft engine makes it possible to 
detect the influence of fuel consumption (engine thrust) on the 
values of the emission indices. This feature is representative 
for evaluating the efficiency of hybrid powerplants because the 
electrification of the aircraft fleet is primarily aimed at reduc-
ing fuel consumption.

The analysis of simulation results reveals that the fuel con-
sumption and EINOx are significantly reduced (for the climb 
stage – 25 %; for the descent stage – 30 %) for the hybrid 
AN26 compared to the conventional AN26. The specified oper-
ational measure, in the part of the low-pitch descend, signifi-
cantly reduces EICO for the hybrid AN26 by an average of 
50 % compared to the descend stage for the conventional tra-
jectory.

The results of calculations for the entire flight path demon-
strate that the use of a hybrid power plant for An26 contributes 
to an average reduction of fuel consumption by 10 %, NOx emis-
sions by 25 %, water vapor emissions by 10 %, and CO2 by 10 %
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Innovative technologies and focused efforts in R&D are 
essential to ensure the sustainable growth of air transport. 
ACARE will continue to promote the need to monitor 
achievement and progress towards strategic goals [4, 5].

Fig. 1 shows trends in global CO2 emissions, including 
future forecasts under various scenarios of air transpor-
tation, innovative technologies, and air traffic manage-
ment [7].

Compared to 2019, in 2020 the share of aviation NOX 
emissions in the transport sector fell from 22.8 % to 13.4 %, 
while the share of total NOX emissions almost halved from 
10.6% to 6 % [7].

Fig. 2 shows trends in NOX emissions, including future 
forecasts under various air transport scenarios, innovative 
technologies, and air traffic management [7].

For the baseline scenario, the most optimistic technology 
and air traffic management scenario would bring NOX emis-
sions closer to 2019 levels in 2050. The same applies to CO 

and volatile PM emissions, while HC and non-volatile PM 
emissions may decrease between 2019 and 2050.

An analysis of air transport growth trends to 2050 in-
dicates that technology alone will not be sufficient to 
achieve the required aviation emission reductions in line 
with Flightpath 2050 targets. An integrated systems ap-
proach is essential, combining hybrid electric solutions for 
regional aircraft with an engine adapted to green aviation 
fuels (SAF) or for long-haul hydrogen-powered aircraft. The 
synergy of ambitious low-emission technologies and SAF 
adaptation implies a 90 % improvement in carbon efficiency 
by 2050 compared to today’s aircraft fleet.

To evaluate the effectiveness of advanced technologies, 
the construction of a model for calculating global/local 
emissions that takes into account the parameters of the 
flight path of conventional and hybrid aircraft, operational 
characteristics of the aircraft engine and hybrid powerplant, 
as well as features of sustainable fuel, is relevant.

Fig.	1.	Trends	in	global	aviation	CO2	emissions	for	different	scenarios	[7]

Fig.	2.	Aviation	NOx	emission	trends	for	different	scenarios	[7]
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2. Literature review and problem statement

Aircraft engine (AE) emission is the main factor of atmo-
spheric air pollution (AP) both in the lower atmosphere and 
in the upper atmosphere (cruising flight).

The results of research on the inventory of airport pol-
lution sources [5] indicate that emissions during the oper-
ation of aircraft in the airport area make up 97.3 % of the 
total mass of emissions during the take-off and landing cy-
cle (TLC) are hydrocarbons. At the same time, 94.3 % of CO 
occurs during the taxiing stages of the aircraft before takeoff 
and after landing, taking into account the period of start-up 
and warm-up of AE [5]. Also, the results of study [5] indicate 
that emissions of nitrogen oxides of AE during TLC period 
are divided into take-off, altitude gain, landing and low 
throttle modes and are, respectively, 26.7 %, 53.6 %, 10.5 %, 
and 9,2 % of the total mass of NOx emission over TLC. 
Therefore, aircraft are the dominant source of pollution in 
the airport area. The revealed trends in work [7] demon-
strate that the intensity of the emission of aircraft depends 
on the type and mode of operation of AE, their number in 
the power plant, the speed and direction of movement of the 
aircraft, as well as on a number of other operational factors.

In Ukraine, the assessment of atmospheric air pollution 
as a result of the emission of aircraft engines during the 
operation of aircraft in the airport area is carried out accord-
ing to the current regulatory methodology OND-86. The 
approach of this procedure does not take into account the 
operating conditions of the aircraft, in particular, movement 
within the airfield at different speeds, as well as the layout 
of AE on the aircraft and other factors. According to this 
procedure, the size of the sanitary protection zone of the air-
port is determined on the basis of calculations for stationary 
sources of emissions, while the extraction of the component 
of AE emissions from airport air pollution is inadmissible 
due to their predominance.

The ICAO manual on airport air quality control (ICAO 
Doc 9889) [8] offers three main methods for estimating air 
pollution (NOx, CO, and HC) emissions by the degree of 
accuracy and complexity of the calculation algorithm [9]: the 
ICAO method, the BFFM2 method, and the P3T3 method.

The ICAO method is a fairly simple one as it is based on 
a rather elementary calculation scheme and is characterized 
by the availability of initial data provided by the ICAO 
bank. As shown in ICAO Doc 9889 [8], this method can only 
be used to calculate emissions specific to each mode of the 
take-off and landing cycle. But we should point out the low 
level of accuracy of this method. ICAO Doc 9889 [8] also 
points out a limitation of the ICAO method for cruise mode, 
which will require interpolation between ICAO standard 
power parameters (7 %, 30 %, 85 %, and 100 %), which will 
typically require a non-linear curve fit between EI and fuel 
flows. Therefore, the ICAO method is not advisable to use 
for operational conditions outside the take-off and landing 
cycle. Instead, higher accuracy methods such as the P3T3 
and BFFM2 method should be used.

The BFFM2 method is an average one in terms of the 
complexity of the calculation schemes and the availability 
of the necessary initial data. In [10], it is emphasized that 
the emission indices calculated by the BFFM2 method are 
characterized by a high level of accuracy, while at the same 
time some uncertainties are indicated, which should be in-
cluded in the part of the refinement of the predicted emission 
indices.

Studies [11, 12] indicate some difficulties in calculating 
HC and CO, in particular for traction less than 7 %, since 
the recalculation of EIHC, EICO for standard conditions 
can get unrealistically high values.

The P3T3 method contains a fairly complex calculation 
algorithm and requires a number of initial data, the avail-
ability of which is often limited by the confidentiality and 
ownership of AE manufacturer. These are, in particular, 
the pressure (P3) and temperature (T3) at the entrance to 
the AE combustion chamber. In work [10] it is emphasized 
that the P3T3 method for estimating AE emission indices is 
characterized by high accuracy, but the implementation of 
this method is complicated not so much by the laboriousness 
of the calculation algorithm as by the unavailability of initial 
data. This problem is solved within the framework of inter-
national projects by independent calculation of pressure (P3) 
and temperature (T3) at the entrance to the combustion 
chamber according to the thermogas-dynamic calculation 
equations for AE.

Research results [13] demonstrate the limitations of the 
P3T3 method for turboprop engines. The accuracy of NOx 
estimates using the recommended pressure exponents is 
estimated to be ±11 %, for a given P3 and T3 under standard 
conditions.

Paper [14] presents a comparison of the results of the 
AE EINOx assessment at different altitudes according to the 
considered methods (BFFM2 and P3T3). The difference 
between the results of the specified models increases with 
height. The observation is caused by the influence of AP 
humidity on the value of EINOx.

The BFFM2 method is used not only to estimate cruise 
emissions but also to estimate the total amount of pollutants 
emitted by the aircraft during the entire baseline flight. This 
method is also used to support the creation of a 3D emission 
inventory and subsequent assessment of the impact of avia-
tion on climate change.

Therefore, the considered methods (BFFM2 and P3T3) 
are characterized by high accuracy, but their application is 
complicated by the unavailability of initial data (fuel con-
sumption, P3, T3). An option to overcome the difficulties may 
be to combine the module for calculating the parameters of 
the flight path, the module for thermogas-dynamic calcula-
tion of the aircraft engine, and the module for calculating the 
emission indices.

3. The aim and objectives of the study

The purpose of our study is to improve the module for 
calculating the emission indices of the aircraft engine un-
der real operational and meteorological conditions, which 
makes it possible to improve the procedure of inventorying 
aircraft engine emissions and to identify the contribution of 
aircraft emissions to global, regional, and local atmospheric 
air pollution.

To achieve the goal, the following tasks were solved:
– to calculate the parameters of the flight path (altitude, 

Mach number, speed of the aircraft) of a conventional or 
hybrid aircraft;

– to substantiate emission indices at ICAO certification 
points for an aircraft with a hybrid power plant;

– to simulate emission indices for aircraft with conven-
tional and hybrid power plants taking into account real fuel 
consumption along the flight path.
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4. The study materials and methods

The object of our study is AE emission, which is a func-
tion of thermodynamic parameters (temperature in the 
combustion chamber and the degree of pressure change in 
the compressor), which in turn depend on the temperature, 
pressure, and humidity of AP.

In the course of the study, the hypothesis was tested that 
as a result of the modernization of the power plant of the 
An-26 aircraft by using an electric engine in it, there could 
be a reduction in fuel consumption and a reduction in PS 
emissions.

The main methods for estimating mass emissions (inven-
tory) of hazardous PS from AE are based on the following 
formula:

= × × × ,Q FF EI T n  (1)

where Q is pollutant emission; FF – fuel consumption in-
dicator, kg/s; EI – emission index, g/kg; T – time of opera-
tion (work) of AE, s; n is the number of engines on aircraft.

The BFFM2 method is aimed at estimating the emis-
sion indices (NOx, CO, and HC) of AE and the fuel con-
sumption index for real operational and meteorological 
conditions [9, 10]. The key components of the method are 
semi-empirical approaches for adjusting atmospheric con-
ditions and establishing the relationship between EI and 
fuel consumption. Therefore, it is sufficient to determine 
the actual fuel consumption based on the model or measure-
ment (for a specific segment of the flight profile) to predict 
the emission value for these operating conditions. Data and 
results corresponding to flight conditions are designated as 
“non-reference” values, while fuel consumption and emission 
indices from the ICAO database are “reference” values. This 
is due to the fact that the latter correspond to the conditions 
of the International Standard Atmosphere (ISA) at sea level.

First, on the basis of data from the ICAO bank for four basic 
thrust modes of the studied AE type (7 %, 30 %, 85 %, 100 %) 
plots of EINOx, EICO, EIHC dependences on the fuel consumption 
indicator are constructed in a logarithmic scale for conditions 
of ISA, Fig. 3.

Second, real meteorological conditions (temperature, 
pressure, and humidity of AP) are converted into ISA con-
ditions according to the formulas for adjusting humidity and 
pressure [10, 11].

Correction of air temperature (θ) and atmospheric pres-
sure (δ):

θ = 0 ,
288.15

T
 (2)

where T0 – ambient air temperature, K;

0 ,
101,325

P
δ =  (3)

where P0 is atmospheric pressure, Pa;
Correction of AP humidity, which significantly affects 

xNO ,EI  EICO, EIHC:

( )19.0 0.00634 ,H = − × ω−   (4)

where ω – specific humidity:

( ) ( )
0.62197058

,
68.9473

SAT

psia SAT

RH P

P RH P

× ×
ω=

× − ×
 (5)

where RH is relative humidity; PSAT – saturated vapor pres-
sure in millibars; Ppsia – atmospheric pressure in units of 
measurement, pounds/m2.

The actual fuel consumption indicator is adjusted rela-
tive to ISA according to the following calculation formula:

23.8 0.2 ,M
ISA amb

amb

FF
FF e ×= ×θ ×

δ
  (6)

where δamb is the ratio of the atmospheric pressure adjusted 
to the conditions of ISA; θamb – the ratio of AP temperature 
adjusted to the conditions of ISA; FF – actual fuel consump-
tion, kg/s; M is the Mach number.

The corresponding referents values 
xNO ,ISAEI  EICOМСА, 

EIHCМСА are determined by the method of linear interpolation 
based on the calculated value of fuel consumption on the basis 
of the typical dependences constructed above according to the 
data of the ICAO bank for the investigated type of AE.

Equations (6) are used to convert fuel consumption and 
EI values from non-reference conditions to reference condi-
tions. The reference fuel consumption and emission index 
EI are obtained from the ICAO database, while the fuel 
consumption and Mach number associated with the flight 
segment are obtained from the aircraft performance model 
or from measurement.

The found reference values 
xNO ,ISAEI  EICO ISA, EIHC ISA 

for the conditions of ISA are converted into real meteorolog-
ical conditions:

x x

1.02

NO NO 3.3
,

x

H
ISAEI EI e

 δ
= × × θ 

 (7)

3.3

HC HC ISA 1.02
,

x

EI EI
 θ

= × δ 
 (8)

3.3

CO CO ISA 1.02
,

x

EI EI
 θ

= × δ 
 (9)

where 
xNO ,ISAEI  EICO ISA, EIHC ISA are emission indices 

determined by the certification curve according to ICAO 
bank data.

The specified method also allows taking into account the 
influence of meteorological conditions (temperature, pressure, 
humidity) at the corresponding height of the profile segment.

The algorithm for modeling emission indices using the 
BFFM2 method, taking into account the necessary initial 
data, is shown in Fig. 4.

Fig.	3.	Principles	of	determining	emission	indices	from	fuel	
consumption	according	to	ICAO	bank	data:		

а	–	EINOx;	b	–	EICO,	EIHC

а b
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The error of estimating 
xNO ,EI  EICO, EIHC for aircraft 

engines by the presented method is ±10 % with a standard 
deviation of 6 % and is caused by the following factors [13]:

– the accuracy of the linear interpolation method for 
determining the emission index according to the certifi-
cation curve is significantly reduced for the operational 
modes of the investigated type of AE with a thrust index 
of less than 7 %;

– AE operation period;
– lack of information for some types of AE.
The PolEmiCa complex model (developed at NAU in 

2013, verified at CAEP/ICAO in 2020) implements the 
BFFM2 method for calculating emission indices (Fig. 4, 5).

To perform the research tasks for the conventional and 
hybrid turboprop engine, the module for calculating the 
emission indices based on the BFFM2 method was improved. 
This module takes into account flight path parameters (alti-
tude, Mach number, aircraft speed), operational parameters 
(real fuel consumption) and meteorological conditions (hu-
midity, temperature, atmospheric pressure), Fig. 5.

It should be emphasized that the presented emission in-
dex evaluation module provides objective initial data for the 
inventory of aircraft engine emissions and further modeling 
of the processes of transfer and dilution of impurities by the 
jet of exhaust gases from the aircraft engine and atmospheric 
turbulence.

Fig.	4.	Main	elements	of	modeling	emission	indices	using	the	BFFM2	method

Emission Indices calculation 
in generic flight conditions for each flight 

path segment

Determination of emission indices  depending 
on fuel flow reference conditions

Aircraft Mission Profile: 

For each flight path segment:
 Altitude;
Mach Number;
 Fuel flow rate

Meteorological  conditions: 

For each flight path segment:
 Air temperature;
 Atmospheric pressure;
 Relative humidity

In-flight to reference 
conditions 

Fuel Flow correlation

Adjustment of meteorological 
parameters 

(temperature, pressure, humidity)

Input data

EMISSION INDEX CALCULATION MODULE FOR FLIGHT TRAJECTORY

  


 

 

   

 
    

 
   

 
   

Fig.	5.	PolEmiCa	integrated	model:	calculation	of	emissions	and	levels	of	atmospheric	air	pollution	due	to	aircraft	emissions:	
vertical	and	horizontal	dispersion	of	the	jet	–	σx;	σy;	σz;	ΔH	is	the	height	of	the	rise	of	the	jet	of	gases	from	the	aircraft	engine;	

Ta	–	atmospheric	air	temperature,	K;	H	–	humidity,	%;	Pa	–	atmospheric	air	temperature,	Pa;	Kx,	Ky,	Kz	–	horizontal	and	
vertical	coefficients	of	atmospheric	turbulence
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5. Results of the study on calculating the emission 
indices of turboprop engine under real operating and 

meteorological conditions

5. 1. Calculation of flight path parameters for a con-
ventional or hybrid aircraft

The calculation of the flight trajectory was based on 
the solution of a system of ordinary differential equations, 
which describe the flight of an airplane as the movement of a 
material point of variable mass in a vertical plane under the 
influence of the forces of gravity W, thrust T, drag D, and lift 
force L. To simplify the complex dynamics of flight, a number 
of assumptions was used: the Earth is flat, there is no wind, 
the acceleration of Earth’s gravity g is constant:

( )

( )

 = ε − − θ


θ = ε + − θ



= θ



= θ



= −

1
cos sin ,

1
sin cos ,

sin ,

cos ,

,

dv
T D W

dt m
d

T L W
dt mv
dh

v
dt
dx

v
dt
dm

G
dt

   (10)

where v is the flight speed, t is the flight time, m is the 
mass of the aircraft at the moment of time t, ε=α+β, α is the 
angle of attack, β is the angle of installation of the engines 
in relation to the wing centerline chord, θ is the trajectory 
angle, h is geometric height of the flight, x is the length of 
the projection of the flight profile on the horizontal plane 
from the beginning of the flight segment, G is the total fuel 
consumption at the moment of time t. Drag is determined 
from the following equation:

ρ
=

2

,
2x

v S
D c     (11)

where cx is the drag coefficient, ρ is the air density, S is the 
wing area.

The lift force is determined in a similar way:

ρ
=

2

,
2y

v S
L c      (12)

where cy is the lift force coefficient.
Given the fact that the accepted assumptions equally af-

fect both the aircraft with a conventional PS and the aircraft 
with a hybrid PS, the proposed trajectory model should be 
sufficient for the comparison of emission characteristics. To 
confirm the effectiveness of hybridization, calculations were 
performed on the example of the An-26 aircraft with con-
ventional and hybrid PSs. That is, two AI-24VT engines and 
one RU-19-300 were replaced by two TV3-117VMA-SBM1 
with reduced power and 2 electric motors.

The thrust calculation was based on modeling the gas-dy-
namic process of the engines and the power of the electric 
motor in accordance with the instructions in book [15]. 
When modeling a hybrid aircraft, a parallel PS architecture 
was used [16]. As a result of the simulation, the dependence 
of power on the propeller shaft and fuel consumption on 

altitude and flight speed for an aircraft with a hybrid PS 
was obtained. The height-speed characteristics of the thrust 
of the propeller are obtained on the basis of the drive disk 
theory. Together with the power on the propeller shaft, this 
has made it possible to establish the dependence of thrust of 
the hybrid PS on altitude and speed.

Trajectories were calculated in full compliance with the 
An-26 flight operation manual for both the conventional and 
hybrid versions of the aircraft, because the aerodynamics of 
the aircraft remained unchanged. The maximum take-off 
weight of 24 tons was used for the simulation. The excess 
weight associated with the installation of additional batteries, 
electric motors, gearboxes, modernization of the exhaust sys-
tem, cooling and communication was subtracted from the fuel 
weight without reducing the payload. The trajectory calcula-
tion was performed for storage batteries with a specific capac-
ity of 435 W·h/kg, the development of which is predicted in 
the future. Since at different stages of the flight, the flight op-
eration manual provides for different restrictions, according 
to them, the trajectory is divided into segments (Table 1). For 
each of these segments, the system of differential equations 
was solved separately with the initial values of v, θ, h, m taken 
from the end of the previous segment.

In order to ensure the safety of the aircraft flights along 
the calculated trajectories, the requirements of the An-26 flight 
operation manual were met. These requirements are formulated 
in the form of multipliers of the objective function ki (Table 2):

∏min .ik

The aircraft flight profile calculation method has been 
improved by using a genetic algorithm (GA) to satisfy 
multiple operational constraints simultaneously. A separate 
optimization was performed on each flight segment. The op-
timization was carried out using parameters of the function 
of the angle of attack α versus time and parameters of the 
function of the power lever angle versus time.

Table	1

Description	of	flight	path	segments	

Segment No.

Run-up in take-off mode 1

Gaining speed during a flight separated from the ground by 
the poles near the ground

2

Gaining altitude at a safe speed over the poles near the ground 3

Set speed up to 240 km/h at the poles far from the earth 4

Lifting the chassis 5

Set speed up to 280 km/h and a height of 150 m 6

Closing the flaps and speed up to 310 km/h 7

Height gain up to 5.8 km 8

Deduction of the trajectory angle to zero, height gain up to 6 km 9

Cruise flight 10

Descent to a height of 4.5 km 11

Release of flaps by 15 degrees in pulses of 5 degrees and  
output to a speed of 310 km/h

12

Chassis release 12

Speed reduction to 240 km/h 12

Release flaps to 38 degrees in pulses of 5.75 degrees and  
output to a speed of 210 km/h

13

Descent to about 100 m with access to the corner of the slope 14

Flight on the glissade 15
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When using GA to estimate each value of the 
objective function (fitness function), the system of 
equations (10) was solved. The solution of this system 
of equations can be obtained using the MATLAB 
function “ode45”. The need to use the global optimi-
zation algorithm is due to the non-linear dependence 
of the objective function on the parameters used to 
reduce the objective function.

In contrast to existing methods for calculating the 
flight path the improved method made it possible to 
fulfill the operational limitations and reliably predict 
the speed, altitude, fuel consumption, thrust, angle of 
inclination of the aircraft in the form of continuous 
functions of time throughout the flight profile. The 
presence of these functions is the basis for calculating 
the emission of pollutants.

The flight trajectory for the maximum range with 
contingency fuel reserve of 580 kg of fuel is shown 
in Fig. 6.

Fig. 6 demonstrates that at the same flight speed 
and flight altitude as the original An-26, the flight 
range of the updated PS increased by 11.7 %.

Table	2

Multipliers	of	the	objective	function	to	meet	the	conditions	of	the	flight	operations	manual

No. Multiplier of objective function Purpose

1
1 11 ,ev v+ −

where v1e – the velocity at the end of the segment obtained as a result of solving a system of 
differential equations; v1 – planned speed at the end of the segment

To achieve velocity v1 at the end of 
the segment

2
1

1 1

1 at max ,

1+ max at max

h h

h h h h

≥
 − <  

To reach/exceed height h1

3
1

1 1

1 at min ,

1+min at min

h h

h h h h

≤
 − >

To reach/descend below height h1

4
0

1 ,
v

v
∆ <

− ∆∑  where Δvi=vi–vi–1
To ensure a monotonous increase  

in speed

5
0

1 ,
v

v
∆ >

+ ∆∑  where Δvi=vi–vi–1
To ensure a monotonous decrease  

in speed

6
0

1 ,
h

h
∆ <

− ∆∑  where Δvi=vi–vi–1
To ensure a monotonous increase  

in height

7
0

1 ,
h

h
∆ >

+ ∆∑  where Δvi=vi–vi–1
To ensure a monotonous decrease  

in height

8
( )( )1 isnan 1 isnan ,v h+ +∑ ∑   

where isnan is a function that determines whether a value is non-numeric, and v and h are 
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Fig.	6.	Comparison	of	flight	profiles	of	an	aircraft	with	a	conventional	
and	hybrid	power	plant:	a	–	true	flight	speed;	b	–	geometric	flight	height
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5. 2. Justification of the emission index at ICAO 
certification points for an aircraft with a hybrid power 
plant

For the developed model of PS with a hybrid power 
plant (similar to the TV3-117VMA-SBM1 with reduced 
power by 10 %), an analog was selected, taking into account 
the following factors:

– geometric configuration of PS;
– engine type: turboprop;
– number of engines: 2;
– engine power: 2250 hp.
The following types of engines were selected by type 

and power:
1. PW119B: 
– Nе.tf=2282 hp (1678.11 kW); 
– Се.tf=0.220 kg/hp⸱h (0.299 kg/kW·h); 
– N=1,796 hp (1320,96 kW); 
– ntf=1,300 rpm; 
– Мen=415 kg. 
Overhaul life – 4,000 hrs. 
Application: Fairchild Dornier 328-110.
2. PW120: 
– Nе.tf=2,100 hp (1,544.55 kW); 
– Се.tf=0.218 kg/hp⸱h (0.296 kg/kW·h); 
– N=1,704 hp (1,253.29 kW); 
– ntf=1,200 rpm; 
– Мen=417.8 kg. 
Overhaul life – 8,000 hrs. 
Application: DeHavillandDash 8-100 and Aerospati-

iale/AleniaATR 42-300/320.
3. PW125B: 
– Nе.tf=2,626 hp (1,931.42 kW); 
– Се.tf=0.208 kg/hp⸱h (0.283 kg/kW·h); 
– N=2,030 hp (1,493.07 kW); 
– ntf=1,200 rpm; 
– Мen=481 kg. 
Overhaul life – 8,000 hrs. 
Application: Fokker 50.
Among the analyzed engine types and performed prelim-

inary simulations, the PW125B installed on the Fokker 50 
type aircraft was chosen as an analog for the AN26 type 
aircraft with a hybrid powerplant.

Fuel consumption and emission indices for the specified 
analog are given in the ICAO database, Table 3.

Table	3

Values	of	EINOx,	EICO	at	ICAO	points		
for	the	PW125B	type	engine	

Mode EINOx, g/kg EICO, g/kg FF, kg/s

T/F 18.095 2.09 0.1532

Climb 16.1 2.1 0.1351

Approach 10 3.5 0.0808

Taxi 6.89 9.195 0.0499

The typical dependences of EINOx, EICO for certifica-
tion conditions built below allow us to determine EINOx, 
EICO for various operating conditions, Fig. 7, 8.

The specified dependences allow determining the emis-
sion index for critical values of fuel consumption (lower/
higher than the specified values at the certification points) 
by interpolation, Fig. 7, 8.

5. 3. Modeling of emission indices for an aircraft with 
conventional and hybrid power plants

For the calculation of EINOx, EICO, EICH for the 
AN26 type aircraft with conventional and hybrid power 
plants, operational and meteorological data were provided 
regarding:

1) flight trajectories (altitude, distance, speed, Mach 
number) of an aircraft with conventional and hybrid PS, 
Fig. 9, and Table 1;

2) the ratio of fuel and air in the combustion chamber of 
an aircraft engine;

3) meteorological parameters – temperature, humidity, 
and atmospheric pressure for the conditions of ISA.

The specified operational parameters were modeled on 
the basis of the module for calculating the flight profile of 
aircraft with conventional and hybrid PSs [17].

Modeling of emission indices for a conventional aircraft 
of the An26 type and a hybrid aircraft using the BFFM2 
method was performed for a classic trajectory and a trajec-
tory with a low-pitch descent. The averaged EINOx, EICO 
for each segment of both types of flight path are shown, 
respectively, in Fig. 9, 10.

According to the PolEmiCa model, the mass values of 
burned fuel, emissions of NOx, CO, CO2, and water vapor were 
determined for each segment of the trajectory (Fig. 11) of the 
flight for AN26 with a conventional and hybrid power plant.

The results of the calculation of the mass of PS emission 
showed that low-pitch descent makes it possible to reduce the 
mass of CO emission, but at the same time there is an increase 
in the mass of NOx, H2O, CO2 emission and fuel consumption.

Fig.	7.	Dependences	of	EINOx	on	fuel	consumption	at		
ICAO	points	(certification	conditions)
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Fig.	9.	Averaged	EINOx	indices	[g/kg]	for	each	trajectory	segment	of	conventional	and	hybrid	An26

0

5

10

15

20

25

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

EI
N

O
x,

 g
/k

g

Segments

Averaged EINOx indices [g/kg] for each trajectory segment 

Hybrid (analog PW125/Fokker50B) normal approach to landing EINOx g/kg
Hybrid (analog PW125/Fokker50B) low-pitch approach to landing EINOx g/kg
AN26 (analog PW127A) classic trajectory EINOx (AN26) g/kg

Height gain up to 6 km

Descent, flight on the glissade

Fig.	10.	Averaged	EICO	indices	[g/kg]	for	each	trajectory	segment	of	conventional	and	hybrid	An26
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Fig.	11.	Results	of	calculating	the	mass	of	fuel	burned	and	the	emissions	of	nitrogen	oxides,	carbon	monoxide,	carbon	dioxide,	and	
water	vapor	for	the	entire	flight	path	(normal	and	with	a	low-pitch	descent)	for	AN26	with	a	conventional	and	hybrid	power	plant
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6. Discussion of results of modeling emission indices for 
conventional and hybrid aircraft

The improved module for calculating emission indices by 
combining the module for calculating the parameters of the 
flight path and the results of calculating the thermogas-dy-
namic calculation of the aircraft engine makes it possible to 
detect the influence of fuel consumption (engine thrust) on 
the values of emission indices. This feature is representative 
for evaluating the efficiency of hybrid engines because the 
electrification of the aircraft fleet is primarily aimed at re-
ducing fuel consumption.

The analysis of our simulation results reveals that the 
fuel consumption and EINOx are significantly reduced (for 
the climb stage – 25 %; for the descent stage – 30 %) for the 
hybrid AN26 compared to the conventional AN26 (Fig. 9). 
The specified operational measure, in the part of a low-pitch 
descend, significantly reduces the EICO for the hybrid AN26 
by an average of 50 % compared to the decrease stage for the 
conventional trajectory (Fig. 10). At the same time, the EICO 
values for the hybrid An26 for the trajectory with a low-pitch 
descent remain slightly higher than in the case of the conven-
tional An26. The identified trend is due to the reduction of 
fuel consumption during the operation of the hybrid power 
plant, which leads to an increase in EICO, Fig. 10.

The results of the calculations for the entire flight path 
demonstrate that the use of a hybrid power plant for the 
An26 helps reduce fuel consumption by an average of 10 %, 
NOx emissions by 25 %, water vapor emissions by 10 %, and 
CO2 by 10 % (Fig. 11).

It should be noted that the considered method does not 
allow determining the emissions of suspended particulate 
matter (PM10, PM2.5, PM1.0), which are a priority, in par-
ticular, in terms of assessing local atmospheric air quality. 
In the future, it is planned to improve the presented module 
regarding the calculation of emissions of suspended particles 
and the integration of the calculated emission indices for 
modeling the concentrations of pollutants in the atmospheric 
air at the airport. It is also planned to carry out a sensitivity 
analysis of the considered module in order to determine the 
degree of dependence of the calculated emission indices on 
the initial parameters, namely fuel consumption, trajectory 
parameters, and meteorological conditions.

The electric motors in the hybrid PS were used only 
during the first 12 minutes of the flight. That made it pos-
sible to use a gas turbine engine with less power, since the 
most thrust is needed for the run-off and the start of the 
climb. Operational limitations when calculating the flight 
path were satisfied by changing the angle of attack and the 
mode of operation of the gas turbine and electric engines. For 
flight segments where such a change could not be selected 
manually, GA was used.

In the future, it is planned to build a trajectory model 
that will take into account the roll and movement of the 
aircraft in three-dimensional space for comparison with ex-
perimentally measured masses of pollutants.

7. Conclusions 

1. A method for calculating the flight profile of an air-
craft with a hybrid PS has been improved. The calculation of 
the flight trajectory showed an increase in the flight range of 
the An-26 with a hybrid PS by 11.7 % compared to the An-
26 with a conventional PS, with a degree of hybridization at 
takeoff of 37.2 %.

2. The emission indices at ICAO certification points 
for an aircraft with a hybrid power plant (similar to the 
TV3-117VMA-SBM1 with reduced power by 10 %) based 
on the selected PW127A analog have been substantiated.

3. Modeling of aircraft emissions with conventional and 
hybrid power plants was carried out, taking into account 
real fuel consumption along the flight path based on an im-
proved module for calculating emission indices. The use of a 
hybrid power plant for the An-26 helps reduce fuel consump-
tion by an average of 10 %, NOx emissions – 25 %, water 
vapor emissions – 10 %, CO2 – 10 %.
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