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Lorenzo Dorbolò , Marco Pretto * , Pietro Giannattasio
Dipartimento Politecnico di Ingegneria e Architettura, University of Udine, Via delle Scienze 206, 33100, Udine, Italy

A R T I C L E I N F O

Editor name: Dr Yu Lv

Keywords:
Aircraft departures
Flight tracking
Aircraft performance modelling 
Engine thrust
Fuel flow

A B S T R A C T

Predicting the environmental impact of civil air traffic around airports requires reliable modelling of aircraft 
operations, especially for departures due to their high engine thrust near the ground. Assessing currently 
available aircraft performance models is difficult without proprietary FDR (flight data recorder) information, but 
the recent availability of open flight tracking data has prompted formulation of a reliable modelling tool for flight 
operation reconstruction using a mixed analysis-synthesis approach (MASA) previously developed by the au-
thors. The MASA tailors prescribed ANP (aircraft noise and performance) procedures to actual flight operations, 
and allows assessing different performance models without using FDR data. In this work, an upgraded MASA is 
used to compare the departure performance predictions of BADA4, a restricted-access proprietary model, with 
those based for thrust on ANP, more easily accessible, and for fuel burn on the open-data ICAO Doc 9889 method. 
The thrust estimation is conducted using either the ANP or BADA4 sub-model, with a hybrid sub-model also 
tested, while extension to fuel burn is performed including Doc 9889 and BADA4 methods. After processing over 
11,000 flight-tracked departures, the resulting trajectory errors and modelled thrust outputs show good reli-
ability of ANP especially near the take-off, while BADA4 appears more accurate in higher-altitude climb phases. 
For fuel burn, the open-data method yields values nearly 40 % below BADA4, but the underestimation is halved 
when compared to literature FDR data. These results demonstrate that easily accessible thrust and fuel flow 
models paired with flight tracking data can provide satisfactory predictions of departure aircraft performance.

1. Introduction

The steady increase in global air traffic following the COVID-19 
pandemic has renewed focus on the challenges associated with air 
traffic management (ATM). Between 2023 and 2024 the total air traffic 
measured in revenue passenger kilometres grew by 10.4% reaching a 
record high, and this upward trend is expected to continue, with the air 
travel demand projected to rise by 8 % in 2025 [1]. As these figures keep 
rising, ensuring safety, efficiency, and sustainability of the airspace 
system becomes increasingly dependent on the fidelity of air traffic 
simulations [2,3].

A critical component of air traffic simulations is the aircraft perfor-
mance model (APM), which provides the movement of an aircraft in 
terms of speed, altitude, thrust, fuel burn, and aerodynamic perfor-
mance. APMs form the foundations not only for flight trajectory pre-
diction and computation, but also for assessing the impact of flight 
operations on airport noise and emissions of both pollutants and 
greenhouse gases [4], thus rendering their accuracy crucial for ATM 

applications. Out of the proprietary APMs one of the best known is BADA 
(Base of Aircraft Data) [5], developed by EUROCONTROL to simulate 
the aircraft performance over the entire flight envelope using pro-
prietary information provided by the aircraft manufacturers. BADA is
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available in two main versions: the older but widely used BADA3 family, 
and the more recent BADA4 family. The latter comes with improved 
datasets for advanced estimations in the TMA (Terminal Manoeuvring 
Area), but at the cost of major limitations to its accessibility. Another 
proprietary tool is the FLIGHT-X software package [6], which enables 
multi-disciplinary analysis of modern civil aircraft and has been used to 
estimate the aircraft performance for environmental impact assessments 
[7,8]. In addition, commercial APMs such as Piano [9] have been 
employed by several researchers to estimate the performance of aircraft 
engines [10,11].

In order to provide reliable flight trajectory predictions, both pro-
prietary and open APMs need to be fed with important operational 
variables such as aircraft weight and weather conditions, which are 
difficult to know for each daily flight worldwide. However, in the past 
15 years the ADS-B (Automatic Dependent Surveillance-Broadcast) 
technology has grown very quickly, prompting ADS-B transponders to 
become mandatory in 2020 for non-ultra-light aircraft operated in the 
European airspace [12]. This has led to the open broadcasting of their 
positional and kinematic information, which is collected daily by 
thousands of ground receivers to provide large amounts of flight 
tracking data on dedicated websites, such as the OpenSky Network [13]. 
This unprecedented data availability, alongside access to public 
aircraft-related datasets, has fostered the development of open-source 
APMs, promoting transparency in the air traffic research community. 
A good example of this is OpenAP [14], which since 2020 has been 
widely adopted in studies involving aircraft performance modelling and 
emission estimations [15–17]. In addition, ADS-B data have been inte-
grated into already existing frameworks, such as the aforementioned 
FLIGHT-X [18] and the ECAC Doc 29 method [19,20], the latter tailored 
to performance and emission estimations in the TMA [21–24]. Notably, 
the Doc 29 method works in conjunction with the ANP (Aircraft Noise 
and Performance) database, which, while not open, can be accessed by 
any parties who demonstrate a need for modelling purposes [25].

The reconstruction of civil air traffic from ADS-B data has been of 
particular interest for the present authors, who recently proposed an 
improved estimation of TMA aircraft performance using a mixed 
analysis-synthesis approach (MASA) based on a modified Doc 29 
method [26], which was further upgraded with the inclusion of 
high-resolution tracking data [27]. A key feature of the authors’ 
modelling tool, which includes the MASA as a key component, is its 
independence from specific performance estimation methods, which 
comes from the minimization of errors between tracked (analysis) and 
modelled (synthesis) flight trajectories. Concerning the flight perfor-
mance predictions, the engine thrust estimates obtained from the ANP 
method were validated indirectly yet successfully using airport noise 
levels. This is definitely a viable solution, as confirmed also by van der 
Grift et al. [28], but access to clearer sources of information remains 
crucial.

In this work, the aircraft performance estimation is addressed 
directly. This was spurred by the authors’ access to BADA4, proprietary 
APM that provides advanced sub-models and datasets to enable recon-
struction of engine thrust and fuel flow over the entire flight envelope 
for many aircraft models. The availability of BADA4 makes it possible to 
compare its performance outputs with those of simpler but more easily 
accessible methods, when any of them is used within a reliable flight 
path reconstruction tool based on ADS-B data such as the authors’ 
MASA. This comparison can provide valuable information on the strong 
and weak points of either model, indicating also future improvement 
paths. Moreover, the only tools that give direct information as to the 
flight performance are FDR or QAR (Quick Access Recorder) data, but 
their use is heavily constrained by confidentiality issues [19]. 
Conversely, the MASA can be deployed at an arbitrarily large scale to 
assess the effectiveness and reliability of any performance estimation

model including BADA4 itself, acknowledged to be a powerful APM that, 
however, has still margins for improvement [29].

In light of these considerations, the present work tackles the aircraft 
performance estimation by relying on several easily accessible re-
sources, which include the ANP method, ICAO’s Doc 9889 [30], the 
Boeing Fuel Flow Method 2 (BFFM2) [31], and the freely available ICAO 
Aircraft Engine Emissions Databank (AEED) [32] . However, these thrust 
and fuel flow estimation methods can be easily replaced with the pro-
prietary BADA4 ones, paving the way for a balanced comparison be-
tween the two solutions. The addition of the fuel burn estimation into 
the authors’ modelling tool completes the TMA flight performance 
reconstruction, enabling prospective quantification of both noise 
(requiring engine thrust) and pollutant emissions (requiring fuel burn). 
The results, computed for a very large number of flight operations, are 
focused on departures of turbofan aircraft, as their high thrust near the 
ground is the primary cause of airport emissions [19].

This paper is structured as follows. Section 2 is dedicated to the 
modelling tool used to reconstruct the TMA aircraft trajectory, focusing 
first on its general improvements and then on the estimation of engine 
thrust and fuel flow during departure operations using ANP, Doc 9889, 
and BADA4 methods within the MASA. The results are presented in 
Section 3 examining the trajectory errors and engine thrust re-
constructions of over 11,000 departures, to which a comparison with 
literature FDR data is added for further validation of the open-data-
based fuel burn estimation. Conclusions and future developments are 
presented in Section 4.

2. Methodology

2.1. Overview of the aircraft performance modelling tool

The present aircraft performance modelling tool is largely based on 
the one illustrated recently by the authors [27] , and a brief overview is 
provided here to remind its general structure and highlight the key 
novelties. This tool finds its roots in the ECAC Doc 29 method [20] and 
the accompanying ANP database [25], which provides all the parame-
ters necessary for estimating the TMA performance and noise of over 
150 reference airframe-engine combinations, commonly referred to as 
ANP proxies. However, this tool is here modified to enable the perfor-
mance estimation using also BADA4, either as an alternative to or in 
combination with the ANP database. BADA4 is similar in its structure to 
ANP, making its integration into the authors’ tool reasonably easy. In 
particular, BADA4 offers sets of performance data for around 110 
airframe-engine combinations, referred to as BADA4 models and having 
effectively the same role as the ANP proxies.

Fig. 1 briefly illustrates the overall structure of the present aircraft 
performance estimation tool. Firstly, daily flight tracking data and 
METARs (weather reports) at a specified airport are collected from the 
OpenSky Network [13] using the Python traffic library [33]. The 
tracking data consist of ADS-B-based positional and kinematic infor-
mation with non-explicit indications of the operated aircraft, and a 
pre-processing stage is necessary to enrich the datasets with the infor-
mation required for reliable aircraft performance modelling. The 
following tasks are undertaken:

• each flight operation is isolated, assigned an identifier, and catego-
rized as departure or arrival;

• for each flight operation, the airframe and engine type are identified. 
Then, the resulting aircraft configuration is matched to the corre-
sponding ANP proxy and BADA4 model;

• the weather conditions during each operation are identified using the 
METAR data;
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• each departure / arrival is assigned a take-off / landing runway 
respectively, exploiting airport layout information sourced from 

OurAirports [34] and OpenStreetMap [35].

Each identified aircraft operation is then processed starting from the 
reconstruction of its ground track, after which the flight profile (aircraft 
performance along the ground track) is determined using the MASA, 
though upgraded as illustrated below, and the flight path is obtained by 
merging ground track and flight profile. Finally, and as a novelty 
compared to the previous tool [27], the fuel burn is estimated using 
either an open-data method that follows ICAO Doc 9889 and BFFM2 or, 
alternatively, BADA4. The authors’ tool can also estimate airport noise 
levels using the Doc 29 noise engine, but this calculation falls outside the 
present scope.

Compared to its previous version, several new features and im-
provements have been included into this tool, as detailed in the 
remainder of this section. In particular, Section 2.2 illustrates the up-
grades to the aircraft configuration identification and the MASA applied 
to departures. Then, Sections 2.3 Sectionsand 2.4 present, respectively, 
the engine thrust and fuel flow estimation models, tackling first the ANP 
and open-data methods and then the BADA4 procedure.

2.2. Upgrades to the flight operation reconstruction methodology

This section illustrates two important upgrades to the authors’ 
modelling tool that are of general validity, i.e. independent of any flight 
performance sub-model. These refer to the assignment of the aircraft 
configuration for each operation and to the formulation of the MASA for 
departures.

2.2.1. Assignment of the aircraft configuration
In this work, the aircraft configuration is defined as the pair of

airframe and engine model/variant. Notably, this piece of information is 
key for the computation of both noise and pollutant emissions, with 
possibly higher importance for the latter because the aircraft configu-
ration influences strongly both fuel flow and pollutant emission indices 
[32]. Therefore, a dedicated airframe-engine database was developed 
relying on open data sourced not only from Airlinerlist [36] as in the 
authors’ previous work [27], but also from the rzjets website [37], which 
links the aircraft registration to the engine mounted on that particular 
aircraft. This engine was mapped to its counterpart in the AEED, which 
provides reference data on thrust, fuel flow, and pollutant emissions for 
hundreds of actual engine models and variants [32]. Thanks to this new 
assignment procedure, an association could be made between aircraft 
registration and engine model down to the specific variant. This resulted 
in a more complete identification of the aircraft configuration using the 
registration as the key of this database, whose structure is shown in 
Table 1.

Following this assignment procedure, the aircraft configuration was 
matched to the most appropriate ANP proxy and BADA4 model using an 
extended version of the ANP substitution table [38], which was adapted 
to incorporate the mapping of BADA4 models. For the most common 
airliners this mapping is straightforward, whereas the occasional 
misidentification of some small aircraft is practically inconsequential 
due to their statistically negligible frequency in commercial airports.

Fig. 1. Flowchart summarizing the present aircraft performance modelling tool.

Table 1
Structure of the airframe-engine database used for the identification of the 
aircraft configuration.

Registration ICAO Airframe Engine First reported on

HA-LTL A321 A321–231 V2533-A5 22/03/2018
LV-KLE GL5T BD700–1A11 BR700–710A2–20 30/03/2011
EC-OBY A21N A321–271NX PW1133G-JM 28/07/2023
… … … … …
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The structure of this extended ANP substitution table is shown in 
Table 2, which shows that the same proxy can be assigned one of mul-
tiple engine variants, chosen according to the tracking data.

2.2.2. Mixed analysis-synthesis approach (MASA) for departure operations 
The MASA is a modelling framework formulated by the present au-

thors [26,27] that reconstructs the aircraft performance in the TMA by 
combining flight tracking data (analysis), typically based on ADS-B, with 
appropriately modified ANP flight procedures (synthesis). The ANP 
procedures consist of sets of prescribed actions during departures or 
arrivals, named procedural steps, that aim to represent the average flight 
profile of a proxy aircraft. Given the constraints of prescribed proced-
ures, a purely synthetic profile cannot account for the massive vari-
ability of individual flights, while the straightforward use of an 
analytical approach is extremely challenging, due to the need for key 
pieces of information (e.g. flap settings, aircraft weight) that flight 
tracking does not provide. Instead, the MASA enables more accurate 
reconstruction of individual operations by introducing into the ANP 
procedures multiple degrees of freedom, which result in a number of 
optimization variables whose values are set by minimizing an objective 
function that measures the difference between modified synthetic ANP 
profile and ADS-B tracking data.

The MASA applied to departures starts from the original set of ANP 
procedural steps, an example of which is provided in Table 3, and the 
ECAC modelling framework, which enables conversion of these steps 
into a synthetic flight profile that provides the evolution of altitude, 
speed, and engine thrust over time along the ground track [20]. The ANP 
steps are lists of instructions that describe the actions taken by the pilot 
to take off and climb up to 10, 000 ft AFE (Above Field Elevation). As 
shown in Table 3, the ANP procedures are rigid, meaning that values 
such as target altitudes, speeds, and energy share factors (fractions of 
excess thrust available for acceleration) are fixed, and also flap 
deployment schedule and thrust cutback point (switch of engine rating 
from take-off to climb) cannot change. Moreover, the take-off weight 
(TOW) is assumed to be solely a function of a flight distance band or 
‘stage length’, and the baseline ECAC method assumes maximum engine 
thrust throughout the entire departure procedure. This rigidity makes 
the synthetic flight profile resulting from the original set of ANP steps 
very different from the tracked one, but this mismatch can be signifi-
cantly reduced using the MASA.

In the MASA, an appropriate number of optimization variables are

identified with the aim of providing the desired degree of operational 
flexibility. Compared to the previous formulation [27], in this upgraded 
MASA up to 13 optimization variables are included. The specific details 
on each of them are listed in Table 4, while a general categorization can 
be made as follows.

• P type is the profile type, which is related to the overall sequence of 
procedural steps and the associated flap settings. It can have up to 
three values, i.e. default, ICAO_A, and ICAO_B, and it is used at each 
optimization cycle to identify the specific set of procedural steps. 

• K T , K C are the ratios between actual and maximum engine thrust 
during take-off and climb segments, respectively, and account for 
real-world reduced-thrust departures. As described in Section 2.3, 
these parameters affect the estimation of engine thrust within the 
ECAC-based process that synthesizes the flight profile from the ANP 
procedures [26].

• TOW is the take-off weight, which is allowed to vary continuously to 
account for the unknown number of passengers and the actual flight 
distance, which affect also the fuel load. This parameter is used at 
each optimization cycle in both the selection of the specific set of 
ANP steps and the ECAC-based flight mechanics equations that lead 
to the synthetic profile [20]. 

• Δh j , j = 1, 2, 3 are the admissible height variations for the ANP 
target heights, to which they are summed; up to three Δh j values are 
used depending on the number of climb steps below 5,500 ft, beyond 
which no changes are made to ensure smooth climbing to 10, 000 ft 
(for the profile in Table 3, only two are used: Δh 1 in step 3 and Δh 2 in 
step 6). 

• Δv j , j = 1, 2, 3 are the admissible CAS (calibrated airspeed) varia-
tions for the ANP target CAS values, to which they are summed; up to 
three values are used: j = 1 covers the initial climb, j = 2 the CAS 
around flap retraction (for Table 3, steps 4 and 5), and j = 3 the final 
climb. 

• f e, j , j = 1, 2, 3 are multipliers to the energy share values, which 
enable redistribution of the excess thrust during each acceleration 
phase and work in association with Δv j .

The first four variables had already been decided in the original 
approach [26], while variations of some of the ANP altitude, speed and 
energy share targets were added later [27]. In the present work, the 
freedom in target values has been extended to all departure phases and 
made as uniform as possible, leaving just the step sequences (which 
include flap sequences and thrust cutback instant) untouched within a 
fixed P type .

The values of the optimization variables are set by minimizing an 
objective function, OBF, that is composed of two parts. The first one is 
RMS ZV , which measures the difference in altitude and speed between 
ADS-B and modelled flight profiles, with custom weighting factors that 
emphasize the differences at lower height, much more important to 
reduce due to the closeness of the aircraft to the airport. The second part 
is a correction factor, CF, which acts as a penalty function aimed at

Table 2
Structure of the new ANP substitution table, upgraded to include the mapping of 
BADA4 models.

ICAO Airframe Engine ANP proxy BADA model

A320 A320–211 CFM56–5A1 A320–211 A320–212
A320 A320–212 CFM56–5A3 A320–211 A320–212
A320 A320–214 CFM56–5B4 A320–211 A320–214
A320 A320–214 CFM56–5B4/2 A320–211 A320–214
… … … … …

Table 3
Example of ANP departure procedural steps.

Step
number

Proxy Profile
type

Stage
length

Phase Engine
rating

Flap Altitude
[ft]

CAS
[kt]

Energy 
Share [%]

1 A319–131 ICAO_B 5 Take off MaxTakeoff 1+F - - -
2 A319–131 ICAO_B 5 Accelerate MaxTakeoff 1+F - 169.7 68.7
3 A319–131 ICAO_B 5 Climb MaxTakeoff 1+F 1,000 - -
4 A319–131 ICAO_B 5 Accelerate MaxTakeoff 1+F - 208.8 69.2
5 A319–131 ICAO_B 5 Accelerate MaxTakeoff ZERO - 221.2 73.0
6 A319–131 ICAO_B 5 Climb MaxClimb ZERO 3,000 - -
7 A319–131 ICAO_B 5 Accelerate MaxClimb ZERO - 250.0 68.8
8 A319–131 ICAO_B 5 Climb MaxClimb ZERO 5,500 - -
9 A319–131 ICAO_B 5 Climb MaxClimb ZERO 7,500 - -
10 A319–131 ICAO_B 5 Climb MaxClimb ZERO 10,000 - -
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preventing unlikely operational occurrences. Among these, the most 
relevant are departures at low thrust and high TOW, which are 
completely prevented by other models, such as Sun et al.’s [39], while 
here they are just highly penalized. The expression for OBF, reported in 
Eq. (1), remains unchanged from the one defined in the previous work 
[27], where more details on its origin and formulation are provided.

In Eq. (1) N L , N M , N H , are, respectively, the number of ADS-B points 
at low (< 1,500 ft), medium (1,500 to 5,000 ft), and high (above 5,000) 
height AFE, while Z i and V i are the altitude and ground speed of the i th 
point given by either ADS-B or the computation (subscript FP). Finally, 
K MTOW is the aircraft TOW-to-MTOW ratio, with K MTOW,est being the ratio 
estimated using the ANP lift coefficient and the lift-off speed extracted 
from highly resolved ADS-B data [27].

The objective function minimization is carried out using the dual 
annealing global optimization algorithm [40] coupled with the 
sequential least squares programming method [41] to conduct local 
searches for acceptable solutions. This solution enhances identification 
of the global minimum in problems where multiple local minima may 
exist, such as the present one [27]. During each iteration the optimiza-
tion variables are systematically adjusted, gradually aligning the 
modified synthetic flight profile with the ADS-B data, and the process is 
ended as soon as the difference in OBF between successive iterations 
falls below a predefined threshold.

The MASA for departure operations has general validity, and its 
reliability already emerged when using earlier versions of it to improve 
the estimation of aircraft noise [26,27]. The MASA is capable of 
reconstructing the flight trajectory thanks to its reliance on flight me-
chanics equations, as long as an adequate thrust estimation method is 
used. In case the thrust model were inadequate, good predictions of 
flight path could be achieved, but unrealistic combinations of TOW and 
thrust reduction would be recorded. Conversely, forcing a good 
TOW-thrust combination would result in a significant error in the

trajectory reconstruction. Based on this reasoning, it can be expected 
that the analysis of the MASA outputs is a viable solution for assessing 
the reliability of different TMA performance estimation methods. In this 
work, three different thrust models are included, and the MASA is used 
to assess their effectiveness in Section 3.1.

Finally, the MASA for arrivals, equally based on ECAC Doc 29 [20] 
and described in detail by the authors [27], is not considered herein.

This is because the engine thrust does not affect the reconstruction of the 
flight trajectory based on the ANP procedural steps, thus preventing the 
use of the MASA as a performance assessment tool.

2.3. Estimation of departure engine thrust

Consistently with the previous observations, reliable reconstruction 
of a departure profile requires an effective thrust estimation method, 
whose accuracy should be high especially near the maximum outputs 
typical of the take-off phase. In this work, three options are considered:

1) the more accessible ANP thrust estimation method (Section 2.3.1),
2) the BADA4 thrust estimation method, based on proprietary datasets 
(Section 2.3.2),

3) a hybrid method developed in accordance with the AEDT (Aviation 
Environmental Design Tool) guidelines [42] that combines the two 
methods above (Section 2.3.3).

Additionally, all methods use custom corrections to account for 
actual operations, as detailed below.

2.3.1. ANP thrust estimation method
The first method is based on the sub-model proposed by ECAC Doc 29 

and ANP for turbofan engines [20] and it consists in the following 
expression:

Table 4
Optimization variables of the upgraded MASA applied to departures. The ranges are “up to” because occasional restrictions are necessary to prevent absurd outcomes 
(e.g. negative climb angles).

Variable Symbol Type Values or ranges Purpose

Procedure type P type Discrete Default / ICAO_A / ICAO_B Procedural flexibility; not all procedure types are contemplated by ANP for a given proxy 
Take-off thrust reduction K T Continuous [0.75; 1] Reduced take-off thrust
Climb thrust reduction K C Discrete 0.8 / 0.9 / 1 Reduced climb thrust
Take-off weight TOW Continuous [TOW min ; MTOW] Variable weight (passengers, fuel load, distance)
First climb height Δh 1 Continuous Up to [ − 1, 500; 500] ft Flexible first group of consecutive climb steps
Second climb height Δh 2 Continuous Up to [ − 500; 3000] ft Flexible second group of consecutive climb steps; not considered if already above 5500 ft 
Third climb height Δh 3 Continuous Up to [ − 500; 3000] ft Flexible third group of consecutive climb steps; not considered if already above 5500 ft 
First CAS Δv 1 Continuous [ − 25; 25] kt Flexible CAS for first group of consecutive acceleration steps
Second CAS Δv 2 Continuous [ − 25; 25] kt Flexible CAS for second group of consecutive acceleration steps, if present
Third CAS Δv 3 Continuous [ − 25; 25] kt Flexible CAS for third group of consecutive acceleration steps, if present
First energy share factor f e,1 Continuous Up to [0.7; 1.4] Flexible energy share factor for first group of consecutive acceleration steps
Second energy share factor f e,3 Continuous Up to [0.7; 1.4] Flexible energy share factor for second group of consecutive acceleration steps, if present 
Third energy share factor f e,3 Continuous Up to [0.7; 1.4] Flexible energy share factor for third group of consecutive acceleration steps, if present

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

OBF = RMS ZV + CF = RMS Z + 25⋅RMS V + CF,

RMS Z = 20⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
NL 

∑N L 
i=1

( 
Z FP,i − Z ADSB,i 

) 2
√ 

+ 10⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ 
1
NM 

∑N M 

i=1

( 
Z FP,i − Z ADSB,i 

) 2
√ 

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ 
1
NH 

∑N H 
i=1

( 
Z FP,i − Z ADSB,i 

) 2
√ 

,

RMS V = 20⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ 
1
NL 

∑N L 
i=1

( 
V FP,i − V ADSB,i 

) 2
√ 

+ 10⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ 
1
NM 

∑N M 

i=1

( 
V FP,i − V ADSB,i 

) 2
√ 

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅  
1
NH 

∑N H 
i=1

( 
V FP,i − V ADSB,i 

) 2
√ 

,

CF = RMS ZV ⋅ 
[ 
max(0, K MTOW − K T) + 

( 
exp 

( ⃒
⃒ K MTOW,est − K MTOW

⃒
⃒ 
) 
− 1 

)] 
.

(1)
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( 
F n 
δ

) 

act
= K red⋅ 

F 0,AEED
F 0,ANP

⋅ 
(
F n 
δ

) 

max
= K red⋅ 

F 0,AEED
F 0,ANP

⋅ 
[ 
E+F⋅V C +G A ⋅Z+G B ⋅Z 2

+H⋅(T − 273.15) 
]

(2) 

In Eq. (2) two contributions can be isolated. The baseline contribu-
tion is (F n /δ) max , which derives directly from ECAC-ANP and comes with 
the following definitions:

• (F n /δ) max is the maximum corrected net thrust per engine, where F n is 
the net thrust and δ is the ratio between at-altitude and standard air 
pressure at MSL (101.3 kPa);

• E, F, G A , G B , and H are the proxy-dependent thrust regression co-
efficients, provided by ANP in separate sets for both MaxTakeoff and 
MaxClimb engine ratings;

• V C is the CAS, Z is the altitude, and T is the at-altitude air 
temperature.

Then, (F n /δ) max is altered by the second contribution, which consists 
of two correction terms:

• K red is the thrust reduction coefficient, which is equal to either K T for 
MaxTakeoff engine rating or K C for MaxClimb rating; 

• F 0,AEED /F 0,ANP is the ratio between actual and ANP rated thrust 
values. In particular, F 0,AEED is the rated thrust provided by AEED 
[32] for the engine variant identified from the tracking data as per 
Section 2.2.1, while and F 0,ANP is the rated thrust of the ANP proxy. 
This ratio, which ranges between 0.9 and 1.1 for basically all cases, is 
a novel element of this work.

The output of Eq. (2) is (F n /δ) act , which is the actual (i.e. reduced) 
corrected net thrust per engine to be used for the departure profile 
reconstruction.

2.3.2. BADA4 thrust estimation method
As mentioned in the Introduction, BADA4 is an APM that provides 

calculation models to simulate and/or predict the entire flight envelope 
(take-off, climb, cruise, descent, approach) of a civil aircraft. Compared 
to its predecessor BADA3, one of the key targets of BADA4 was achieving 
higher modelling accuracy in the TMA, which led to a close collabora-
tion with the main aircraft manufacturers to provide several highly 
detailed performance estimation sub-models [43]. However, this pro-
prietary nature led to strong restrictions for users, which include strict 
access requirements, no sharing of datasets, and a dissemination of re-
sults that prevents explicit reference to specific aircraft types. For the 
purposes of the present work, only the engine thrust and fuel flow 
estimation methods provided by BADA4 for turbofan aircraft were 
considered.

The BADA4-based expression for computing non-idle actual cor-
rected net thrust per engine (F n /δ) act is given by Eq. (3):
( 
F n 
δ

) 

act
= 
F 0,AEED
F 0,BADA

⋅K red ⋅ 
g⋅m ref
N eng

⋅C T (M, δ, θ). (3)

Similarly to Eq. (2), this expression as well includes correction co-
efficients F 0,AEED /F 0,BADA and K red , which retain the same purposes as 
above. The only difference is the use of F 0,BADA , which is the rated thrust 
of the unique AEED engine variant associated with the BADA4 aircraft 
model. The rest of Eq. (3) constitutes the unaltered BADA4 thrust esti-
mation sub-model, where:

• g is the gravitational acceleration, m ref is the reference mass of the 
BADA4 aircraft model, and N eng is its number of engines;

• C T is the thrust coefficient, which depends on Mach number M, 
pressure ratio δ, and temperature ratio θ (ratio between at-altitude 
and standard MSL air temperature, 288.15 K).

If the MSL temperature is below 298.15 K (flat-rated area), coeffi-
cient C T does not depend on θ, and it becomes a function of only M and δ 
through throttle parameter δ T as follows:

C T = 
∑ 5

j=0

[
∑5

i=0
a 6j+i+1 M i 

] 

δ jT , with δ T = 
∑ 5

j=0

[
∑5

i=0
b 6j+i+1 M i 

] 

δ j . (4)

For higher temperatures δ T is more complex and depends also on θ, 
while for idle ratings C T has a different expression altogether. However, 
since these conditions are not considered in this work, the reader is 
referred to the BADA4 manual for the relevant sub-models [43].

For a given engine rating C T depends on 72 (i.e. 36 for both a k and b k ) 
regression coefficients, which is a much larger amount than ANP that 
aims to capture more finely the variation of engine thrust with speed and 
altitude. Moreover, for departures two separate ratings named MaxTa-
keoff and MaxClimb are generally considered and assigned different 
coefficients, similarly to ANP. However, unlike ANP, not all BADA4 
models have the MaxTakeoff rating, in which case the MaxClimb rating is 
extended to the take-off phase. Finally, it is noted that the regression 
coefficients are provided by BADA4 in accordance with the aircraft 
manufacturers, and as such their values cannot be disclosed.

2.3.3. ANP-BADA4 hybrid thrust estimation method
Although the BADA4 formulation is more refined than ANP’s, the 

possible absence of MaxTakeoff ratings may give rise to inconsistencies. 
Aware of this, AEDT proposes in its manual [42] a thrust estimation 
method that pairs the benefits of BADA4 with the higher generality of 
the ANP sub-model when using ANP procedural steps. This method, 
denoted as ‘hybrid’, is implemented as follows:

• the ANP steps that require MaxTakeoff engine rating are always 
modelled using the ANP thrust estimation method, even if the 
BADA4 MaxTakeoff rating is available;

• the ANP steps that require MaxClimb engine rating are always 
modelled using the BADA4 thrust estimation method.

This solution should enable consistent estimation of the peak thrust 
output near the lift-off point, while preserving BADA4’s finer estimation 
for the longer-lasting climb portion.

2.4. Estimation of departure fuel burn

Application of the upgraded MASA of Section 2.2 using any of the 
thrust estimation methods of Section 2.3 enables reconstruction of the 
aircraft performance during a departure. This yields the evolution of 
speed, altitude, and especially engine thrust along the ground track, 
which can be used as a key input for estimating the fuel flow. In this 
work, two estimation methods are considered:

1) an open-data-based method that relies on the AEED [32] and the 
ICAO Doc 9889 ‘twin quadratic interpolation’ approach (Section 
2.4.1) [30];

2) a proprietary method based on BADA4’s fuel flow estimation sub-
model (Section 2.4.2).

Both methods assume Jet A-1 as fuel and yield one-engine fuel flow 
˙ mf (t), which can be integrated over the departure operation to obtain 
total departure fuel burn M f according to Eq. (5) below:

M f = N eng 
∫ end

start

˙ mf dt. (5)

Finally, in the MASA it is assumed that the aircraft mass lost due to 
fuel burn, i.e. M f , does not affect the flight profile reconstruction. This is 
because M f is less than 0.5 % of the MTOW (see Section 3.2), which can 
be considered negligible for the present purposes.
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2.4.1. ICAO Doc 9889 fuel flow estimation method
The ICAO Doc 9889 fuel flow estimation method relies on the pub-

licly available AEED [32]. This database provides, for hundreds of 
turbofan engines, the fuel flows in the four standard modes of the LTO 
(Landing-and-Take-Off) cycle, each of which is associated with a fixed 
percentage of the rated thrust of a given engine, denoted as power 
setting. These modes are take-off, climb-out, approach, and idle, and the 
respective power settings are 100 %, 85 %, 30 % and 7 %. The AEED 
fuel flow values are valid for ISA (International Standard Atmosphere) 
sea-level conditions. The Doc 9889 method enables calculation of the 
fuel flow values at any non-AEED thrust level, although the method is 
recommended only for levels above 60 % [30].

For a given departure performed by an aircraft whose AEED engine 
was identified as reported in Section 2.2.1, the Doc 9889 method works 
as follows. Using the instantaneous engine thrust level, F % , the calcu-
lation of one-engine reference fuel flow ˙ mref is carried out according to 
Eq. (6):

˙ mref = 
(
A⋅F 2 % + B⋅F % + C 

) 
⋅ ˙ mref ,100% , (6)

where ˙ mref ,100% is the reference fuel flow value corresponding to 100 % 

thrust, and coefficients A, B and C are obtained through the quadratic 
fitting of three pairs of fuel flow and thrust level values reported by 
AEED for the identified engine. These coefficients are determined by 
solving the three-equation system in (7):
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩ 

Y 1 = A⋅F 2%,1 + B⋅F %,1 + C,
Y 2 = A⋅F 2%,2 + B⋅F %,2 + C,
Y 3 = A⋅F 2%,3 + B⋅F %,3 + C,

(7) 

where Y i is the ratio of the i th AEED fuel flow value to ˙ mref ,100% , and F %,i 

is the corresponding thrust level. For F % ≥ 85 %, the power settings are 
100 %, 85 % and 30 % with the respective fuel flows, while for F % < 

85 % the interpolation uses the 85 %, 30 % and 7 % settings, resulting 
in the aptly named ‘twin quadratic interpolation’. Then, Eq. (8) from 

BFFM2 [31] is used to account for non-reference (i.e. non-ISA-sea-level) 
atmospheric conditions:

˙ mf = ˙ mref ⋅
B m⋅δ 

θ 3.8 ⋅e0.2⋅M 2 
, (8)

where ˙ mf is the actual non-reference fuel flow, and B m is a mode-specific 
adjustment factor that increases the fuel flow to account for the acti-
vation of the environmental control system. This increment is minimal, 
with B m = 1.01 in take-off mode and B m = 1.013 in climb mode.

In the present computation, the key input other than the AEED is 
thrust level F % , the computation of which is not addressed by Doc 9889. 
Following other fuel flow estimation methods [44], it was decided to 
estimate this level as F % = (F n /δ) act /F 0,AEED , which is the ratio between 
at-altitude thrust F n,act scaled to its ISA sea-level equivalent via pressure 
ratio δ and actual rated thrust F 0,AEED .

2.4.2. BADA4 fuel flow estimation method
As anticipated in Section 2.3.2, BADA4 provides a fuel flow estima-

tion sub-model based on proprietary datasets. The portion of this sub-
model valid for non-idle engine ratings is presented in Eq. (9), and it 
enables computation of one-engine non-reference fuel flow ˙ mf as

˙ mf = 
˙ mref ,100%,AEED

˙ mref ,100%,BADA
⋅
δ⋅θ 0.5 ⋅a 0
LHV

⋅ 
g⋅m ref
N eng

⋅C F (M, δ, θ),

with C F = 
∑ 4

j=0

[
∑ 4 

i=0
f 5j+i+1C iT

] 

M j ,

(9) 

where LHV is the lower heating value of the fuel, a 0 is the ISA sea-level 
speed of sound, and C F is a dimensionless fuel flow coefficient that

depends on Mach number M and thrust coefficient C T through 25 
regression coefficients f k per engine rating. To account for the actual 
engine, the fuel flow is corrected using ˙ mref ,100%,AEED / ˙ mref ,100%,BADA , 
which is the AEED-to-BADA ratio of reference flows at 100 % thrust, 
with ˙ mref ,100%,BADA being the AEED flow for the specific engine associated 
with the BADA4 aircraft model. Moreover, while in the original BADA4 
method C T is computed simply using Eq. (4), the thrust corrections 
introduced above required generalizing its calculation. This was done 
using (F n /δ) act , which was plugged into Eq. (10) to calculate C T as

C T = 

(
F n 
δ

) 

act
⋅ 
N eng
g⋅m ref

. (10)

It is straightforward to notice that Eq. (10) coincides with Eq. (3) 
when BADA4 is used without corrections, and C T is estimated using Eq.
(4) as expected. However, this generalization enables use of any thrust 
estimation methods, including those presented in Section 2.3.

3. Results

The validation of the aircraft performance estimation methods pro-
posed in this work is split into two sections. Firstly, Section 3.1 is 
dedicated to the flight profile calculation, which is conducted by 
applying the MASA with the thrust estimation methods listed in Section 
2.3 to the flight tracking data collected for several thousand departures 
from multiple airports. The outcomes are evaluated focusing on thrust 
levels and two kinematic error parameters purposely defined to quantify 
the consistency of the reconstruction. Following this assessment, Section
3.2 presents an analysis of the fuel burn estimates obtained using both 
the Doc 9889 and the BADA4-based fuel flow estimation methods, which 
is completed by a fuel burn validation using literature FDR data on two 
aircraft models [44]. 

Finally, in accordance with the restrictions mentioned in Section 
2.3.2, all assessments that involve BADA4 must be conducted so that 
the aircraft model cannot be identified. Therefore, in this work the 
analysis is carried out mainly on a statistical basis, whereas the FDR-
based fuel burn validation includes only the Doc 9889 method since 
the aircraft models are known.

3.1. Flight profile estimation for departure operations

The flight profile estimation for departure operations is based on the 
MASA, which is applied three times, one for each of the thrust estimation 
methods in Section 2.3, for every departure operation. This leads to 
three types of reconstructed flight profile:

1) the ANP profile, computed using the ANP-based thrust estimation 
method (Section 2.3.1);

2) the BADA4 profile, obtained using the BADA4-based method (Section 
2.3.2);

3) the hybrid profile, which uses the hybrid ANP-BADA4 method 
(Section 2.3.3).

These profiles can be compared to the ADS-B altitudes and speeds 
that form the ADS-B profile, which is considered the ‘ground truth’ for 
assessing the estimation accuracy. This assessment is carried out by 
defining two error parameters, computed every 1, 000 ft along the 
ground track as follows:
{

Δ Z,i = Z fp,i − Z ADSB,i ,
Δ V,i = V fp,i − V ADSB,i .

(11)

In Eq. (11), Z fp,i and Z ADSB,i are the reconstructed and ADS-B altitudes,
respectively, while V fp,i and V ADSB,i denote the reconstructed and ADS-B
ground speed values. At the i th ground track point, their differences 
result in altitude error Δ Z,i and ground speed error Δ V,i .

An example of the effectiveness of MASA is shown in Fig. 2. The plots

L. Dorbolò et al. Aerospace Science and Technology 177 (2026) 112869 

7 



illustrate, for a departure of an unspecified aircraft model, the large 
improvement achieved as the calculation goes from relying on the 
baseline profile indicated by ANP (i.e. P type = ‘default’ with no optimi-
zation) to using the MASA with the ANP thrust estimation method. The 
improvement in terms of ratio between MASA and default RMS ZV as 
defined in Eq. (1) is about 91 %, which is on par with the best outcomes 
in the authors’ previous work [27] and translates into a negligible 
altitude error Δ Z and a small speed overestimation Δ V ∈ [5; 10] kt after 
the lift-off. Such a large improvement implies more realistic aircraft 
weight and thrust estimates, the analysis of which is carried out in the 
following subsections.

The large-scale calculation was conducted using the tracking data of 
about 11,750 departures that took place in spring 2024 in six European 
airports (Frankfurt, Madrid, Paris-Orly, Schiphol, Toulouse, and Zurich). 
The operations were chosen so that a statistically significant number of 
departures were available for all the common models built by the major 
aircraft manufacturers. The MASA was then applied to each departure, 
followed by a preliminary analysis of the results. From this analysis, it 
turned out that the BADA4 thrust estimation method yielded very 
different outcomes based on its behaviour near the lift-off point. Hence, 
the departures were split into two groups:

1) Group 1, which hosts the operations performed by BADA4 models 
that include either i) specific MaxClimb and MaxTakeoff engine rat-
ing datasets, or ii) only MaxClimb rating datasets that manage to 
yield values near the rated thrust of the engine, F 0,BADA , also at lift-off 
(i.e. δ ≅ 1, M ≅ 0);

2) Group 2, which hosts those of BADA4 models where the MaxClimb 
rating datasets never yield thrust values close to expected rated 
thrust F 0,BADA , even at lift-off (δ ≅ 1, M ≅ 0).

It is noted that the BADA4 lift-off thrust is not expected to match 
perfectly the rated thrust, because in the BADA4 calculation, like in the 
ANP one, the engines are mounted on the aircraft and M ≅ 0 is tech-
nically outside the model applicability range. Instead, the present 
distinction is made with regard to the substantial thrust increase as the 
speed drops to zero, which Group 1 aircraft cover but Group 2 do not.

Although these differences are being phased out over time with newer 
BADA4 versions, for the v4.2 used here (and most recent as of late 2025) 
this split remains fully relevant. The BADA4 models belonging to each 
group cannot be disclosed, suffice it to say that very common models 
appear in both groups and that Group 1 is marginally larger than Group 
2.

3.1.1. Departure profile estimation for Group 1 aircraft models
The analysis starts from the Group 1 aircraft, and it is conducted by 

examining the outputs of the mixed approach. As noted in the previous 
work [27], the key outputs are the estimates of weight (TOW) and 
take-off engine thrust, which are shown in Fig. 3 as distributions of 
K MTOW = TOW/MTOW and take-off thrust reduction coefficient K T for 
the ANP, BADA4, and hybrid estimation methods. These distributions 
provide valuable insight into the response of these methods, because 
normally thrust reduction is applied as much as possible to preserve the 
engine lifespan but only when the TOW is low enough to allow for a safe 
lift-off, which leads to K T and K MTOW being roughly equal [27]. Indeed, 
Fig. 3 shows that the K T -K MTOW pairs are consistent with this expectation 
for all thrust models, either accumulating around the K T = K MTOW line 
(dashed straight black line) or favouring a reasonable K T < K MTOW 

condition. The K MTOW PDFs (Probability Density Functions) of the three 
methods are also similar, whereas in the K T distribution of BADA4 a 
stronger skew towards higher values can be noted. This suggests that 
BADA4 yields lower thrust values compared to ANP around the lift-off 
point, which the MASA compensates by slightly raising K T during the 
optimization.

These considerations are further supported by Fig. 4, which com-
pares the altitude errors, Δ Z , the speed errors, Δ V , and the corrected net 
thrust per engine normalized by the rated thrust, (F n /δ) act /F 0 , for the 
ANP, BADA4 and hybrid flight profiles. The three parameters are plotted 
as a function of the ADS-B height AFE, and each subplot hosts three solid 
lines, which represent the mean value of the parameter, enclosed into 
narrow shaded bands, which denote the 95 % confidence intervals. The 
plots are split into the three height intervals indicated in Section 2.2.2, 
namely low (up to 1, 500 ft), medium (1, 500 to 5, 000 ft) and high 
(5, 000 to 10, 000 ft), with bounds demarcated by dashed segments.

Fig. 2. A departure profile reconstruction using the default ANP solution and the MASA compared to the ADS-B profile, followed by plots of errors against ADS-B 
altitude, Δ Z , and speed, Δ V , for both profiles.
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Starting from the low-height interval, the three reconstructions appear 
rather similar, although, as suspected from Fig. 3, the ANP and hybrid 
methods have indeed a marginally higher thrust than BADA4, which 
leads to a minor speed overestimation. In the mid-height range the re-
sults are also good, with all three methods yielding quite small and very 
similar errors, as well as basically equal thrust outputs. Instead, clearer

differences emerge near the top of the climb, where the ANP profiles 
exhibit increasingly larger errors compared to their BADA4 and hybrid 
counterparts, which remain close to each other as they share the same 
thrust estimation method at similar K MTOW . This declining accuracy 
stems from the lower ANP thrust, which, being K MTOW essentially equal, 
causes the aircraft to climb less steeply and more slowly, resulting in a

Fig. 3. Distributions of K T and K MTOW values for ANP, BADA4 and hybrid flight profiles of Group 1 aircraft, expressed as scatter plots and accompanied by separate 
PDFs for K T and K MTOW .

Fig. 4. Altitude errors Δ Z and speed errors Δ V between ANP, BADA4, and hybrid flight profiles and ADS-B trajectories for Group 1 aircraft, followed by plots of 
normalized corrected net thrust per engine (F n /δ) act /F 0 .
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higher underestimation of both altitude and speed.
After this analysis, it can be argued that the ANP-based performance 

reconstruction within the MASA for Group 1 aircraft models is reason-
ably good, yielding results that agree quite well with the proprietary 
BADA4 solution. Minor discrepancies appear after the take-off and in the 
final climb, but they can be explained by the rougher thrust estimation 
of Eq. (2) against Eqs. (3) and (4).

3.1.2. Departure profile estimation for Group 2 aircraft models
The same analysis is now carried out for the departures of Group 2 

aircraft models. Firstly, the distributions of K MTOW and K T for the ANP, 
BADA4, and hybrid profiles are shown in Fig. 5. It can be immediately 
observed that ANP and hybrid distributions are not only similar to each 
other, as expected since they have identical take-off thrust estimation 
methods, but also that they are close to those in Fig. 3, although both K T 
and especially K MTOW trend towards higher values. On the contrary, the 
BADA4-based distributions of both K MTOW and K T are markedly different 
from their Fig. 3 counterparts, with a much lower average K MTOW and a 
marked tendency towards K T ≅ 1. This is arguably unrealistic from an 
operational standpoint, as in real-world departures low weights are 
normally associated with noticeably reduced thrust outputs due to the 
engines being chosen so that their maximum thrust enables the aircraft 
to take off at MTOW [27]. This suggests that the BADA4 thrust esti-
mation for Group 2 aircraft models might be unsuited for the take-off 
stage.

This observation is confirmed by Fig. 6, which hosts the same plots of 
altitude error, speed error, and normalized corrected net thrust per en-
gine as a function of ADS-B height described in Fig. 4. Indeed, near the 
ground all BADA4 profiles exhibit consistently larger errors compared to 
the other two, and this is particularly true for speed error Δ V , which 
peaks at − 15 kt in the initial climb (around 500 ft AFE) compared to the
− 6 kt of ANP and hybrid profiles. The root cause of this discrepancy is 
the fact that the BADA4 thrust is about 15 % lower than ANP, with a

maximum of 20 % during the take-off roll (i.e. at 0 ft AFE). Since take-off 
roll length s TO in ECAC is such that s TO ∝TOW 2 /F n , this low thrust 
coupled with the mixed approach attempting to preserve the s TO re-
ported by ADS-B leads the TOW, and hence K MTOW , to decrease. Then, 
since in the ECAC initial climb TOW∝V 2 , the aircraft speed drops 
quickly, resulting in the observed speed underestimation. These ele-
ments suggest that the ANP thrust estimation method may be capable of 
a better take-off reconstruction for the aircraft models in Group 2.

The thrust differences seem to extend to the remainder of the 
reconstruction. In the mid-height region, the BADA4 thrust remains 
much lower than the ANP one, causing again a speed underestimation 
until about 3, 500 ft, where finally the ANP and hybrid thrust values 
approach the BADA4 ones due to the thrust cutback to climb rating. This 
compounds with the unlikely low BADA4 K MTOW , leading to an easier 
aircraft acceleration that ultimately results in the BADA4 Δ V becoming 
the closest to zero by 5, 000 ft AFE. Beyond this height, the error profiles 
start to diverge measurably from each other. Here the BADA4 profiles 
appear to be the best-performing ones, but this is only a result of the 
K MTOW effect noted earlier, which allows the aircraft to achieve near-
zero Δ Z and small Δ V ≅ − 4 kt despite the low thrust. On the other 
hand, the ANP profiles have highest thrust but also high K MTOW , which 
forces a lower climb angle and results in higher Δ Z alongside a modest 
speed underestimation (Δ V ≅ − 8 kt). Finally, the worst reconstruction 
is given by the hybrid method, which combines the high yet reasonable 
ANP-based K MTOW estimate with the lower climb thrust of BADA4, 
causing the aircraft to climb both too gently (largest absolute Δ Z ) and 
too slowly (largest absolute Δ V ≅ − 12 kt).

From the results obtained for both Group 1 and Group 2, two key 
conclusions can be drawn. Firstly, the MASA is confirmed to be a good 
strategy for reconstructing the flight profile, thanks to its minimization 
of kinematic errors regardless of the thrust prediction method applied. 
Secondly, the ANP method appears capable of providing a reliable 
output across all aircraft types. The proprietary BADA4 method behaves

Fig. 5. Distributions of K T and K MTOW values for ANP, BADA4 and hybrid flight profiles of Group 2 aircraft, expressed as scatter plots and accompanied by separate 
PDFs for K T and K MTOW .
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better at high altitudes, but the higher uniformity of ANP in the esti-
mated peak thrust near the take-off is a noticeable benefit, which 
compounds with the advantage of being more easily available. Finally, 
combining BADA4 with ANP in the hybrid method leads to minor ad-
vantages for the favourable Group 1 case, but for Group 2 major 
reconstruction errors are observed.

3.2. Estimation of fuel burn during departure operations

The analysis now moves to the fuel burn estimation, which was 
conducted using the ANP thrust estimation method in light of its con-
sistency across aircraft models. To carry out this analysis, in the first step 
the ANP profiles of all departure operations in Section 3.1 were taken

Fig. 6. Altitude errors Δ Z and speed errors Δ V between ANP, BADA4, and hybrid flight profiles and ADS-B trajectories for Group 2 aircraft, followed by plots of 
normalized corrected net thrust per engine (F n /δ) act /F 0 .

Fig. 7. Comparison of fuel burn estimates from Doc 9889 and BADA4 methods for the departures of Section 3.1. The ANP thrust method is used, and the aircraft are 
split into ‘medium’ and ‘heavy’ categories.
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and, for each of them, the one-engine fuel flow was calculated using both 
Doc 9889 and BADA4 methods. Both fuel flows were then integrated 
using Eq. (5) to obtain two fuel burn estimates M f for each departure. 
The results are reported in Fig. 7, which shows the fuel burn predictions 
for two different sets of aircraft, categorized into small- and mid-sized 
aircraft, denoted as ‘medium’, and heavy aircraft using a MTOW cut-
off of 300, 000 lb (i.e. 136, 077 kg). Each point represents an individ-
ual departure, with its x-coordinate given by the BADA4 M f and its y-
coordinate by the Doc 9889 M f , while the dashed black line indicates the 
line of equality, along which the results of two methods yielding iden-
tical outcomes would accumulate. All data points lie below this line, 
meaning that the Doc 9889 method consistently predicts lower fuel burn 
than BADA4. For ‘medium’ aircraft the BADA4 M f is on average 39 % 

higher, while for the ‘heavy’ ones the difference is even wider, with 
BADA4 estimates averagely 45 % higher than those based on Doc 9889. 
Nevertheless, in all cases the M f values are of order 10 2 − 10 3 kg, which 
is consistent with the assumption of M f /MTOW < 0.5 % and corrobo-
rates the simplification of neglecting M f in the profile estimation. 

Although clear systematic differences exist between the estimation 
methods based on Doc 9889 and BADA4, this analysis does not yet prove 
the accuracy of either method. This can be done only using real-world 
data, typically derived from FDRs or QARs, but this information is 
usually deemed confidential and cannot be shared or shown. However, 
one of the very few cases with publicly available fuel burn amounts from 

FDRs is Senzig et al.’s work [44], where comparisons are made between 
their fuel burn estimation method and the FDR reports for a few hundred 
departures of Boeing 757–200 (a ‘medium’ aircraft) up to 3, 000 ft AFE 
and a similar number of Boeing 777–300ER (a ‘heavy’ aircraft) de-
partures up to 10, 000 ft AFE. The FDR fuel burn values were extracted 
by digitizing Figs. 1 and 4 of their paper, which enabled setting up a 
comparison against the open-data-based Doc 9889 method, whereas the 
BADA4 estimates cannot be shown for licence restrictions.

Since the original FDR flight profiles are not available, in this work a 
large set of departure profiles was generated synthetically for both 
aircraft models by varying all optimization variables listed in Table 4 
using randomized inputs. This led to the synthesis of a broad range of 
vertical flight profiles, from which fuel flow and total fuel burn could be 
computed. For this synthesis, all Boeing 757–200 were assumed to be

equipped with RB211–535E4 engines, while all Boeing 777–300ER with 
the GE90–115B engines. ISA conditions were assumed for all synthe-
sized departures.

Fig. 8 shows the comparison between the statistical dispersions of 
fuel burn from Doc 9889 (solid lines) and FDR data (dashed lines) for the 
two aircraft. The significant differences in fuel burn between the two are 
due to a combination of different cut-off heights, 3, 000 ft against 10, 
000 ft AFE, and different MTOW, around 115, 000 kg against 350, 
000 kg. Firstly, for the smaller 757–200 there is a moderate shift be-
tween estimated and FDR-based fuel burn dispersions at M f ≅ 300 kg, 
with the Doc 9889 model underestimating the fuel burn by 14.3 % on 
average. The calculation is a bit worse for the larger 777–300ER, where 
the shift between the two distributions is larger and the average fuel 
burn underestimation rises to 24.4 %.

These fuel burn predictions cannot be considered comprehensive, 
but they point to a few trends. In particular, the open-data Doc 9889 
method seems biased towards a systematic underestimation of fuel burn 
compared to BADA4, but the underestimation appears lower when 
compared to FDR data especially in the first part of the departure, i.e. up 
to 3, 000 ft AFE. Although these discrepancies are bound to stem from 

many reasons, an important one is likely to be the F % = F n /δ assumption 
for the Doc 9889 thrust level, which disregards factors such as air 
temperature and aircraft speed that instead BADA4 considers. Focus on 
these elements will be placed in future developments.

4. Conclusions

The many sustainability challenges posed by the worldwide air 
traffic increase require accurate modelling of aircraft operations, which 
is typically conducted with APMs. However, established APMs see ac-
cess restrictions due to their reliance on proprietary datasets, while 
open-source APMs based on publicly available data continue to seek 
validation. In this context, the present authors recently proposed a tool 
for modelling aircraft trajectories in the TMA through a mixed analysis-
synthesis approach (MASA) that minimized the error between synthetic 
flight profiles and the aircraft trajectories reported by flight tracking. 
The MASA can accept any performance estimation method, and for 
departure operations it is able to correlate the trajectory reconstruction 
quality with the outputs of the thrust estimation process. These features

Fig. 8. PDFs of fuel burn for Boeing 777–300ER and Boeing 757–200 aircraft models. Comparison between FDR data from literature [44] and present estimates 
computed using the ICAO Doc 9889 method.
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enable the use of MASA as a tool for comparing easily accessible 
modelling solutions with proprietary APMs, which is done in this work 
exploiting the access to BADA4. After outlining the authors’ tool, the 
paper presents some general upgrades to flight identification from open 
datasets and to the MASA for departures. Emphasis is then placed on the 
aircraft performance, calculated through alternative use of three thrust 
estimation methods, i.e. the ANP method, the BADA4 method, and a 
hybrid between the two, and two fuel burn estimation methods, i.e. the 
open-data ICAO Doc 9889 method and the BADA4 one. The results are 
assessed on a statistical basis, analyzing trajectory reconstruction errors 
and performance outputs for over 11,000 departures, to which a com-
parison against literature FDR data is added for a more detailed fuel 
burn investigation. The key outcomes are as follows:

• the proposed MASA is an effective tool for achieving a large 
improvement in the trajectory reconstruction of departing aircraft, 
yielding low kinematic errors with respect to the flight tracking data 
and reasonable estimates of thrust reduction and TOW;

• for departures of Group 1 aircraft, for which BADA4 captures the 
take-off thrust, BADA4 and hybrid thrust estimation methods appear 
to perform slightly better than ANP, with differences mostly limited 
to the highest climb segments (above 5, 000 ft AFE);

• for departures of Group 2 aircraft, for which BADA4 underestimates 
the take-off thrust, the ANP method seems more accurate than both 
BADA4 (at low height) and hybrid method (above 5, 000 ft AFE), 
showing good reliability regardless of the aircraft model;

• the fuel burn predictions obtained using the open-data solution 
based on ICAO Doc 9889 and AEED are about 40 % lower than those 
relying on the BADA4 method;

• the comparison between Doc 9889 predictions and fuel burn 
amounts from literature FDR data on two Boeing aircraft models 
yields a lower underestimation, about 20 %.

These outcomes show that methods based on easily accessible ANP 
data appropriately combined with open information can provide a 
reasonably accurate estimation of the aircraft performance during de-
parture operations. Nevertheless, improvements should be carried out 
on multiple levels. Concerning the MASA, higher reliance on ADS-B 
seems possible for identifying additional performance-related ele-
ments, such as the engine thrust cutback instant. Moreover, further 
validation of thrust and fuel burn predictions may come from new FDR 
or QAR datasets, but their confidentiality is likely to limit the data 
availability to just a few aircraft configurations. Finally, indirect vali-
dations pointing to new development paths will come from results on 
airport noise and pollutant emission estimations based on the present 
modelling approach.
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