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Resumen  
 
El tráfico aéreo se encuentra en un estado de crecimiento continuo, por lo que 
día a día es más complejo. De esta manera se originan diferentes 
consecuencias que serán analizadas a lo largo de este documento.  
 
Los impactos inmediatos de estas consecuencias son las congestiones y los 
retrasos en los vuelos, que pueden darse en tierra o en el aire. En algunos 
casos, este retraso no puede ser recuperado, sino que se acumula afectando 
a la capacidad de los aeropuertos y también a la gestión de las aerolíneas. 
 
La forma de pilotar la aeronave se ve modificada siendo poco eficiente debido 
a los cambios en las rutas. Por lo tanto, las ineficiencias de vuelo aplicadas a 
la red europea de tráfico aéreo serán clasificadas, medidas y detalladas. 
 
El principal objetivo de este proyecto es desarrollar una metodología para 
calcular las ineficiencias de vuelo causadas por la complejidad del tráfico 
aéreo. Este método es aplicado a parámetros específicos haciendo un estudio 
minucioso para observar su influencia. 
 
Debido a la razones anteriores, la cantidad de combustible consumido también 
aumenta, siendo éste el factor más significante. También provoca un mayor 
impacto ambiental, que a día de hoy es una preocupación global. 
 
El punto de partida para el actual desarrollo está basado en la obtención de 
datos proporcionados por EUROCONTROL y también en una base de datos 
de Flight Data Recorder (FDR), resultante de otro proyecto.  
 
El consumo de combustible será estimado para dimensionar y proporcionar un 
mejor resultado sobre las ineficiencias de vuelo. Es una compleja tarea 
relacionada con diferentes puntos de vista así como el rendimiento de la 
aeronave, el medio ambiente y las estrategias planificadas por las aerolíneas. 
 
Para validar este análisis, un caso de uso será explicado detallando todos los 
factores que influencian los resultados obtenidos. Esta tesis también incluye 
una parte importante dedicada al trabajo que se realizará en el futuro donde se 
tienen en cuenta algunas mejoras sobre el actual rendimiento.  
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Overview 
 
Air traffic is in continuously increasing, which means that, day by day, its 
complexity is higher. This fact leads to different consequences, which are 
analysed along this paper.  
 
The immediate impact of these consequences are congestion and delay, which 
can be caused in any flight phase either on ground or air. In some cases, this 
delay cannot be recovered but accumulated affecting the airports’ capacity and 
also the airlines management. 
 
In this way, the aircraft piloting manner is also altered. It is not an efficient one 
due to route changes. So, the flight inefficiencies applied to the European 
airspace network, will be classified, dimensioned and detailed.  
 
The main aim of this project is to develop a methodology employed to calculate 
the flight inefficiency caused by the air traffic complexity. This method is not 
only developed, but also applied to specific parameters doing an exhaustive 
study in order to observe its influence.   
 
Due to the above expressed reasons, the fuel burn also increases being this 
the most significant factor. It creates an environmental impact, which is taken 
into account as a whole world concern.  
 
The starting point of the developed work is based on the public data provided 
by EUROCONTROL and also on the available database of Flight Data 
Recorders (FDR), which is obtained from another project. 
 
Making emphasis on the studied metrics, which can provide a better result of 
reducing the flight inefficiencies, the fuel consumption will be estimated. It is a 
complex task related to different points of view like aircraft performance, 
environmental performance and airlines strategy. 
 
In order to promote and validate this analysis, a use case is shared detailing all 
the factors, which influence the obtained results. This thesis will be also 
accompanied by an important part dedicated to the further work where some 
improvements of the current performances can be taken into account.  
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1. INTRODUCTION 
 
This final degree project is based on the overall view of the air traffic growth in 
the last years. One of the recent statistics of November 2015, indicate that in 
2014, 879 million people have travelled in the European airspace, which 
suppose an increment of 4.4% compared with 20131. 
 
In terms of air transport, this fact gives rise to crowded airports, which day by 
day have to manage its capacity in order to maintain congestions to minimum. 
In this way, the air traffic is destined to be more complex over time. And not only 
the airports, but also the airlines are influenced by this development due to the 
generated delay between flights.   
 
Air traffic growth together with air traffic complexity accompanied by the 
generated delay leads to the influences above the aircraft performance, which 
receive the name of flight inefficiencies. They turn out to the comparison 
between the real procedures and the ideal ones and are quantified in form of 
metrics.  
 
From an early stage, the fuel consumption adopts a great significance due to 
this rise. It is the motor of this analysis and the reasons will be detailed in the 
following sections. Another factor is the aggravation of the environmental impact 
due to the higher quantity of burnt fuel. It means that air quality near airports is 
poor due to the carbon dioxide emissions. 
 
The present work focuses in giving dimensions to these inefficiencies in order to 
perform a numerical computation, especially for the fuel consumption. It is 
developed taking into account all kind of assumptions without any 
simplifications.  
 
Inefficiency metrics are also developed and explained in order to give a firm 
basis, which can lead to quantify all the consequences that they generate. This 
part accompanied by the starting point of the used methodology can be found in 
Section 2.   
 
The labour employed on the fuel flow estimation including all parts, elements 
and independent procedures are detailed in Section 3. It represents the 
theoretical part, but its technical implementation is provided in Section 4. The 
decision-making strategies are also described step by step in this chapter.  
 
The proposed model is validated showing a real use case with the main 
objective of analysing the feasibility of this project. It can be found in Section 5.  
 
In order to comprehend all parts, in Section 6, conclusions are extracted from 
the performed work accompanied by some ATM evolution strategies like 
European SESAR and United States NextGen programmes, which can be 
taken into account in order to improve the current performances. 
                                            
1European Commission, “Air Transport Statistics”, http://ec.europa.eu/eurostat, December 2015.   



2                                                                                                                      Towards the calculation of flight inefficiency 

2. CONCEPT REVIEW 
 
In this section, a conceptual task is performed in order to establish the starting 
point and the main characteristics of this analysis.  
 
As it was introduced, there are several types of metrics that are considered. In 
order to give dimensions and export them to a numerical computation, a 
previous work is done. Therefore, the definition and main features of the flight 
inefficiency metrics are detailed. First steps related to the fuel consumption, 
which lead to the numerical development are also built up.  
 
 

2.1. INEFFICIENCY METRICS 
 
From the aircraft performance perspective, it is set the Aircraft Operations 
Manual (AOM) for each type of aircraft. In this manual are described the 
operational procedures and configurations about the best practices of piloting it 
depending on the different flight phases2.  
 
On take-off, different procedures based on specific paths are set in order to 
require an efficient performance to the pilots. Some of these operating methods 
are related to the noise abatement and/or air traffic safety separation in order to 
accomplish the Air Traffic Management (ATM) purposes [1]. This is only an 
example. There are a lot of factors divided into flight categories, which 
comprehend this manual. Its importance will be discussed later. 
 
Using the operational performance states as it was designed, the optimum four-
dimensional trajectory (i.e. latitude and longitude ground track, vertical profile 
together with speed profile being this last one a surrogate of time) of any flight is 
carried out. In this way, it is determined a concept called ideal air transportation 
system. But this design, which is an unconstrained one, cannot be respected to 
the letter due to the real world constraints which will be described later.  
 
So, any flight path changes regarding to the optimum four-dimensional 
trajectory, which lead to the actual one can be defined as a flight inefficiency. 
One of these changes could be the course variation due to the wind effect 
during flight.  
 
Reducing the flight inefficiencies to a single mathematic metric it is obtained: 
 
 

																			"#$%%&'&$#'(	)$*+&'	 % = 	.'*/01-34*&50134*&501 	6	100	%																				(:. <) 
 

 
 
                                            
2 “Airbus A320-232 Performance”, http://www.satavirtual.org/fleet/A320PERFORMANCE.PDF, 
October 2015.   
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As it is stated in Equation (2.1) the inefficiency metric is computed differentiating 
between the actual and the optimal state behaviour of a given flight. Each of 
them, can be measured in different dimensions [1]: 
 
 

• Lateral 
 
The lateral inefficiency metric is computed measuring the difference between 
the radar ground track and the great circle distance. It has to be specified that 
the great circle distance is the shortest distance taking into account a calm 
atmosphere with no presence of wind.  
 
Study based on the lateral track is done differentiating between the ground 
distance and air distance being both of them subjected to the presence of wind 
in order to obtain accurate results.   
 
From the environmental point of view, a low lateral inefficiency has a poor fuel 
performance due to the the non-optimal altitude and speed profiles, which are 
not captured by this metric. 
 
 

• Vertical 
 
The vertical inefficiency metric is computed measuring the difference between 
the average en-route altitude and the en-route altitude obtained directly from the 
transponder system.  
 
The en-route segment is taken into account because during any flight, the en-
route is the part with minimum changes of flight level. For example, near to the 
airports, where take-off and landing procedure are performed, aircraft are 
submitted to several flight level changes.  
 
 

• Speed 
 
The speed inefficiency metric is associated with time. Measuring speed and 
knowing the flown distance, time can be computed. As well as vertical 
inefficiency metric, the speed optimal state is related to the en-route flight 
segment due to the minimum speed variations.  
 
Both vertical and speed metrics complement the lateral inefficiency one. In the 
same way, as it happened with the lateral case, these metrics are not able to 
capture all impacts in other flight dimensions.  
 
Moreover, they can be considered as more difficult to calculate than the lateral 
metric because the optimal altitude and speed profiles depend on the flight 
characteristics, which are not always the same. These characteristics are 
managed by ATM because the value of the current surveillance systems is 
limited with reference to their complex implementation. 
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• Fuel  
 
The fuel inefficiency metric does not have an immediate calculation. Its analysis 
is a complicated one because it requires the aircraft states, based on the 
current surveillance systems, which nowadays are not routinely available. In 
order to obtain an optimal fuel burn behaviour, the aircraft performance also 
needs an exhaustive detailed model. However, the FDR data available for this 
project together with an aircraft performance model allows the fuel-based 
inefficiency analysis. In this way, the initial described challenges can be 
explored and studied.  
 
As it was described above, the fuel metric requires a complex performance 
implementation, but it has a distinct advantage over the others metrics. It can 
combine the effects in all trajectory dimensions to produce this quantified 
metric, which gives details and results about the entire performed flight.   
 
From the point of view of the environmental performance assessment, it can 
yield good results about the quantity of burnt fuel and also about the carbon 
dioxide emissions.  
 
The main characteristics of each dimension are detailed in Table 2.1. together 
with the advantages and disadvantages that they suppose [1].  
 
 
Table 2.1. Parameters and characteristics of flight inefficiency dimensions 
 

Dimen -
sion 

Actual 
State 

Optimal 
State 

Advantages Disadvantages 
 

 
 
 
 
 
 
 
 
 

 
Lateral 

 

 
 

 
 
 
 

Ground 
Distance 

 
 
 
 
 

Minimum 
Ground 
Distance 

(Great Circle) 

 
 

 
• Simple metric 

 
• Flown ground 
distance (radar) 

 
• Minimum 

ground distance 
simple to 
calculate 

 
• Difference 

between actual 
and minimum 
ground track 

distance is not 
always 

proportional to 
environmental 

impact 
 

• Great circle 
distance is not 
the shortest in 
presence of 

wind 
 

 
Air 

Distance 

 
 

Minimum 
 Air Distance 

 
• Minimum air 

distance is 
measured in 
presence of 

wind 

 
• Need accurate 

wind field 
information to 
determine air 

distance  
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Vertical 

 
 
 
 
 
 

Average 
 En-route 
Altitude 

 
 
 
 
 
 

Optimal  
En-route 
altitude 

 
 
 
 

• Captures 
vertical aspects 
of inefficiency 

 
• En-route 

altitude  
(transponder 

altitude) 

 
• Does not 

capture lateral 
and speed 
elements 

 
• Optimal en- 
route altitude 
requires info 
currently not 

readily 
available for 

each flight (e.g. 
aircraft weight, 

winds) 
 
 
 
 
 
 
 

Speed 

 
 
 
 
 
 

Average  
En- route 

speed 

 
 
 
 
 
 

Optimal  
En-route 
speed 

 
 

 
 

• Captures 
speed (time) 
aspects of 
inefficiency 

 
• Ground speed 

 (radar) 
 

 
• Does not 

capture lateral 
and vertical 
elements 

 
• Optimal en 
route speed 
(block time) 
requires info 
currently not 

readily 
available for 
each flight 

(e.g., weight, 
winds) 

 
 

 
 

Fuel 

 
 
 

 
Actual 

block fuel 

 
 

 
 

Optimal block 
fuel 

 
• Proportional 

to carbon 
dioxide 

emissions 
 

• Captures 
lateral, vertical, 
speed and time 

aspects 

 
• Actual and 
optimal fuel 

burn requires 
info not readily 
available for 
each flight 

(e.g., weight, 
winds) 

 
 
On balance about the above description (see Table 2.1) of each flight 
inefficiency dimension, it was demonstrated that the fuel-based analysis is the 
most suitable one in order to comprehend all the information related to any 
performed flight.  
  
In Figure 2.1, different causes of flight inefficiency present during flight are 
shared in order to analyse them on separately [1], [2]. 
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Figure 2.1. Potential causes of flight inefficiency 
 
 
At following the constraints of flight inefficiency for each of the above flight 
phases are detailed.  
 

• Departure Terminal Airspace: 
 

o Long path due to the runway congestion from taxi-out to runway or 
due to departure gate location.  

o Longer flight path due to orientation of the departure runway. 
o Full thrust and pre-defined trajectories related to noise and air 

traffic separation.  
o Standard procedures, which lead to non-optimal speed and climb 

profiles.  
 
 

• En-Route Airspace:  
 

o Standard airway routes with flight level and speed changes due to 
air traffic.  

o Restricted airspace depending on different activities.  
o Adverse weather, which lead to avoid some regions and change 

the flight path.  
 
 

• Arrival Terminal Airspace 
 

o Non-optimal descent profile. 
o Air or ground holding due to congestion at arrival airport.  
o Longer flight path due to orientation of the arrival runway. 
o Long path due to the runway congestion from runway to taxi-in or 

due to arrival gate location.  
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Once the main constraints were explained, in Figure 2.2. the initial ideas and 
goals are captured in this schematic in order to give a general point of view 
about the dependence and effect of each factor. They are related directly to the 
flight inefficiencies and to the air transportation system.  

 
Figure 2.2. Flight Inefficiency effect on Air Transportation model 

 
 
At this stage, the ideal air transportation system and the flight inefficiencies 
were described. The following step is to understand the importance of these 
real constraints, which lead to the real air transportation system. So, there exist 
constraints but the above described ones, do not necessarily appear in each 
flight. These constraints are also subjected to air traffic conditions like:  
 

• The flight time. It is known that at night the number of flights is reduced in 
comparison with the number of flights of the whole day period. 

  
• The take-off and landing airports can be crowded or not, depending also 

on its location (e.g. principal airport or a secondary one). 
 
These conditions have a common factor, which is the air traffic at every 
moment. It is managed by the Air Traffic Controllers (ATC). They are capable to 
handle the current air traffic complexity and in some situations they also can 
reduce it providing fluidity to the air traffic. For example, in a situation with a low 
air traffic, all this management is simpler and the inefficiencies could be 
reduced.  
 
For the proposed analysis, it was considered a complex scenario in order to 
comprehend all the factors that lead to the fuel estimation. Considering the 
aforementioned growth of the air traffic and the given scenario, flight 
inefficiencies could appear in any flight phase (see Figure 2.1). 
 
As it can be observed in Figure 2.2. these inefficiencies do not only affect the 
aircraft performance, but also to the environmental one and the airlines 
management in form of delay.  
 
Due to the air traffic complexity, there also appears a common environmental 
impact. It is the extra burnt fuel and the diffused emissions during the actual 
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procedures comparing them to the ideal ones. A statistic study explains that 
three kilograms of carbon dioxide are generated for each kilogram of fuel 
consumed [3]. All this quantity multiplied to all the performed flights during any 
day and not only that, but also for a long period of time, lead to the current 
concern about the environment impact. 
 
In recent years, ATM express a public awareness of aviation emissions and 
their impact on the atmosphere3. The main aim of this initiative is to reduce the 
most significant environmental impacts such as: 
 

• Carbon dioxide emissions caused by the fuel burn 
• Aircraft noise 
• Air quality around airports 

 
Last but not at least, the air traffic growth and its high complexity can adopt 
another form of inefficiency, which is delay. It affects directly airlines by means 
of extra quantity of fuel consumed.  
 
In the same vein, airlines need to minimize delay at maximum in order to 
increment their benefits and satisfy their client requests. It is known that for any 
airline, the cost of the fuel consumption compared with the other costs is the 
highest one.  
 
It was detailed that reducing the flight inefficiency, the environmental impact of 
air transportation and the generated delays can also be reduced allowing 
aircraft to fly closer to optimal trajectories. It also benefits the assessment of air 
traffic management increasing capacity (airports and air traffic) [1].  
 
In the following sub-section, it will be described the established strategy, which 
lead to the fuel estimation computation.  
 
 

2.2. FROM RADAR TRACES TO FUEL CONSUMPTION 
 
As it was concluded in the previous section, the fuel metric is the best 
estimation way of determining the flight inefficiency. But, it is also the most 
difficult one from the point of view of the data acquisition. It was detailed that it 
is necessary an FDR available data and also an aircraft performance model as 
a starting point. 
 
At following, all the process is detailed. In Figure 2.3. the different studied parts, 
which lead to the fuel estimation are schematized.  
 

                                            
3 EROCONTROL, “ATM Environment Research”, 
https://eurocontrol.int/eec/public/standard_page/WP_Environment_Impact_Assess.html, 
December 2015.  
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Figure 2.3. Fuel burn estimation block diagram 
 
 
Regarding to Figure 2.3, a briefly introduction to the followed strategy of this 
analysis is done. Each part will be extended in Chapter 3.  
 
FDR data allows the creation of an optimal model of the fuel consumption 
estimation. As a starting point, from the FDR available files are extracted the 
geographical coordinates. Meanwhile, the radar tracks, which correspond to the 
actual data are obtained from the EUROCONTROL public and available 
database.  
 
Different assumptions were done along the entire analysis and one of them is 
based on the atmosphere model. Obtaining the 3D-trajectory (latitude, longitude 
and altitude) it is not a sufficient labour. It must be accompanied by the wind 
behaviour of this specific period of time in order to compute the wind states. In 
this way, an atmosphere model is built up in order to include the weather 
conditions avoiding any simplification.   
 
Having established these inputs, the main core of the fuel consumption model is 
the estimation of the aircraft states like thrust, lift and drag profiles obtained for 
a specific flight. Fuel-flow rate is determined following the Base of Aircraft Data 
fuel-flow model (BADA) [3]. The BADA model gathers information about the 
aircraft performances such as the reference mass of the aircraft, the number of 
engines and the aircraft aerodynamic configuration depending on each flight 
phase. In this way, the main variables as thrust, air speed, lift and drag profiles 
are computed.  
 
The aircraft weight is also an important aspect to be treated. The initial mass for 
the fuel estimation model is related directly to the aircraft weight. In further 
sections, this idea will be developed.  
 
So, combining all these factors, the fuel estimation output can be calculated 
considering the entire flight path.  
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3. TOWARDS THE CALCULATION OF A FLIGHT 
METRIC BASED ON FUEL CONSUMPTION 

 
In this section, all considerations and steps, which lead to the numerical fuel 
estimation are described. Each part of the main block diagram shared in Figure 
2.3. is detailed and analysed from a theoretical point of view.  
 
 

3.1. RADAR TRACES 
 
Regarding to the actual state of the inefficiency metric, radar traces are the 
used ones to obtain the main flight information.  
 
Accessing to the public flight data from the Demand Data Repository (DDR) 
provided by EUROCONTROL, the 4D-trajectories are obtained. Not directly, but 
using the Network Strategic Tool (NEST) tool, which can be downloaded and 
used as needed.   
 
NEST is a platform resulting from the integration of the System for traffic 
Assignment and Analysis at a Macroscopic level (SAAM) and Network 
Estimation & Visualisation of ACC Capacity (NEVAC) project tools [4].  
 
Specifically, NEST is a scenario - based modelling tool, which in this case 
provides all data related to the flight path. It uses a dataset of the European 
airspace and route network.  
 
In NEST, an AIRAC file is a data file, which provide baseline data for 28 days. 
These 28 days store the information about the performed flights in this period of 
time. All files regarding to any flight path contains official data validated by 
EUROCONTROL.   
 
In Figure 3.1. the NEST interface is shared. There are a lot of commands, but in 
this project it will be explained detailed the necessary items for this analysis. 
Using the NEST database and the AIRAC panel (at the bottom of the left in 
Figure 3.1), the needed scenario is selected by date as it can be observed at 
the bottom of Figure 3.1. In this way, from a 28 days’ information it is reduced to 
a single day. 
 
Once date was selected corresponding to a given scenario, a single flight can 
also be selected and use this a specific flight in order to study it afterwards.  In 
Figure 3.1. appears a scenario with a single flight. The 3D view was activated in 
order to notice the airspace map through both airports and also the waypoints of 
the flight route can be observed.  
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Figure 3.1. NEST interface 
 
 
According to the NEST software, there are six different trajectory types but only 
three of them are delivered inside each official AIRAC file [4]: 
 

• Initial: it is the last filed flight plan from the airline also called M1 
trajectory.   

 
• Regulated: it is the last filed flight plan but introducing the generated 

delay obtained using different regulation strategies. It is called M2 
trajectory. If flights are non-delayed, the regulated flight plan is equivalent 
to the initial one.  

 
• Actual: it is the last filed flight plan, but updated with available radar 

information also called M3 trajectory.  
 
This updating process is done whenever the flight deviates from its last filed 
flight plan by more than any of the pre-determined Network Manager 
Operations Centre (NMOC) thresholds of 5 minutes, 7 FL or 20 NM. The 
frequency of the radar data feed used by NMOC to update filed flight plans to 
construct the actual trajectory is one minute. This trajectory represents the 
closest estimate available in official NEST data files of the flight trajectories 
actually handled by controllers on the day of operations. 
 
Being M3 (actual trajectory referenced to Eq. (2.1) the closest estimation and 
updated with available radar information, it is used for the fuel estimation 
process.  
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At this stage, each scenario can be exported as a so6 format file. From now on, 
the information related to the radar traces can be processed. Data distribution of 
the so6 file can be checked in Figure 3.2. [5]. 
 
 

 
 

Figure 3.2. NEST exported data distribution 
 
 
As it can be observed in Figure 3.2, not only the 4D-trajectories are included, 
but also more information, which can be useful. In Section 4 all the 
implementation part of the NEST related data will be detailed. 
 
 

3.2. ATMOSPHERE MODEL 
 
As a reminder, the obtained data from NEST file does not provide any kind of 
information about the weather conditions during the flight time. But it is essential 
to take it into account due to its repercussion on the design of the real model.    
 
An additional contribution is the creation of an independent atmosphere model 
in order to obtain an accurate result of the fuel estimation. This idea starts from 
the premise that for the 3D trajectories (latitude, longitude and altitude), it is 
needed to compute the weather variables especially the wind states.  
 
Regarding to the atmosphere model, two different assumptions can be done: 
 

• It is considered an ideal model, which is related to International Standard 
Atmosphere (ISA) for dry air. In this way, it is obtained a calm 
atmosphere model. 
 

• It is considered the real model, which is related to the GRIB creation in 
order to take into account the weather parameters like pressure, 
temperature, and also the wind states.  
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3.2.1. ISA 
 
ISA is a representative of a standard atmosphere based on the thermodynamic 
equations. The main modelling equations for a temperature and pressure 
common reference are detailed at following assuming air as a perfect gas [6].  
 
ISA is subjected to the Mean Sea Level (MSL) conditions. These reference 
conditions are put together in Table 3.1. 
 
 
Table 3.1. ISA Mean Sea Level conditions 
 

Parameter Value 
Pressure !" = 101	325	*/,- = 1013.25		ℎ01  
Density !" = 1.225	)*/,-  

Temperature !" = 288.15	º+ = 15	º,  
Speed of sound !" = 340.294	+/-  

Acceleration of gravity !" = 9.80665	+/-.  
 
 
The flight level of the commercial aircraft is set around the tropopause level. As 
it can be observed in Figure 3.3, the temperature behaviour is different 
depending on the atmosphere zone – Troposphere or Stratosphere [7].  
 
 

 
 

Figure 3.3. ISA Temperature variation  
 
 

Depending on the altitude range, the temperature, pressure and speed of sound 
variations are shared in Table 3.2. 
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Table 3.2. ISA variables altitude delimitation 
 

Variable Troposphere Stratosphere 
 

Temperature 
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Pressure 
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'
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Speed of sound ! = !# ·

%
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! = # · % · &''  

 
 

The parameters of Table 3.2. are subjected to the pre-established units 
 
where,    h        is given in m 
              T0           is given in K 
               g        is the gravitational acceleration, !	 = 	9.80665	*/,-    
               R        is the real gas constant for air,   !	 = 	287.05287	*+	/- · /+   
               the subscript 11 makes reference to the tropopause level and 
               ℎ"" = 	11000	'	     
             		"## = 226.32	ℎ*+  
               γ        is given in 1.4 
 
According to Table 3.2 and Figure3.3, the temperature decreases with altitude 
at a constant rate until the tropopause. Meanwhile, it remains constant from the 
tropopause until 20000m (65600 ft.). 
 
Regarding to the pressure, its variation can be computed using the hydrostatic 
equation (3.1) and the perfect gas law (3.2).  

 
 

																																																												"# = 	 -& · ( · "ℎ																																																									(+. -)  
 
 

																																																																	" = $ · & · '																																																													(). +)  
 
 

Dividing Eq. (3.2) by Eq. (3.1), integrating and substituting the temperature 
equations, the relationship between the pressure at any altitude and sea level 
pressure is obtained. Density is also calculated once temperature and pressure 
parameters are known using Equation (3.3). 
 
 
																																																																					" = $

%&																																																																((. ()  
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The real atmosphere model never remains constant at any particular time or 
place. So, in order to obtain an approximation to what may be expected, this 
hypothetical model is employed [6].  
 
ISA only varies depending on altitude, if it increases or decreases. It does not 
change by season or region or flight. So, it is based on different range of 
altitudes, which is referenced directly to pressure and temperature, as defined 
by ICAO (International Civil Aviation Organization). 
 
In conclusion, the standard model is used to compute density, pressure and 
temperature at different altitudes throughout the atmosphere. And the most 
important aspect with no presence of of water vapour, wind or turbulence 
effects. 
 
So, establishing a calm atmosphere together with the altitude of a performed 
flight, the ideal atmosphere model is determined. 
 
 

3.2.2. GRIB 
 
The atmosphere GRIB is a polygonal mesh in this case, a 3D cubic one. This 
polygonal mesh is the control volume or the envelope of the flight route 
coordinates. In Figure 3.4. a graphical example is shared in order to be more 
explicit.  
 
The main aim of the GRIB creation is to develop a real atmosphere model. In 
order to accomplish that, a real flight path is taken into account because the 
limits of this path will delimit the GRIB dimensions.  
 

 
 

Figure 3.4. Atmosphere GRIB graphical representation 
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As it can be observed in Figure 3.4. the GRIB has three dimensions, which is 
latitude, longitude and pressure. Actually, pressure is related with altitude and 
this fact is detailed below.   
 
In Figure 3.2, it can be checked that NEST data has a section reserved for the 
flight level that the aircraft adopt during its flight steps from the start until the 
end of the flight. Flight Level (FL) is the vertical distance above the Isobaric 
surface of 1013.25 hPa measured using the pressure altimeter. It is given in 
100 feet units. So, a flight level indicates pressure and not only altitude [8].   
 
In order to obtain the right GRIB’s dimension using the available data of the 
flight level, the pressure altitude (PA) is immediate converted in pressure using 
International Standard Atmosphere.   
 
The temperature is assumed as standard and the air is assumed as a perfect 
gas. In Figure 3.5, the variation of pressure altitude as a function of pressure 
can be checked [6]. 
 
 

 
 

Figure 3.5. Pressure Altitude vs. Pressure 
 
 
Also, in Figure 3.5. an example of a flight level conversion (red line) is shared. It 
is the conversion of FL250 into hPa:  
 

!"250	 = 	25000	(). = 	7620	-	 = 	376.640	ℎ12 	
 
In order to obtain the atmosphere data employed to the GRIB creation, the 
available data sources, which has been lay out can be checked in Figure 3.6. 
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Figure 3.6. Data sources of the atmosphere model 

 
 
Both ECMWF and NOAA data sources has common features but also 
peculiarities. They are compared and analysed in an individual way in order 
select one of them for the fuel flow estimation analysis.  
 
 

• ECMWF  
 
European Centre for Medium-Range Weather Forecasts is an independent 
intergovernmental organisation, which develop an operational service producing 
numerical weather predictions to its 34 States. It can be differentiated between 
22 Member States like Spain, France, Germany, Turkey and United Kingdom 
and 12 Co-operating States like Romania, Israel and Morocco among others4. 
 
The strategy of this organisation covers the period of time from 2011 to 2020. In 
this way, it improves the global medium-range forecasting systems. 25% of the 
computed facilities are available to the Member States.  
 
ECMWF’s research task is related to developing and improving weather 
forecasts, but also monitoring the Earth system. In this way, ECMWF uses data 
assimilation to estimate the forecast model from meteorological observations. 
The information is received in real time from the global observing system 
composed by numerous satellite instruments and weather stations.  
 
In Figure 3.7, some of these stations can be checked. There are different 
terrestrial sensors. The most part of the received data originates from satellites, 
but the terrestrial systems complement them and contribute with useful 
information. In 2010 the average number of observations was 107 per day [9]. 
 
So, all these observations provide ocean, land surface and atmospheric 
information in order to develop a climate reanalysis. The climate reanalysis 
combines forecast models with observations in order to give a numerical 
description of the recent climate4.  
 
 
                                            
4 European Center for Medium-Range Weather Forecasts, http://www.ecmwf.int, November 
2015.   
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Figure 3.7. Weather Forecast observing system  
 
 
The observation models are estimations of the atmospheric parameters like 
pressure, temperature and wind states. There exist different datasets, which 
correspond to the generated reanalysis. In Table 3.2, the main characteristics of 
each one are described.  
 
 
Table 3.2. Reanalysis datasets 
 

Dataset Time  
Period 

Atmosphere Ocean 
Waves 

Land 
Surface 

ERA-Interim 1979 - present √ √ √ 
ERA - Interim/Land 1979 - 2010    √ 

ERA - 20C 1900 - 2010 √ √ √ 
ERA - 40 1957 - 2002 √ √ √ 

 
 
In order to choose the most suitable dataset for the fuel estimation analysis, 
Table 3.2. is checked. Just ERA-Interim provides information updated until 
nowadays. It provides information about a forecast model with three fully 
coupled components for the atmosphere, land surface and ocean waves. 
 
A special emphasis is necessary about the ERA-Interim obtaining data 
procedure. The reanalysis is obtained using a model information together with 
the above observation system in order to get a consistent and global estimation 
of the atmospheric parameters.   
 
ERA-Interim proposes a global atmospheric reanalysis model continuously 
updated in real time offering an 24/7 operational service. Its main characteristics 
are listed below4: 
 



Towards the calculation of a flight metric based on fuel consumption                                                                              19 

• It includes a 4D variational analysis with an analysis window of 12 hours 
accompanied by a bias correction set for the satellite radiance 
observations.  
 

• 3-hourly surface fields and daily vertical integrals. 
 

• Monthly averages of daily means. 
 

• Frequency of the atmospheric model of 6-hourly atmospheric fields at 0 
UTC, 6 UTC, 12 UTC and 18 UTC. 

 
• Dataset with a spatial resolution of approximately 80 km spacing on a 

reduced Gaussian grid.  
 

• Vertical resolution using 60 model layers from the surface up to 0.1 hPa.  
 

• ERA-Interim data server is updated once per month allowing two or 
three-month delay to provide a technical correction if any problem 
emerge and also in order to ensure a high product quality (QoS).  

 
 

• NOAA  
 
National Oceanic and Atmospheric Administration is a federal agency focused 
on weather forecasts and climate monitoring. It has different points of study like 
extreme weather events or guidance and protection of ocean resources 
accompanied by a concern about the environmental impact5.  
 
This agency is composed by 300 uniformed service members who become part 
of NOAA Commissioned Officer Corps with different work fields under the same 
design concept, such as National Weather Service (NWS), Ocean Service and 
Research department among others.  
 
Despite being an American scientific agency it provides a global forecast 
prediction. There are several data models available in the NOAA’s National 
Operational Model Archive and Distribution System (NOMADS). These models 
are 3D cubes of weather information over a time span. 
 
As it was established in the path of Figure 3.8, the needed field for the proposed 
analysis is related to the NOAA National Weather Service. The climate 
prediction is the point of attraction and by means of NWS it can be found 
another layer, which is the National Centers for Environmental Prediction 
(NCEP). One of these centres is called Environmental Modelling Center (EMC). 
 

                                            
5 National Oceanic and Atmospheric Administration, http://www.noaa.gov/, November 2015.   
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Figure 3.8. NOAA information block diagram 
 
 
EMC is the center responsible for the development and maintenance of different 
numerical prediction systems. Numerical Weather Prediction (NWP) is based on 
processing data using computer models, but taking into account current 
weather observations. The observation’s main core is based on surface 
systems, upper air balloon observations and aircraft and satellite observations. 
They are the input options, which lead to the atmosphere model development.  
 
One of the NWPs systems is the Global Forecast System (GFS). It is the most 
adequate one on order to study the atmospheric climate for the European 
territory. It proposes a global atmospheric model continuously improved in order 
to obtain an accurate forecast. Its main characteristics are listed below: 
 

• Global spectral model frequency with 6-hourly atmospheric fields at 0 
UTC, 6 UTC, 12 UTC and 18 UTC. 

 
• Horizontal resolution of 13 km for the first 10 days and 28 km between 

grid points used by the operational forecasters to develop 16 days in 
advance weather predictions.  
 

• Vertical resolution of 64 sigma-pressure model layers from the surface 
pressure of 1000 hPa up to 0.3 hPa.  

 
There exists different GFS forecast data depending on the grid scale. They can 
be checked in Table 3.3. 
 
 
Table 3.3. GFS forecast analysis types 
 

Model GFS-ANL GFS-ANL 
Grid/Scale 004 (0.5º) – Domain 003 (1º) - Domain 

Period of Time January 1st 2007 – Present March 2nd 2004 – Present 
Model Cycle 4/day – 00, 06, 12, 18 UTC 4/day – 00, 06, 12, 18 UTC 
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In this section, both ECMWF and NOAA data sources options were described. 
They have a common purpose about their data obtaining methodology: they use 
computing methods to create a predictable scenario based on the evolution of 
past experiences combined with observations of many different sorts in order to 
estimate an independent atmosphere model for the performed flight path6. In 
Section 5 it will be explained which of these models are used and the selection 
reasons.  
 
 

3.3. MASS MODEL 
 
In this section, the mass model properties for some different strategies are 
described. In this way, it can be understanding the uncertainty about the initial 
mass estimation and its propagation performance during the flight time.  
 
The mass evolution affects directly the fuel consumption estimation and also the 
trajectory prediction. The fact of not knowing the take-off weight of the aircraft 
suppose an immediate problem. Different estimation techniques are detailed at 
following. 
 
 

• Ground based estimation of the aircraft mass 
 

This work is done considering the energy rate observed at different points from 
past trajectories for the climb segment. The aircraft mass is estimated fitting the 
modelled energy rate, which is the power of forces acting on aircraft, with these 
past observations [10].  
 
There are two different methods: 
 

• The Adaptive Method: it fits the energy rate using an adaptive sensitive 
parameter to weight each observation.    
 

• Least Squares Method: it estimates the aircraft mass by minimizing the 
quadratic error on the observed energy rate modelled through BADA 
model.  

 
These methods are able to estimate the aircraft mass, but with the same 
settings for both algorithms the least squares method has a better performance 
than the adaptive method when the mass is given in noisy conditions.  
 
 

• Closed-Form Take-off Weight Estimation Model 
 
This model is based on the constant altitude-range and the aircraft design 
principles. In order to perform a consistent estimation, the three basic flight 

                                            
6 “Weather Forecast Data Sources”, 
http://www.adrena-software.com/article/39-weather-forecast-data-sources, December 2015.  
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segments, which is climb, cruise and descent, are studied. Also, an additional 
weight, which corresponds to additional amount of fuel for manoeuvres and 
reserve is discussed. In Figure 3.9. all segments can be differentiated by 
distance [11].  
 

 
 

Figure 3.9. Flight path distances for mass estimation 
 

 
As it can be observed in Figure 3.9. there is depicted a complex flight plan from 
the departure airport to the arrival one. It also includes the possible distance 
until an alternative airport. In this way, it is estimated the amount of fuel, which 
has an immediate effect on the total aircraft mass. These distances can vary 
because they are subjected to the wind forecast.  
 
Using this model, a non-iterative closed-form take-off weight is estimated. It is 
based on the aircraft performance and available flight plans. This algorithm 
benefits the large scale air traffic simulations characterized by accurate 
trajectories. For these trajectory predictions is performed an evaluation of the 
conflict detection and resolutions strategy using this weight estimation model.  
 
 

3.4. AIRCRAFT PERFORMANCE MODEL 
 
In this section, the aircraft performance model is described referencing it to the 
main data sources and detailing its significance for this analysis based on the 
fuel flow estimation.  
 
Aircraft Performance Manuals (AOMs) provide valuable information about 
performances and operating procedures. They were the main sources of aircraft 
performance published by the aircraft manufacturers and operating airlines. But 
they suppose some limitations associated to aircraft profile data. It provides only 
one speed schedule in climb, descent and cruise profile. Its feasibility is only 
guaranteed for the range of reference data conditions [12]. 
 
Nowadays, the same providers develop engineering programs in order to 
supply the same aircraft performance reference data but, with a higher quality 
level, which is data precision. In this way, a complete range of aircraft operating 
conditions (weight, speeds etc.) is included.  
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So, BADA - Base of Aircraft Data is one of these programs and it can be 
defined as a kinetic, mass varying aircraft performance model developed and 
managed by EUROCONTROL in cooperation with the aircraft manufacturers 
and operating airlines [13]. In Figure 3.9, a comparative between AOMs and 
BADA is done using the Mach variable. 
 
 

 
 

Figure 3.9. Aircraft Performance reference data points 
 

 
Observing Figure 3.9, each model has different properties.  
 

• Aircraft Operation Manuals (AOMs): it is characterized by low granularity 
and precision with a normal operation data coverage. 

 
• Aircraft Performance Engineering Programs (BADA): it is characterized 

by high granularity and precision with the entire flight envelope data 
coverage. 

 
The quality of the reference data influences directly the quality of the modelled 
type of aircraft. In order to obtain a good optimization of drag, thrust and fuel 
flow coefficients, it is crucial to dispose of a higher precision and accuracy of the 
provided parameters in the data profile. In this way, BADA aircraft performance 
model is used for this fuel estimation analysis [13].  
 
BADA includes two types of documents: 
 

• Model Specification: it provides the theoretical fundaments, which are 
used to compute the aircraft performance parameters. 
 

• Datasets: it contains the aircraft specific coefficients, which are needed to 
perform computations.  

 
At following, in Table 3.4. its main characteristics are described. These 
characteristics can be separated in different categories. Some of them are list 
below: 
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Table 3.4. Aircraft Performance reference data acquisition 
 

Characteristics Data 
 
 
 

 
General 

 
• Type of aircraft 

 
• Number of engines 

 
• Aircraft dimensions (e.g. wing span) 

 
• Aircraft limitation parameters (e.g. MTOW, Main 

Centre of Gravity position 
 

 
 

Operating 

 
• Typical take-off, initial climb or landing configurations 

 
• Typical speed-schedules for climb, descent and 

cruise 
       

Aircraft In-Flight 
Performance 

 

 
•  Flight profiles (e.g. time, distance, fuel flow at climb 

power in function of weight) 
 

• Fuel flow during cruise in function of weight, speed, 
altitude 

 
Aircraft and Speed 

Configurations 

 
• Flaps and slats landing gear configurations 

 
• Max. speeds for operation at each configuration  

 
 
There are different types of BADA models with different properties and 
characteristics. The common ones are the detailed in Table 3.4. 
 
The BADA Family 3 is nowadays the standard set for the aircraft performance 
modelling tasks accomplishing with a coverage close to 100% of the aircraft 
types in the European Civil Aviation Conference (ECAC) area7. In Figure 3.10. 
the aircraft coverage is shared [13]. 
 
 

 
 

Figure 3.10. Aircraft Coverage distribution 
                                            
7EUROCONTROL, “Base of Aircraft Data (BADA)”, http://www.eurocontrol.int/, December 2015.  
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As it can be observed in Figure 3.10, the coverage of European air traffic with 
BADA models is also dependent on the quality of the reference data.  
 
The BADA 3 family main objective is based on modelling the aircraft behaviour 
in front of nominal part of the flight envelope meeting the necessary 
requirements as: 
 

• Mean RMS error in vertical speed: 100 fpm 
• Fuel flow error: 5% 

 
There exits a new BADA variant which is the BADA 4 Family. Nowadays, this 
new model covers 70% of aircraft types in the ECAC area. It provides increased 
levels of precision in comparison with BADA 3 Family being able to use 
advanced systems7.  
 
The BADA Family 4 objectives are based on [13]: 
 

• Englobe the totality of the aircraft types over the entire operation 
envelope in all flight segments. 
 

• Ensure adequate balance of complexity, maintainability and computing 
requirements. 

 
• Be capable of supporting the kinematic, kinetic and geometric issues of 

the aircraft performance.  
 
Basically, it is desired a complete aircraft performance model, which cover all 
aircraft types. But also it has to be a realistic model with significant accuracy 
improvements compared with the actual one. In Section 5 will be detailed which 
of these BADA Family models is used.  
 
 

3.5. FUEL FLOW ESTIMATION 
 
As it was explained in Chapter 2, the amount of fuel is an important metric used 
to improve the air traffic management concepts in terms of reducing delays and 
increasing capacity. The fuel estimation procedure and its basic principles 
without any simplifications is described at following. The basis of this procedure 
is based on different information, which is detailed below [4]: 
 

• Geographical Coordinates: the entire trajectory is taken into account, 
from take-off to landing, so latitude (λ), longitude (τ) and altitude (h) are 
extract from the air traffic data files. This data is provided by the radar 
traces extract from the EUROCONTROL and FDR available data.  
 

• Airspeed: it is estimated using geographical coordinates and wind 
velocity components.  
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• Lift: it depends on aircraft performance including weight and also on wind 
state. Using lift force, the lift induced drag coefficient is computed.  

 
• Drag: it is a function of airspeed, air density and drag coefficient. 

 
• Thrust: it is determined using aircraft weight, wind states and drag.  

 
The previous variables are the basic inputs for the fuel estimator method. Using 
the geographical coordinates, which come from the filed flight plan, the wind 
states are taken into account. Employing the wind states together with the 
equations of motions, which study the aircraft as a point of mass, the ground 
speed is determined.  
 
In the same way, the above variables depend on the aircraft performance. As it 
was stated in Section 3.4., BADA performance model is used. Applying these 
notions, the drag and also the thrust model are defined. The used engine for 
this analysis is a twin-jet one and its fuel consumption is described for nominal 
thrust conditions. 
 
An overall view about the fuel estimation algorithm is given in this chapter. In 
order to go deeper in this topic, the Annex A can be reviewed.
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4. IMPLEMENTATION 
 
In the previous sections, the needed theoretical concepts were developed in 
order to establish a firm basis for the numerical computation of the flight 
inefficiency. The idea of the fuel consumption analysis has been gradually 
consolidated. All the practical notions related to the implementation part and the 
chosen strategies are detailed in this chapter.  
 
For the purpose of obtaining general results without any simplifications, all data 
is processed using a technical computing language, which is Matlab software. It 
allows the creation of graphical results in order to analyse them and extract the 
appropriate conclusions.  
 
This programming labour is not a starting from scratch. There exists a previous 
work but it is still in progress. Its main block diagram is shared in Figure 4.1.  
 
 

 
 

Figure 4.1. Block Diagram of previous work 
 
 

The available database of the Flight Data Recorders is obtained from this work. 
Despite the fact that this project is not finished, its main goal is known. It is 
based on a similar purpose of estimating the fuel consumption for landing 
procedures. Using the top of descent (TOD), which is the point where the 
aircraft is leaving from the cruise flight phase and initiate the descent to arrive at 
destination, the FDR flight plan is filtered and compared with the radar traces in 
order to estimate the fuel consumed [14].  

 
On this basis, the purpose was changed in order to complete a general analysis 
of the entire flight path. An independent data source is introduced, which is the 
NEST data. It means that there exist two different ways to analyse the flight 
plan trajectories. Joining them, the starting point of the flight inefficiency based 
on the amount of fuel consumed is determined.  
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Also, a new atmosphere model was built up in order to separate the ideal 
atmosphere model from the real one. In such a way, the difference between ISA 
and the atmospheric GRIB will be analysed. 
 
So, the needed code was developed in order to put together all models and 
estimate the fuel consumption rate. In Figure 4.2, the block diagram of the 
programming labour is displayed.  
 
 

 
 

Figure 4.2. Fuel burn estimation – programming labour block diagram 
 
 
The described block diagram of Figure 4.2. is taken into account in order to 
develop the suitable functions and validate step by step the entire programming 
labour. This block diagram is similar to the conceptual one, which can be found 
in Figure 2.3, but with the addition of different Matlab functions, which were 
separately developed.  
 
The green colour blocks indicate the new implemented work done during this 
analysis. The white colour blocks are referenced with the previous work shown 
in Figure 4.1. The Input Options block is half coloured because some of the 
already implemented options were used, but they also were updated with new 
ones.  
 
 

4.1. NEST and FDR Data Parser 
 
As it was explained in Section 3, accessing to the Demand Data Repository 
(DDR) through the NEST software, the scenario of the selected flight is 
available in the so6 format file.  
 
It is pre-processed in order to eliminate the samples, which do not correspond 
to the selected flight and dispose of an immediate access to the studied flight 
path. So, it is obtained a text file with the needed data ready to be analysed.  
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This last file is loaded and parsed in order to extract all the parameters of the 
performed flight plan between two airports. The associated data is distributed by 
flight segments between waypoints, which means that obviating the first 
waypoint of the first segment and the last waypoint of the last segment, the 
other ones are repeating itself. This fact is taken into account in order to 
develop an efficient processing work.  
 
The entire NEST data included in a so6 file, is shared in Figure 3.2. and all this 
information is parsed. But, there are some variables with a higher significance. 
The most important variables, can be checked in Table 4.1. Apart from the 
origin and airport destinations, the other ones provide more useful information.  
 
 
Table 4.1. NEST so6 file data example  
 

# Name Data File Parsed Value 
2 Origin of flight EGGW EGGW 
3 Destination of flight LHBP LHBP 
4 Aircraft Type A320 A320 
5 Time begin segment 083800 

(HHMMSS) 
31080 (s) 

6 Time end segment 083908  
(HHMMSS) 

31148 (s) 

7 FL begin segment 0 
(hundreds of feet) 

0 

8 FL end segment 25 
(hundreds of feet) 

762 (m) 

13 Latitude begin segment 3112.483333  
(decimal minutes) 

51.87 (deg.) 

14 Longitude begin segment -22.100000 
(decimal minutes) 

-0.36 (deg.) 

15 Latitude end segment 3111.166667 
(decimal minutes) 

51.85 (deg.) 

16 Longitude end segment -24.100000 
(decimal minutes) 

-0.40 (deg.) 

 
 
As it can be observed in Table 4.1. the variables which are related to the flight 
path are described. They are given in different dimensions by default, but they 
are parsed and converted using the SI units. All these parameters are briefly 
detailed below:  
 

• First of all, the aircraft type is an important data because the Aircraft 
Performance Model differs from one type to another. In this way, it is 
identified and selected in order to obtain a consistent and realistic model.  
 

• Secondly, latitude and longitude determines the two dimensional 
geographical coordinates of the flight path. Using them, the horizontal 
profile can be sketch.  
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• Thirdly, the flight level, allow to sketch the vertical profile.  Also, as it was 
explained in Section 3.2, using the ISA conversion, the flight level 
supplies information about pressure. This part will be extended in Section 
4.2. when the atmosphere model will be explained.   

 
• Finally, the time span between segments help to define the time axis of 

the entire flight path.  
 

• Once all data is parsed, it is stacked by structs in order to have an easy 
access to it.  

 
In the same way, and with the same structure, the available FDR data is also 
parsed. In this case, the related data is distributed directly by waypoints but the 
same structure is used with the goal of dispose of an easier comparative 
between NEST and FDR data.   
 
At this stage, the obtained information from both NEST and FDR will de treated 
in parallel in order to develop the optimal and actual states. 
 
 

4.2. Atmosphere Model 
 
In reference with the same procedure, for the atmosphere model exists two 
states, which are the actual and the optimal one. As it was explained in Section 
3, the International Standard Atmosphere represents the optimal one 
representing a calm atmosphere and the GRIB method represents the actual 
atmospheric state.  
 
As it can be observed in Figure 4.2, the ISA procedure was already 
implemented but not the GRIB one.  
 
Once all parameters related to the geographical coordinates are obtained and 
standardized, the atmosphere GRIB model could to be introduced. As it was 
described in Section 3, there exist two data sources associated to the 
atmosphere models, which is ECMWF and NOAA. 
 
They are similar products but with significant differences about their 
characteristics and performance. Making reference to Section 3.2, where they 
were detailed, Table 4.2. is built up.  
 
 
Table 4.2. ECMWF vs. NOAA main characteristics 
 

ECMWF NOAA 
 

• Frequency of the atmospheric 
model of 6-hourly atmospheric 

fields at 0 UTC, 6 UTC, 12 UTC 
and 18 UTC. 

 
• Global spectral model frequency 
with 6-hourly atmospheric fields at 

0 UTC, 6 UTC, 12 UTC and 18 
UTC. 
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• Dataset with a spatial resolution 

of approximately 80 km spacing on 
a reduced Gaussian grid. 

 
• Horizontal resolution of 13 km for 

the first 10 days and 28 km 
between grid points used by the 

operational forecasters to develop 
16 days in advance weather 

predictions. 
 

• Vertical resolution using 60 
model layers from the surface up 

to 0.1 hPa. 

 
• Vertical resolution of 64 sigma 
pressure model layers from the 

surface pressure of 1000 hPa up 
to 0.3 hPa. 

 
 
As it can be observed in Table 4.2. both ECMWF and NOAA atmosphere 
models cover the same field from the time point of view: 6-hourly frequency at 
0, 6, 12 and 18 UTC. So, this common issue is not a decisive one. However, the 
horizontal resolution and the vertical one are decisive factors.  
 
Regarding to the horizontal resolution, the NOAA’s one (13 km of the first 10 
days) has a higher precision than the ECMW’s one (80 km). Also, the forecast 
of 16 days in advance of NOAA is not applicable (N/A) in this case due to this 
analysis does not require an extended future forecast but one closer to the flight 
day.  
 
The NOAA’s vertical resolution is also higher in comparison with the ECMWF’s 
one. As it can be observed in Figure 3.5, at a higher altitude the pressure is 
lower than a lower altitude. From this point of view, ECMWF has a higher 
precision than NOAA but it is not applicable to this analysis because the aircraft 
cruise altitude does not reach a very high altitude. In this case, the maximum 
altitude is set around FL350, which corresponds to approximately 240 hPa and 
it does not reach the 0.3 hPa.  
 
In order to implement any atmospheric model to the general code, one of them 
has an advantage over the other one.  
 
If ECMWF is used there exist an interface disruption. In order to use this 
atmosphere model, it is needed an application with a Python software interface 
or work on it using the console. It limits the easily coupling manner to the actual 
job already performed in Matlab. So, another alternative is contemplated: 
NOAA. 
 
NOAA forecast model dispose of a direct coupling implementation based on the 
Matlab software. Its main core is based on NOMADS. As it was explained in 
Section 3, using this dataset, the GRIB information is available and user friendly 
being flexible and adaptable to the already implemented requirements.  
 
From the performance point of view, the NOAA model is better than the 
ECMWF atmospheric model and also dispose of an immediate software 
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implementation. So, NOAA model is chosen and implemented in order to obtain 
the atmospheric parameters.  
 
Once the flight plan is located on the time axis (day, month and year), the GRIB 
file is downloaded. It is a numerical file, which is displayed as a geo-localized 
mesh incorporating data on the grid intersections6.  
 
Instead of computing the weather conditions for the entire European airspace, 
knowing the location of the take-off and landing airports, the atmosphere GRIB 
is downloaded and computed separately for each flight. In this way, for each 
geometrical point of the flight plan corresponds a dataset including the 
atmospheric parameters and also the wind components.  
 
Coordinates obtained from the NEST software, which is latitude, longitude and 
flight level are the starting point of the GRIB creation and the weather 
parameters computation. Using the minimum and maximum values of the 
latitude and longitude, the GRIB limits are determined and the distance between 
the coordinates can be given selecting a half degree or degree precision as it 
was indicated in Table 3.3.  
 
In order to obtain consistent information, a rounding technique is applied to the 
the GRIB limits and to the NEST latitude and longitude coordinates. It means 
that the number is rounded to the nearest value. This method has the smallest 
errors associated being these symmetric. An example is depicted in Figure 4.3.8 
 
 

 
 

Figure 4.3. Round toward nearest value technique 
 
 

                                            
8 Matlab Toolbox, “Rounding Method” 
http://radio.feld.cvut.cz/matlab/toolbox/fixpoint/c4_elo3.html, December 2015.   
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In Figure 4.3 the rounding technique can be observed. All numbers are rounded 
to the nearest representable scale number. But there exists a doubt about the 
rounding method, and maybe it is not the most accurate one. So, there appears 
another proposal, which is based on the Bresenham algorithm. 
 
This algorithm is a fundamental one in computer graphics. It is used as a line 
drawing method between two points. When this straight line is plotted each 
point has a pixel location called raster. So, the Bresenham algorithm found the 
closest location of the next pixel since the straight line is completed. It works 
using integer spacing of one unit [15]. An example is given in Figure 4.4.9 
 
 

 
 

Figure 4.4. Bresenham Algorithm technique 
 
 

Applying the algorithm observed in Figure 4.4, to the flight coordinates does not 
have any sense due to the small separation between waypoints. The segment 
distribution is closer than the integer spacing process of the Bresenham 
algorithm. It can be applied giving only the first and the last coordinate of the 
performed flight instead of each segment. Doing it, there will exist a lack of 
information, because the segments of the radar traces already provide the 
precise location of each coordinate where the aircraft has flown. 
 
So, the rounding technique is finally used in order to reach the goal of creating 
the atmosphere GRIB. In Figure 4.5. the computed atmospheric parameters 
and also their data sources are given.  
 

                                            
9 “Bresenham Line Algorithm”, 
http://kobi.nat.uni-magdeburg.de/patrick/pmwiki.php?n=BEng.TheLCDController, November 
2015.   
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Figure 4.5. Computed atmospheric parameters.  

 
 

As it can be observed in Figure 4.5, some of these parameters have to be 
extracted from the GRIB and assimilate them to the NEST coordinates.  
 
Pressure is obtained directly from the NEST data. The initial 3D GRIB 
dimension is [pressure x latitude x longitude]. So, in order to obtain the first one 
using the available data of the flight level, the pressure altitude is converted in 
pressure through the International Standard Atmosphere associated to the 
isobaric surface, as it was detailed in Section 3.   
 
The other variables, such as temperature, wind states and relative humidity are 
obtained by comparing the levels of latitude, longitude and altitude from the 
flight plan with the same GRIB dimensions. This is the main reason of using the 
above explained rounding technique: dispose of the same approximated data in 
order to contrast it.  
 
In this way, an efficient work was done to obtain the atmospheric states for each 
flight plan point. It is important to remember that the atmosphere model is an 
important input parameter for the fuel estimation methodology.  
 
 

4.3. Aircraft Weight 
 
In Section 3 were detailed different models, which lead to the mass estimation. 
The most appropriate one for this analysis could be the second option, which is 
based on the Closed-Form take-off weight estimation model because the entire 
flight plan is considered. This model studies the effect of the initial aircraft mass 
uncertainty covering the entire flight plan and giving information about each 
flight segment.  
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But, due to the lack of time, this part will be studied in further implementations.  
At least for now, in order to perform the fuel estimation analysis, it is used the 
the Maximum Take-Off Weight (MTOW). This information is provided by the 
available data from FDR and it meets the specific requirements in order to go 
forward.   
 
Depending on different flight phases, the aircraft weight is different taking into 
account each point of time. In this way, the first sample of the weight is initiated 
to its maximum, which is the MTOW. In order to obtain the real fuel 
consumption according to the flight progress, the weight of the aircraft is 
obtained by subtracting the amount of fuel consumed up to that time from the 
initial weight [3]. 
 
 

4.4. Aircraft Performance Model 
 
At this stage, in order to develop the aircraft performance model, it is needed to 
choose one of the BADA models. In Section 3, was detailed the BADA aircraft 
performance model giving two different types, which is BADA 3 and BADA 4 
Family.    
 
The BADA 3 Family provides information with a coverage close to 100% of the 
aircraft types including the nominal performance conditions. This is one of the 
main reasons of selecting it instead of BADA 4 Family even though it provides 
an optimization model with increased levels of precision regarding to the aircraft 
performance.  
 
For this analysis it was used the BADA 3.13 version, which it was already 
implemented in the previous work as it can be observed in Figure 4.2. 
 
 

4.5. Fuel Burn Estimation 
 
The used strategy for the fuel estimation was theoretical detailed in Section 3.5. 
The above sections detail the needed inputs for the main code, which lead to its 
computation: NEST and FDR data were parsed giving the necessary 
information about the flight plan trajectories, the atmosphere models are 
included and the already established aircraft performance and aircraft weight 
state are just used.  
 
They are the input parameters, but there are really needed other concepts, 
which facilitates the fuel estimation, such as the ground speed, which is the 
vertical coordinate referenced to the MSL or the geopotential height. This last 
one is computed taking into account the gravity variation with latitude and 
elevation. The adjustment to the geopotential height is done using the 
geometric height providing the geodetic coordinates (GPS data above the 
ellipsoid). In order to analyse the gravity variation, the gravity precision model 
World Geodetic System (WGS84) is implemented. In this way, the mathematical 
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representation of the geocentric equipotential ellipsoid is performed using the 
latitude component and the altitude. It is calculated using the Taylor Series set 
by default10. 
 
Using this methodology, step by step the fuel consumed based on the mass fuel 
distribution along the entire flight plan is estimated.  
 
 

4.6. Input Options 
 
In order to perform an efficient job, the main code has a section dedicated to the 
options, which are the initial settings of the fuel estimation inputs. Some of 
these principal inputs are related to: 
 

• ISA 
• GRIB 
• Wind states 
• Time separation between samples (Δt) 

 
Regarding to the last one, all variables are computed taking into account a time 
span separation between samples in order to obtain compact results with a 
smaller separation than by default.  
  
In reference with the other options, using them and giving priority if it is needed, 
different settings and assumptions can be done. All these combinations are 
reflected to the options code section in order to perform an efficient way and 
obtain feasible and realistic results. In the next chapter an example is given and 
all these combinations are shared.  

                                            
10 Mathworks, “WGS84 Gravity Model”, http://es.mathworks.com, December 2015.    
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5. USE CASES 
 
In the previous sections, it was explained and detailed the used strategies with 
the main goal of studying the flight inefficiency based on the fuel consumption. 
In this chapter, all the theoretical study and basic approaches are validated by a 
use case, which includes the most significant parameters. 
 
First of all, the same procedure, which is established in Figure 4.2 is followed. 
Using the same flight plan data being this NEST and FDR, different 
configurations regarding to the atmosphere model were combined and the 
obtained results are shown below. The block diagram of Figure 5.1 cover all 
these configurations.  
 
 

 
 

Figure 5.1. Use case configurations 
 
 
As it can be observed in Figure 5.1, each part of the algorithm disposes of a 
maximum four boxes numbered from 1 to 4 with four different colours. In this 
way, a simple path can be followed from left to right combining the needed data 
to obtain the main result of each case. These techniques are given with the 
main goal of validating all the performed work and understand the influence of 
each global parameters on the fuel estimation. 
 

• Configuration 1: for both FDR and NEST data is considered a calm 
atmosphere model (ISA) with no presence of wind states.  
 

• Configuration 2: for FDR data, the ISA model is considered while for 
NEST data, the atmospheric GRIB is created, but both of them does not 
include the wind states.   
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• Configuration 3: for FDR data, the ISA model is considered while for 
NEST data the atmospheric GRIB is created, including the wind states 
just for this last one.  

 
• Configuration 4: for FDR data, the ISA model is considered while for 

NEST data the atmospheric GRIB is created, including the wind effects 
for both of them. 

 
Regardless of the chosen configuration, the flight path is the same, so the 
horizontal and vertical profile are also the same. At following these profiles are 
analysed.  
 
Once the flight plan is parsed, as it was explained in Section 4, the horizontal 
and vertical profiles are obtained. They are exposed in Figure 5.2. and 5.5, 
respectively.  
 
 

 
 

Figure 5.2. Horizontal profile – Latitude vs. Longitude 
 
 
As it can be observed in Figure 5.2, both trajectories considering the studied 
data sources, NEST and FDR are displayed. In Table 4.1 the origin and 
destination airport were given. According to the established codes by ICAO, the 
origin airport EGGW belong to Luton city in London. Furthermore, the 
destination airport LHBP belong to Ferenc Liszt city in Budapest.  
 
The latitude and longitude coordinates for the flight plan are shared and there 
exists an obvious difference between them. As it can be observed, this 
phenomenon occurs basically for the take-off and landing procedure. For the 
cruise segment, both paths are almost 100% overlapped.  
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A zoom effect was applied on Figure 5.1. in order to observe better the 
performed path near both airports.  
 
 

 
 

Figure 5.3. Take-off procedure zoom-in 
 
 
 

 
 

Figure 5.4. Landing procedure zoom-in 
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The flight path differences of take-off and landing procedures can be observed 
better in Figure 5.3. and Figure 5.4, respectively. One of the possible reasons of 
this disruption between both paths, FDR and NEST, can be induced by the M3 
actual NEST trajectory. 
 
 In Section 3, it was explained that the actual trajectory used by the AIRAC file 
is obtained using the last filed flight plan but also updated using different radar 
information. This updating process is done whenever the flight deviates from its 
last filed flight plan by more than any of the pre-determined Network Manager 
Operations Centre (NMOC) thresholds of 5 minutes, 7 FL or 20 NM [4].  
 
So, there exists an uncertainty factor about this updating data. These thresholds 
are large spaced being 20 NM approximately 37 km. This is a long distance, 
which in disposition of a lack of information in the filed flight plan could often 
yield to big differences, as it can be observed in the above case. In order to 
corroborate this idea another example with different path is depicted in Figure 
5.5. 
 
 

 
 

Figure 5.5. Rome take-off different procedure 
 
 
In Figure 5.5. a performed flight trajectory from LIRF located in Rome to 
Budapest is shared. In order to compare it with the trajectories established in 
Figure 5.2, only the origin airport is changed. As it can be checked, the FDR 
data shows that the take-off procedure is performed toward the north while the 
NEST path is performed toward the south. In this way, the above idea 
associated to the M3 fight plan is confirmed.  
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The vertical profile is shared in Figure 5.6. in order to observe if the obtained 
paths are similar or not.  
 
 

 
 

Figure 5.6. Vertical profile 
 
 

The altitude profile of Figure 5.6. does not present the same disruptions as the 
horizontal one. In this case only near the destination airport, where the landing 
performance is performed, a short disruption can be observed.  
 
At this stage, the horizontal and vertical profile were introduced. They are 
needed not only to verify if the obtained data is consistent but also they are 
needed later to compute the atmosphere model including parameters and wind 
states.  
 
In this way, the next step is based on the fuel consumption estimation. The 
different adopted strategies were detailed above. Using them, the performed 
work and the initial goals can be validated.  
 
 

• Configuration #1 
 
In order to validate the algorithm operational system, this first configuration is 
more than necessary. Using the available flight path data sources, a calm 
atmosphere is introduced to both of them. The obtained result can be observed 
in Figure 5.7. 
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Figure 5.7. First configuration 
 
 
First of all, the legend of this graphical representation about the mass 
distribution along the performed flight has to be explained. Using the available 
radar traces provided by FDR and NEST data, the fuel mass was estimated, 
which are shared in Figure 5.7. as the blue and red path, respectively.  
 
The green path is obtained by using a median filter applied to the FDR available 
mass distribution. This method is based on replacing each data point with the 
average of the neighbouring data points defined within the span. This process is 
equivalent to a low-pass filter with smoothing response11. 
 
In this way, the smoothing filter is applied in order to reduce the imprecise data 
(noise) of the mass distribution in order to obtain a good model of the fuel mass 
distribution. 
 
As it can be observed in Figure 5.7, the smoothed response of FDR (green 
path) is taken as the best estimation of the mass distribution, being this 
extracted directly from the FDR available database.  
 
However, the fuel estimation obtained using NEST radar traces and the flight 
plan from FDR are similar. It is important to remember that for both of them, just 
the calm atmosphere model was applied and they are only differentiated by the 
flight trajectory.  
 
Using this simple case, it was validated that for the ISA model a similar fuel 
mass distribution is obtained independently of the flight path data source. It is 
                                            
11 Mathworks, “Filtering and Smoothing Data”, http://es.mathworks.com/, January 2015.   
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necessary because every time that the fuel estimation model is quality 
increased, it has to be ensured that the operating system is working 
successfully.  
 
 

• Configuration #2 
 
In this configuration the FDR estimation remains the same as in the first 
configuration associated to the calm atmosphere model. But, the NEST 
estimation one is not depending on the ISA model, but on the atmospheric 
GRIB. The implementation is done gradually, so the wind states are not already 
considered in this configuration. The obtained result can be checked in Figure 
5.8. 
 
 

 
 

Figure 5.8. Second configuration 
 
 

As it can be observed in Figure 5.8, the GRIB implementation shows that the 
fuel estimation is closer to the FDR smoothed path in almost the entire path, 
than the FDR estimation. At first, at lower altitudes the both mass distributions 
are similar but when altitude increases a better estimation is done. This fact is 
given due to the perfect gas considerations of ISA and the variations of the 
atmospheric GRIB considering temperature, pressure and density parameters.  
 
As it was stated in Table 3.3. there can be chosen the GRIB precision. In this 
case a precision of 0.5º was selected in order to be as accurate as possible.  
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• Configuration #3 
 
In this configuration the FDR estimation remains the same being limited to the 
calm atmosphere set by ISA. The atmospheric GRIB was already implemented 
in the second configuration, so the next step is based on introducing the wind 
states for the NEST data. The obtained result is shared in Figure 5.9. 
 
 

 
 

Figure 5.9. Third configuration 
 
 
As it can be observed in Figure 5.9, the total GRIB implementation including the 
wind states, shows that the fuel estimation is better than the FDR one because 
it is closer to the filtered mass distribution.  
 
The fact of considering the wind components provide a realistic model, and this 
could be the reason of the better estimation of the NEST data instead of the 
FDR one. But there is still a big difference between the NEST estimation and 
the smoothed one.  
 
 

• Configuration #4 
 
In the last configuration, the entire performed work is included. Not only the new 
work but also the already established one. In this way, for the FDR data source 
the ISA atmosphere model is considered with the presence of wind extracted 
form the FDR available dataset. 
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On the other hand, for the NEST data source the same configuration as in the 
third one is considered, including the complete atmospheric GRIB (parameters 
and wind states). The obtained result is shared in Figure 5.10. 
 
 

 
 

Figure 5.10. Fourth configuration 
 
 
First of all, as it can be observed, there exist a big difference in comparison with 
the third configuration. The novelty of Figure 5.10. is based on the FDR winds. 
Taking into account that this data is extracted from the available FDR database 
and the FDR smoothed fuel estimation also is provided by the same source, the 
obtained result is evident. Both FDR estimation and the smoothed fuel path are 
similar. The difference between them is given by the ISA atmosphere model, 
which is not the optimal one as it is the FDR loaded data, being this last one the 
real data obtained during the performed flight.  
 
Secondly, the NEST fuel estimation is not a precise one. There is a big 
difference between the smoothed path and its estimation even though the 
atmospheric GRIB does not contain any simplification.  
 
In order to give dimension to the fuel estimation, the FDR and NEST 
estimations are referenced to the filtered path. The obtained graph can be 
checked below. 
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Figure 5.11. Fuel estimation error 
 
 
As in can be observed in Figure 5.11. the relative error for the fuel estimation 
algorithm was computed. The relative error can be calculated as: 
 
 

																			"#$%&'(#	#"")" = 	)+&%',#-	(%$.#-'-#%$	(%$.#'-#%$	(%$.# 	0	100%																			(5. 7)  
 
 
where,    ideal value is the smoothing response 
               obtained value is the FDR or the NEST estimation  
 
 
Using the relative error, the importance of the measured deviation associated to 
a reference value is stood out and not only the absolute differences between 
the obtained values and the ideal ones.  
 
In this case, in order to obtain a better quantification, it is computed in dB as: 
 
 

															"#$%&'(#	#"")"	 *+ = 	10 log )2&%'3#*	(%$4#-'*#%$	(%$4#
'*#%$	(%$4# 												(7. 9) 

 
 
 
The graphical representation of Figure 5.11. is given is decibels. It expresses 
the ratio between the fuel estimation (NEST or FDR) and the smoothing 
response of FDR. It is a logarithmic expression used to quantify the level of the 
relative value to its reference.  
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Taking into account the cruise segment of the performed flight at a given time, 
the difference between the fuel estimation between the FDR model and the 
radar traces one, is about 10 dB (see Figure 5.11). This difference is constant 
along the entire flight plan without considering the first samples where the take-
off procedure is performed being this subjected to different speed and flight 
level changes, providing a non-constant fuel consumption.  
 
In the above figures it can be observed the importance of creating an 
atmospheric GRIB, which details a real model instead of using the ideal 
atmosphere model. 
 
Also, as it can be observed in Figure 5.9, it seems that including the real 
atmosphere GRIB and also the wind components for the NEST radar traces, it 
is obtained a more accurate model than using the calm atmosphere for the FDR 
data. But this fact is untrue.  
 
In Figure 5.10. the fourth configuration, which includes the entire performed 
work based on the atmosphere models and also the wind states independently 
the data source, is observed. It can be affirmed that the NEST estimation model 
cannot far away yield to precise results if it is wanted to estimate the fuel 
consumption as an independent model. 
 
It was established the importance of the wind states and also the difference 
between ISA and the atmospheric GRIB. In order to analyse more influences, 
the true air speed is depicted in Figure 5.12. 
 
 

 
 

Figure 5.12. True airspeed variation 
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As it can be observed in Figure 5.12. the NEST estimation behaviour is 
characterized by a lot of variations. These peaks can also cause a big 
difference on the fuel consumption in comparison with the FDR estimation 
where these peaks are significantly less pronounced.  
 
For this use case, as it was stated in Section 4, the BADA 3 Family aircraft 
performance model was used being the initial aircraft weight set to MTOW 
according to the FDR available dataset. In the following figure, the reference 
mass provided by the BADA model was set as the take-off aircraft weight in 
order to observe if the fuel estimation varies or not. 
 
 

 
 

Figure 5.13. BADA reference mass for take-off 
 
 
As it can be observed in Figure 5.13, the obtained estimation in comparison 
with the obtained one in Figure 5.10 is almost the same. Changing the take-off 
aircraft mass, the fuel estimation behaviour along the entire preformed flight 
does not change. The BADA reference mass is set to 64 tons and the MTOW of 
FDR is set to 64.41 tons, so the difference of 4.41 tons is not a significant one in 
comparison with the total quantity.  
 
In this section, a use case was given in order to understand the needed 
theoretical study done in the previous chapters. This estimation was not a trivial 
one and it was detailed that each parameter has a great influence on the fuel 
consumption.  
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6. CONCLUSIONS AND FURTHER WORK 
 
Air traffic growth is an issue, whose evolution is characterized by an increasing 
tendency. The air traffic complexity depending on each situation can cause 
congestions and delay on ground but also on air. It can affect the airport 
capacity, where the most restrictive element is the capacity of the system of 
runways, and also the air segments capacity. It is difficult to predict the air traffic 
flow due to many factors such as the weather conditions, the mix of aircraft 
types or the separation requirements imposed by the ATM system. They are 
realistic constraints, which can lead to bottlenecks in any flight phase from 
departure to arrival. In front of complicated situations, the ATC cannot reduce 
the air traffic complexity as in other cases with lower air traffic.  
 
The aircraft performance is also affected by this air traffic growth and its higher 
complexity level. Any route change makes this performance being less efficient, 
so there appears the main goal which was set for this analysis. It was taken into 
account the flight inefficiencies (lateral, vertical, speed and fuel) and it can be 
concluded that the best way in order to analyse all the influences of the flight 
performance, is the fuel metric. This fact is given because estimating the fuel 
consumption it is able to englobe the aspects of each lateral, vertical, speed 
and time analysis. 
 
Studying the fuel consumption metric, the environmental impact which is 
caused by the flight inefficiencies, is included. There is a whole world concern 
about the environmental impact and the aviation sector is one of the fields that 
contributes to it. Consuming more fuel due to the flight inefficiencies lead to 
more carbon dioxide emissions and poor air quality. Also, the airlines are 
affected by the generated delay and by the extra fuel burn quantity. This last 
one, is characterized by being the most expensive factor of an airline, so they 
are interested on reducing the quantity of fuel consumed in order to obtain more 
benefits.  
 
It was stated that the fuel consumption analysis is the best manner to englobe 
all fields. But, there exist a big problem, which is the acquisition of information 
about it. From the point of view of a research study, the access to information 
related with the fuel consumption is limited. In this way, this work is based on 
public data provided by EUROCONTROL being the trajectories of the 
performed flight available with free access. The established algorithm of the fuel 
consumption needs as input the radar traces, an atmosphere model and the 
aircraft performance with a mass model for the aircraft weight initialization. In 
order to validated the proposed model, it was used a Flight Data Recorder 
available dataset obtained from another project, being both methods compared 
as ideal and real one.   
 
A use case of a performed flight over the European airspace was described. 
The aircraft performance was already implemented in a previous project and the 
mass model was not implemented in this analysis due to a lack of time. So, it 
was analysed the fuel consumption using the EUROCONTROL data and the 
FDR one including the atmosphere model. The atmospheric GRIB, which is a 
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polygonal mesh including the atmospheric parameters and the wind states, was 
created. Different configurations were given and its particular results were 
described.   
 
It was observed that for the ideal atmosphere model related to the International 
Standard Atmosphere for both data sources NEST and FDR, it was obtained a 
similar fuel mass distribution during the flight time. Using it, the fuel estimation 
method was validated due to it is the simplest case and the obtained data is 
consistent in reference with the theoretical one. In other cases, the atmospheric 
GRIB with null wind components, and including its total information was given in 
order to analyse its importance.  
 
The final use case is characterized by using the ISA atmosphere model for the 
FDR data source including the wind states extracted directly from its available 
dataset, while for the NEST data, the complete GRIB (atmospheric parameters 
and wind states) was included. The obtained result shows that the NEST fuel 
consumption estimation is not a precise one. There exists an error about 10 dB 
in relation to the FDR filtered model being this the optimal one.  
 
Each independent model, being the radar traces, the atmosphere model 
creation or aircraft performance model as well as the initial aircraft weight, 
introduce a noisy variation. It is difficult to manage it separately, but putting all 
together could lead to the above detailed result, a less accurate one.  
 
As a further work, the mass model just theoretical described in this project must 
be implemented in order to reduce the obtained error.  It is also needed to 
implement a smoothing filter in order to reduce the obtained peaks in variables 
as the true airspeed.  
 
The air traffic growth and the generated complexity can also be reduced using 
the future ATM evolution strategies managed by SESAR in Europe and 
NextGen in United States. Some of them are related to managing most direct 
routes until reaching the free routing procedures even though it present 
difficulties as less structured air traffic or difficult interoperability manner (civil 
and military aviation). Other strategies are related to different approach and 
departure procedures substituting the standard ones with more efficient ones. 
 
Along this project, it was demonstrated that estimating the fuel consumption 
using the public data provided by EUROCNONTROL is not a feasible one from 
the point of view of offering an accurate, realistic and independent model.  
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8. ANNEX A 
 
This annex is attached in order to complement the given information in Section 
3 associated with the fuel consumption algorithm. The entire procedure 
including all strategies and assumptions are detailed at following [3].  
 
The used engine for this analysis is a twin-jet one and its fuel consumption is 
described for nominal and idle thrust conditions. In Eq. (8.1) is represented the 
general expression for the nominal fuel-flow rate.  
 
 

	"#$% = '()* · ' = ("- + "/0) · ' =
1

6 · 105 · *6- +
1

6 · 105 · *6-*6/
· 0 · '				(7. 9) 

 
 
 
where,     !"#$    is the nominal fuel – flow rate given in kg/s 
                V is the airspeed given in knots 
                !   is given in Newton 
                !"#	  is given in kg/(min·kN) 
                !"#	  is given in knots 
 
As it can be observed in Equation (8.1), the nominal fuel flow can be obtained 
by the product between thrust (T) and its specific fuel consumption (TSFC). This 
last one is computed as a linear function of airspeed (V). The BADA coefficients 
!"#$%&	!"(   are the nominal fuel-flow rate model coefficients and depend on the 
aircraft type.  
 
Thrust idle is the minimum thrust obtained when the engine power control lever 
is set to its minimum position. So, the minimum fuel-flow rate for idle thrust is 
given Equation 8.2.  
 

																												"#$% = "'-") · ℎ = 1
60 · /01-

1
60 · /01/0'

· ℎ																														(3. 5) 
 

 
 
where,     !"#$   is the idle fuel –flow rate given in kg/s 
                ℎ   is given in feet 
                !"#   is given in kg/min 
                !"#   is given in feet 
 
As it can be observed in Eq. (8.2), the idle fuel flow is modelled as a linear 
function of altitude h. The BADA coefficients !"#   and !"#  are the idle fuel-flow 
rate model coefficients and depend on the aircraft type. 
 
Equation (8.1) and (8.2) show that the jet engine fuel-flow rate computations 
need parameters such as altitude, airspeed, thrust: 
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• Altitude is available from the radar traces data. 
• Airspeed is estimated using position and the wind states. 
• Thrust is estimated using the equations of motion.  

 
Integrating the fuel-flow rate, the amount of fuel consumed can be computed. It 
can be seen in Eq. (8.3).  
 
 

																																																																	"# 	= %&'																																																												(). +)
-.

/
 
 

 
 
where,     !   is the fuel-flow rate given in kg/s 
                !"    is the flight final time  
 
 

• Equations of motion 
 
Through the equations of motion, the aircraft can be modelled considering it as 
a mass point.  
 

																																																															" = 1
(& + ℎ) · +,-																																																						(.. 0)  

 
 

																																																									" = 1
% + ℎ · )*+, · -./																																																(1. 3)  

 
 

																																																																									ℎ = $%																																																															('. ))  
 
 

where,     !   is the latitude 
                !   is the longitude 
      ℎ   is the geometric altitude 
                !   is the mean radius of the Earth 
                !"#   is the north component of the ground speed  
                !"#    is the east component of the ground speed  
                !"    is the climb or descent rate depending if it is positive or negative  
 
 
In Figure 8.1. the impact of the wind on the aircraft performance is depicted.   
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Figure 8.1. Speed and Wind components 
 
 
The variables observed in Figure 8.1. are listed below: 
 

• !"  :  ground speed 
• !"  : wind velocity 
• !"  :  magnitude of the horizontal component of the airmass-relative aircraft 

velocity  
• !"  : heading angle of the ground-relative aircraft speed with respect to the       

local north direction 
• !  :  heading angle of the airmass-relative aircraft velocity with respect to 

the local north direction 
• !"   : heading angle of the wind velocity with respect to the local north 

direction 
• Also the different wind velocity components are: !"   as the north, !"    as 

the east and !"    as the vertical component.  
 
Actually, the magnitude of the airmass-relative speed (!  ) is the true airspeed 
(TAS). At following, the acceleration is obtained using its derivation and the 
flight principles modelling the aircraft as a point of mass. 
  
 

								" = $ cos ( -*
+ -, · sin ( -01 cos 2 cos 3 -04 sin 2 cos 3-05 sin 3 					(7. 9)  

 
 
where,     !   is thrust 
               	"   is drag 
      !   is angle of attack 
                !   is mass 
      !   is gravitational acceleration 
      !   is the flight path angle 
 
Projecting the true airspeed and using the flight path angle, the horizontal 
component !"   is computed as: 
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																																																																				"# = " cos ( 																																																										(*. *)  
 
 
The kinetic equations of airmass-relative heading angle and flight path angle 
are: 
 
 

																															" = $ sin ( sin ) + + sin )
,- cos 0 +12 sin "

- cos 0 -
14 cos "
- cos 0 																										(6. 8)  

 
and 
 
 

! = # sin ' cos * + , cos *
-. - 0 cos !. +12 cos 3 sin !

. +14 sin 3 sin !
.   

 

																	+#$ cos (
) 																																																																																																												(+. -.)  

 
 
where,     !   is bank angle 
               	"   is lift 
  
Equations (8.8), (8.9) and (8.10) are obtained assuming flat Earth, constant 
gravitational acceleration and slowly mass variation. The altitude rate obtained 
in Equation (8.6) can be rewritten in terms of airspeed, flight path angle and the 
wind vertical component as in Eq. (8.11).  
 
 
																																																										ℎ = $% = $ sin ) ++%																																														(-. //)  
 
 
The wind states vary with time and also with position, so the time derivative of 
each wind component cab be computed as: 
 
 

																													"# =
%"&
%' + %"&

%) ) + %"&
%* * +

%"&
%ℎ ℎ							, = -, /	0-1	ℎ																	(3. 56)  

 
 
Using Equation (8.7) and assuming ! = 0  , thrust can be obtained: 
 
 

															" = $ +& ' + ( +)*
ℎ-)*
'

+ )- cos 1 +)2 sin 1 1 − ℎ-)*
'

7

																																							(9. ;<) 
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Equation (8.13) shows its dependence on parameters like drag, mass, airspeed 
or the wind states among others. If these last states are null, considering a calm 
atmosphere model, the thrust expression of Equation (8.14) is obtained. 
 
 

																																																								" = $ +&' +&( ℎ'																																																		(+. -.)  
 
 
In order to maintain the balance in Equation (8.14) it is observed that the thrust 
during descent can be less than the minimum one generated by the engines 
due to the errors of the drag model or the aircraft weight. So, the minimum 
thrust is established in Eq. (8.15) for a twin-jet engine aircraft.  
 
 

																					"#$% =
'(-'* · ℎ

('. + '0 · 1)
=

1
60 · 678- 1

60 · 67867( · ℎ
1

6 · 10( · 67. + 1
6 · 10( · 67.670 · 1

																(9. ;<) 
 

 
 

• Drag Model 
 
The aerodynamic drag force is obtained as a function of the drag coefficient and 
the dynamic pressure as: 
 
 

			" = 1
2&'()

*+ = 1
2 &', + &'*&.* ()*+ = 	

1
2 &', + &'*

2/
()*+

*
()*+				(1. 34) 

 
 
 
where,     !   is the air density 
               	"   is the wing reference area 
              		"#   is the drag coefficient  
                !"#  is the zero-lift drag coefficient 
                !"  is the lift coefficient 
 
 

• Trajectory Assumptions 
 
In order to maintain the course in presence of wind, the across-track of the wind 
has to be cancelled. In this way, the following equations are used: 
 
 
																																																											"# cos ' +)* = ",*																																																			(.. 01)  
 
and 
																																																											"# sin '+)* = ",*																																																					(.. 0.)  



58                                                                                                                      Towards the calculation of flight inefficiency 

 
In this way, the heading angle is obtained: 
 
 

																																																											" = tan-( )*+-,+
)*--,-

																																													(/. 12) 
 

 
 
The resultant magnitude of the horizontal component of the airmass-relative 
aircraft velocity is: 
 
 

																																																						"# = "%&-(&
) + "%+-(+

)																													(-. /0)  
 
 
 
Using Eq. (8.20) together with Eq. (8.8) and Eq. (8.11), the true airspeed can be 
calculated in terms of wind velocity components as: 
 
 

																																								" = "$%-'%
( + "$*-'*

( + (ℎ-'-)(																		(/. 12)  
 
 
Prescribing 	"   is obtained basing it on the aircraft trajectory and differentiating 
Eq. (8.19). 
 
 

																																			" = $%&-(& $%)-() - $%)-() $%&-(&

$%&-(&
* + $%)-()

* 													(-. //) 
 

 
 
Substituting	"   from Eq. (8.22) and using the above relations of Eq. (8.8), (8.17), 
(8.18) and (8.20) the following relation is obtained: 
 
 
																																																		" sin & = "( = )* +,- + )/+,0																																										(2. 45)  
 
 
Separating !"	$%&	!'   as: 
 
 

																																													"# =
-& '()-*)

'()-*)
+ + '(--*-

+
																																				(/. 12) 

 
 
and 
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																																													"# =
% &'(-*(

&'(-*(
# + &',-*,

#
																																				(.. 01) 

 
 
 
In order to compute the other component of !   Eq. (8.11) is differentiated: 
 
 

																																																										" = ℎ-&'-( sin "
( cos " 																																															(/. 12) 

 
 
 
Substituting Eq. (8.26) in Eq. (8.10) and using Equations (8.11), (8.17) and 
(8.18): 
 
 
																	" cos & = "( = )*+,- + )/+,0 + )1ℎ + )3+,-ℎ + )4+,0ℎ + )15													(7. 9:)  
 
 
Separating !", !$, !%, !&	()*	!+   as: 
 
 

!" =
$ %&'-)' )*

%&'-)'
+ + %&--)-

+ %&'-)'
+ + %&--)-

+ + (ℎ-)*)+
	(2. 42) 

 
 
 

!" =
$ %&'-)' )*

%&+-)+
, + %&'-)'

, %&+-)+
, + %&'-)'

, + (ℎ-)*),
	(2. 45) 

 
 
 

																														"# =
% &'(-*(

+ + &'--*-
+

&'(-*(
+ + &'--*-

+ + (ℎ-*0)+
																										(2. 45) 

 
 
 

!" =
-% &'(-)(

&'(-)(
* + &',-),

* &'(-)(
* + &',-),

* + (ℎ-)/)*
	(2. 45) 

 
 
 
and 

!" =
-% &'(-)(

&'*-)*
+ + &'(-)(

+ &'*-)*
+ + &'(-)(

+ + (ℎ-)/)+
	(2. 45) 
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So, the lift force and the bank angle can be computed using Eq. (8.23) and Eq. 
(8.27).  
 
 

																																																																	" = "$% + "'% 																																																								(). ++)  
 
 

																																																																" = tan-( )*
)+

																																																					(-. /0) 
 

 
 
!"   can be computed using Eq. (33) and knowing that: 
 
 

																																																																		"# =
2&
'()*																																																											(,. ./)  

 
 
Drag force can be computed using Equations (8.16) and thrust can be 
computed using Eq. (8.13). 
 
Finally, the fuel-flow rate, which is the main objective of this study, is 
determined using Eq. (8.1) and (8.2) and also the above computed variables 
depending on its nominal or idle state.  
 
 

• State Estimation 
 
In order to estimate the above aircraft states a Kalman Filter is employed. It is 
applied to Equations (8.4), (8.5) and (8.6). The needed observations are based 
on the aircraft trajectory (latitude, longitude and altitude). In Figure 8.2 a 
Proportional-Integral-Derivative (PID) controller-based estimator is shared for 
the altitude parameter.  
 
 

 
 

Figure 8.2. Altitude estimator 
 
 



Annex A  61 

The proportional gain (KP), the integral gain (KI) and the derivative gain (KD) are 
set and combined in order to reach an optimal state. The poles of the closed-
loop are located in the left side of the s-plane.  
 
The main objective is to estimate the altitude rate and the vertical acceleration. 
In this way, the controller uses a double integrator of aircraft with altitude rate 
and altitude as measurements for feedback.  
 
At following, the first and second derivatives of the altitude using the Taylor 
Series approximation for the time-step k, which is separated by Δt from the next 
time step k+1, are obtained.  
 
 

																																																		ℎ # + 1 = ℎ # + 1 -ℎ #
∆) 																																										(+. -.) 

 
 
and 
 

																																								ℎ # + 1 = ℎ # + 1 -2ℎ # + ℎ #-1
∆*+ 																											(-. /0) 

 
 
 
Thus, the estimated value is: 
 
 

			ℎ # + 1 = '(∆*+ + ',∆*- ℎ # + 1 + 2 + '/∆* ℎ # -ℎ #-1 + ∆*+1(#)
(1 + '/∆* + '(∆*+ + ',∆*-)

						(4. 64) 
 

   
and 
 
																													" # + 1 = " # + '(∆* ℎ # + 1 -ℎ # + 1 																											(.. 01)  
 
 
The Eq. (8.39), implements the integral feedback term. Meanwhile, the first 
terms of Eq. (8.38) are initialized with: 
 
 

ℎ" = ℎ 1 				&'(				ℎ) = ℎ(2)  
 
 
The altitude rate and vertical acceleration can be estimated using Equations 
(8.36) and (8.37) based on the altitude estimation of Eq. (8.38). The altitude rate 
and the acceleration can be computed in another way, which is using the 
altitude observations instead of the estimated ones. But, there is a big problem 
based on the introduced noise. Noise would be amplified by the differencing 
process so, using the PID filter, the noise of the altitude measurement is 
reduced obtaining in this way a soother response of the altitude rate and the 
acceleration.  
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The implemented estimator can be applied to the others parameters. For 
example, the acceleration terms using derivatives of Eq. (8.4) and (8.5) are 
given below:  
 
 
																																																														"#$ = & + ℎ ) + ℎ)																																													(+. -.)  
 
 
																																				"#$ = & + ℎ cos ,- - & + ℎ sin ,,- + 123 ,ℎ-																(5. 78)  
 
 
 
 
 


