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CHAPTER 1. INTRODUCTION

Chapter 1

Introduction

1.1 Contextualization and presentation of case study's objectives

This case study responds to di�erent objectives and operational constraints that will be brie�y presented in this
paragraph. The challenge is to respond as e�ectively as possible in the developments that will be presented
further on.

The context of this case study addresses an operational need of APOC1 as part of the airport platform
management activities. European regulations require aerodrome operators to perform runway inspections to
ensure safety during operations. These inspections can be visual and/or technical, with a variable duration
depending on the objective of the inspection. A regulatory visual inspection of a runway is performed 3 times
a day at Orly with a minimum regulatory duration of 10 minutes . The minimum separation between two
inspections, the interval considered being the time between the beginning of one inspection and the beginning
of the next, is of 5 hours. Technical inspections, also required by regulation, are generally longer.

As these inspections are scheduled during the day, it is important to �nd the most optimal time slot to
minimize the emissions generated while having the least possible impact on the management of �ows on the
platform.

1. The �rst objective is to quantify the emissions associated with a type of movement, given a given
con�guration of the airport. The particularity of Orly airport, as shown on the map 1.1leaving aside
runway 02-20, lies in the fact that the con�guration directly determines the runways in use. The objective
is therefore with the information on the �ight (the type of aircraft used) and a con�guration2,to be able
to estimate the emissions generated. The volatile emissions to quantify are those ofCO2 and NOx , as
well as the consumption of d'AVTUR3. When a runway inspection is simulated, all movements that were
allocated to the runway being inspected must be redirected to the other remaining runway.

2. One of the objectives of the study is also to quantify the operational impact related to the choice of runway
inspection slots. Indicators on the number of �ights impacted by this slot, the taxiing time/distance
associated with the inspection scenario allow to quantify this impact.

1.2 Perspective of achievements

In order to minimize the pollutant emissions generated by aircraft during the LTO cycle on an airport platform,
especially during the taxiing phase, it is necessary to have an accurate modeling and mapping of the taxiways

1Airport Operation Center
2East or West
3Aviation Turbine Fuel
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CHAPTER 1. INTRODUCTION

Figure 1.1: Map of runways at Orly airport

of the airport as well as a realistic modeling of the di�erent waiting areas that may be encountered during the
operation. Here the part of the LTO cycle speci�cally studied is limited to the taxiing phases, for a departure at
the moment when the aircraft leaves its stand at the end of the push-back, until the moment when it leaves the
runway threshold to align itself before take-o�. For a landing, the interval considered is from the moment the
aircraft leaves the Category III area at the runway clearance to the moment it reaches its stand. An accurate
estimation of the distances that an aircraft has to travel when leaving or arriving at the platform, associated
with the addition of the additional time encountered during the waiting phases on the taxiway, makes it possible
to model all the emissions generated by the turbojet engines of an aircraft over the considered phases of the
LTO cycle.

To obtain these di�erent emission values, several methods are known and possible here:

• Method 1 - Abstraction using Eurocontrol A-CDM milestones : The turnaround milestone values
from the Network Manager (Eurocontrol for the European area) can be used directly to obtain generic
turnaround times, such as AOBT4, ALDT5 and thus estimate the average taxi time. Once these milestone
durations are associated with the timestamp of their observation and the associated �ight number, a
learning process can be performed (by classical Machine Learning methods) to learn the di�erent taxiing
trends associated with the di�erent times of the day and periods of the season. There are several caveats
to this method.

First, One of the �rst-order factors in�uencing taxi time (and thus ipso facto the amount of emissions
generated) is simply the estimated distance between the aircraft's departure point and its arrival point.

Secondly, the reliability of the milestones is di�cult to estimate, apart from discarding outliers, not much
cleaning and data preparation can be done. We thus have a method which gives at the end of the
calculation chain very few details on how to obtain the result.

Finally, trying to perform a learning on too generic data risks strongly to bring error-prone results. In
this method the data of all departing and arriving aircraft will be mixed, independently of the usage QFU
since this information is not present in the API. In addition, this method mixes the duration associated
with runway pressure and taxiing.

• Method 2 - Abstraction using the milestones calculated by ASW Analytics with the AVISO �ow :
We can use directly the radar data of the ASTERIX �ow present at Orly airport, and associated with a

4Actual Off-Block Time
5Acual Landing Time
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CHAPTER 1. INTRODUCTION

large history of radar data we can try to estimate the emissions. Milestones of the di�erent phases on the
ground are dynamically detected by ASW6 Analytics. Performing a learning process on these data would
make it possible to overcome the limitations of the �rst method by re�ning the milestones obtained, by
dissociating the duration resulting from the time spent moving on the taxiway from the waiting time
not related to taxiing (for example, related to waiting at the threshold of the runway to obtain takeo�
authorization). However, we quickly reach the same type of limitations as before with respect to the

number of possible combinations of stands associated with the number of QFUs and also multiplied by
the number of con�gurations. This does not allow us to obtain a high level of modelling accuracy with
regard to such variability of the data by a matrix learning method (regression model, forest of decision
trees). Even the use of so-called "boosted" models, which consist in the use of a large number of small
simple estimators, risks reaching a performance ceiling because of this limitation.

• Method 3 - Abstraction of airport dynamics using a taxiway graph and ASW milestones: The
last possibility considered would be to use the radar data from the ASTERIX �ow again, but this time
instead of abstracting the data and summarizing them by numerical values, the radar tracks would be
directly used to automatically learn the set of possible routes on the taxiway. Once this rolling graph is
obtained, one can de�ne entry and exit points on the graph and by means of route heuristics, use the
path that is the most faithful to the one observed in real situation. Often this path can be determined
automatically by a classical shortest path algorithm (Dijkstra for instance).

This allows us to obtain the distance component which directly determines the time spent travelling the
distance between the arrival point and the departure point on the taxiway. An analysis of the distribution
of the waiting times at the threshold in the di�erent con�gurations allows us to estimate the waiting time
at the runway threshold using a Monte-Carlo type method, by modeling this phenomenon by a normal
distribution with parameters taken from the real statistical distribution.

1.3 Choice of Methodology and Associated Preliminary Achievements

With regard to the operational context of the case study, the di�erent determining points between the di�erent
methods are :

• The sensitivity of the training model to the parameters of the operating con�guration and the QFUs that
are used or closed for inspection. The modi�cation of one of these parameters must produce signi�cantly
di�erent taxiing times, within the same orders of magnitude of what can be observed in real situation.

• The explicability of the model should make it easy to determine how this numerical value obtained (taxiing
time, taxiing distance) was calculated by the model.

With regard to the �rst point, the 1st and 2nd methods may not be sensitive enough to these parameters,
or the e�ort of complexity to be brought to obtain such a sensitivity may be too great, leading to a model
that is intrinsically not very generic and generating important errors on certain situations (over�tting or short
of variance). The 3rd method allows to take this speci�city directly into account in its construction, without
losing genericity.

Regarding the second point of attention, the two �rsts methods su�er from a weak explicability, in the sense
that one can explain the in�uence of each variable used in the model by di�erent methods (SHAP Values7 as
described in (Lundberg and Lee, 2017), Dependency plots, Correlation matrix..) but not getting direct overview
of a single forecast explanation. The 3rd method, by direct visualization of the chosen path on the taxiing graph
allows a concrete explanation of the numerical value returned by the algorithm. Moreover, the strict separation

6AirsideWatch, radar �ow analysis platform developed by Safety Line
7SHapley Additive Explanation
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CHAPTER 1. INTRODUCTION

of the value obtained by the calculation of the pure taxiing and the value obtained by the calculation of the
waiting at the runway threshold (for takeo�s only) allows to re�ne this output value.

Naturally, in order to meet the objectives of the study and considering the various elements mentioned above
concerning sensitivity and explicability, the methodology of the case study that will be chosen will be that of
the method N°3.

7
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Chapter 2

Practical Case - August 2021 Study

2.1 Presentation and achievements of the preliminary work

In order to obtain a taxiing graph of the Orly platform, several methods exist:

• Retrieve a description �le of the taxiways and extract the GPS coordinates.

• Use image processing and topological graph re�nement methods from a radar data stream.

• Query objects stored in the APIs of Open Source geographic data repositories (Open Street Map) and
process them to extract a graph.

As method n°2 is well documented and already performed on Roissy-Charles de Gaulle airport, this method
(Biagioni and Eriksson, 2012) will be used and presented very brie�y here. The mandatory input data are :

• Radar �ow trajectories (with at least the GPS positions in WGS84 format) on the considered taxiing
sections

• Aircraft types associated with these trajectories

• A stand and a QFU, point of departure or arrival depending on the type of movement (take-o� or landing)

• Step 1 : Extraction of raw trajectories and transformation into a binary pixel matrix.

Figure 2.1: Binary matrix of all trajectories
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CHAPTER 2. PRACTICAL CASE - AUGUST 2021 STUDY

• Step 2 :Estimation of the density on the platform by a Gaussian kernel estimator.

Figure 2.2: Density matrix using a Gaussian kernel estimator

• Step 3 : Extraction of the skeleton from the density matrix and generation of the graph from the obtained
skeleton using the method (Zhang and Suen, 1984).

Figure 2.3: Taxiway graph of Orly airport

2.2 Analysis of the Orly data and modeling of the variables for the study

In order to calculate the emissions generated on the platform, di�erent assumptions are used to characterize
some variables of our problem. We will detail the calculation method and the list of assumptions considered.

2.2.1 Calculation of the emission indices associated with the different pollutants

First, we need to calculate the kerosene consumption of aircraft engines during movements on the airport
taxiway. To perform this calculation, we need to model a function point of the turbomachinery mounted under

9



CHAPTER 2. PRACTICAL CASE - AUGUST 2021 STUDY

the wing of our aircraft. The literature, as described by (Nikoleris et al., 2011) considers 4 distinct ground
phases, for which are associated an operating point :

1. Constant speed These portions of trajectories are represented by positions where the aircraft is going
in a straight line, for example, with a constant speed. It is usually observed in the QAR1 data that the
engine rates are constant on these phases. The scienti�c literature states that theusual engine speeds
on these phases are of the order of 4%. When studying the QAR data, we �nd variations and these rates
are rather of the order of 20%.

2. Acceleration These operating modes are characterized by phases where the pilot will increase the engine
rate in order to increase speed value. With the same considerations as the previous phase we could observe
that the average engine speed during these phases was about 35% where the literature recommended a
speed of 9%.

3. Turns he QAR data shows that the average speed of these phases where the aircraft will make a turn
(perpendicular turn) is substantially invariant with the phases at constant speed, while the literature tends
towards an engine speed of about 7% for these phases.

4. Stops It is not uncommon that during taxiing phases, an aircraft must stop to let another aircraft pass,
wait for a GH2 to handle it, that an aircraft on takeo� remains at the threshold waiting for the ATC3

clearance to line up on the runway. During these phases when the engine is at minimum speed, the
literature states that the engine speed is around 4% while the QAR data tends to show that the engine
speed is approximately the same as in the constant speed phase.

This study of the QAR data, carried out on the LFPG platform with 4 Boeing 777 Freighters performing the
same trajectory, represented in �gure 2.4 on the taxiway shows that depending on the way of piloting, depending
on the load of the aircraft because of the generated inertia but also depending on the real performances of the
turbojets under the wing, the consumption law in function of the the speed is not the same between them.

Figure 2.4: Considered trajectory (in red, the zones where the engine rate is high)

Indeed, for these same 4 trajectories, where we can see in the �gure 2.5 that the steering pro�les are not
similar, where :

1Quick Access Recorder,data recorded by the sensors in �ight
2Ground Handler
3Air Traf�c Control
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• The orange and green curves curves represent the 2 engine rates, in %.

• The blue represents the speed in km/h.

Figure 2.5: Different taxiing pro�les for the same path

The di�erence in consumption represents magnitudes below 10% of the total kerosene consumption but this
highlights that a direct and simple law cannot be obtained directly to obtain the engine speed by reading the
speed of the aircraft. This is supported even more by the graphs of relation in �gure 2.6 where relations of
linearity (or at least of injectivity for the function which links the engine speed according to the speed or the
acceleration) should have appeared if it had been the case.

(a) Average engine rate as a function of acceleration (b) Average engine rate as a function of ground speed

Figure 2.6: Dependency plots of mean engine rate and speed/acceleration

For the case study, we will consider an average engine rate during taxiing (around 24%),the acceleration
phases being a minority in the movements. This engine rate is associated with an average speed of 21.4 km/h.

11
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From this average engine rate and the engine of our aircraft, we can deduce a value of kerosene �ow consumed,
by interpolating the consumption law and the various emission indices of each pollutant according to the engine
rate provided by theAircraft Engine Emissions Databankof ICAO. The emission indices, denoted EI, are values
expressed in grams per kilogram of fuel, and their calculation is detailed in equation (2.1).

Figure 2.7: Example of emission index trends as a function of engine rate for a turbojet engine, from (Yacovitch
et al., 2016)

Once this kerosene consumption associated with engine operation is known, it is therefore possible to deduce
the CO2 and NOx emitted.

To compute, in the same manner as proprosed in (Yacovitch et al., 2016) the compound releasedX into
the consumption by the turbomachine under the aircraft wing, an emission indexEIx , which is the value of
increase in the concentration of compoundX relative to the increase in the concentration ofCO2, is de�ned.
The trends of the di�erent EI for each compound emitted can be found on the graph 2.7.

• For the quantity of carbon, notedFCO2 contained in the kerosene, we will take a classic Jet A fuel, with
3160 g ofCO2 per kilogram of fuel.

• The value44 corresponds to molar mass ofCO2 in g/mol.

• MW X is the molar mass of compoundX in g/mol.

• In practice, the term ¢Cx
¢CO2

should be expressed in¢Cx
¢CTot

but this method of calculation considers that the
CO2 is the major carbon compound of the combustion. Indeed, this hypothesis is valid for turbojets, where
the other carbon compounds (CO,C H4, HC) are in the minority in the exhaust gases. This assumption is
not valid for piston engines, which are not referenced in the ICAO database and are not calculated here.

EIx

·
g X

kgFuel

¸
Æ

¢Cx

¢CCO2

MW X
FCO2

44
(2.1)

For example, for a Boeing 777 Freighter powered by 2 GE-115B, here is the graph 2.8 showingCO2 emission
as function of engine rate,with interpolated emissions indices.
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Figure 2.8: CO2 emission graph for a B777 Freighter

2.2.2 Calculation of the waiting phases associated with stops at the runway threshold

When an aircraft presents itself at a runway threshold to perform its takeo�, it must be cleared by ATC to enter
the runway and perform its alignment. This waiting time can be more or less long depending on the capacity of
the runway and the number of movements, the di�erent movements must respect a regulatory separation time.

These di�erent events induce a waiting time at the threshold during which the turbomachines are running
and thus consume kerosene and generate emissions, despite the fact that this consumption does not actively
participate in the taxiing on the runway.

To model this phenomenon, we will distinguish two runway states, speci�c to the operation observed at
Orly airport :

1. Normal state : Situation where the runway is in normal use, i.e. it receives only one type of movement
from all �ights to or from the platform. Its load is therefore lower and the waiting time at the runway
threshold is therefore considered to be in its normal value.

2. Mixed mode state Situation where the runway is not in its classical use, it is receiving all the movements
of the platform, because of an inspection on the other runway or because the other runway is temporarily
closed. Its load is therefore higher than normal and the waiting time at the runway threshold will be on
average higher.

This type of phenomenon is classically modeled by a normal distribution, whose parameters ( mean¹ and
variance¾2) will have to be adjusted to �t with the distributions of the real waiting times. Its probability law
is written :

f (x) Æ
1

¾
p

2¼
e¡ 1

2

¡ x¡ ¹
¾

¢2

(2.2)

Waiting at the runway threshold does not follow a normal distribution in its statistical distribution, it is
strongly asymmetrical towards low values, with a concentration of values on zero (proportion of aircraft that
will not wait). We will separate the planes into 2 categories and determine the distribution via a uniform
distribution:

• Aircraft that experience a hold at the runway threshold, in proportionp

• Aircraft with no hold at the runway threshold, in proportion1¡ p .

13
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For runway threshold expectation values strictly greater than zero, it will be necessary to perform a trans-
formation to reduce the random variable to a normal distribution and to be able to use a Monte Carlo type
modeling method (which assumes the mandatory condition of the application of the central limit theorem to
the random variable associated with runway pressure).

To model correctly the phenomenon of this waiting time, a logarithmic transformation will be performed,
with xlog the transformed runway pressure, calledlogpressure, and xreal the value of the real runway pressure,
in seconds.

xlog Ælog (1Å xreal ) (2.3)

This gives the distribution presented in �gure 2.9 according to the 2 states.

(a) Normal state (b) Mixed mode state

Figure 2.9: Pressure distributions in the 2 operating modes

To obtain these distributions in order to estimate for each of the two modes the proportions of �ights
with and without waiting, as well as to parameterize the expected value and standard deviation of the normal
distribution of the runway pressure according to the 2 operating states, days with a closure of one of the 2
QFUs and days without closures were selected to extract the distribution of the standard deviation.

• For the data with runway closures, 5 days of August 2021 were selected, from Monday 9th to Thursday
12th when QFU 06/24 was closed, all �ights were redirected to QFU 07/25. On these 926 �ights we
observe an average waiting time at the runway threshold for take-o�s of about 80 seconds, and a median
at 42 seconds. Flights without waiting represent about 45% of the cases.

• For the data without closures, all other days in August were selected. On these 6667 �ights we observe a
signi�cantly lower average threshold wait of about 27 seconds, and a median at 0.Flights without waits
now represent 70% of the cases.

To determine the parameters of the normal distribution that will model each state for the proportion of
�ights that observe a wait at the runway threshold, it is necessary to focus on the right-hand side of the
distribution. The normal distribution model can be determined in this way, as shown in �gure 2.10

This modeling, once transcribed and converted into real pressure values (in seconds), allows to deduce
for each �ight a runway pressure, with a process where the pressure values are randomized according to a
distribution adapted to the real data and faithful to what could be observed in real situation.

In order not to penalize some scenarios by a Monte-Carlo process, the values generated to compare the
scenarios between them will be reduced to a simple average value penalty. In each scenario the average value
will be weighted by the population size multiplied by the observed average track pressure. This will avoid

14
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(a) Distribution in normal state (b) Distribution in mixed mode state

(c) Modeling the distribution - normal state (d) Modeling the distribution - mixed mode state

Figure 2.10: ressure distributions in the 2 operating modes

inducing errors in the comparisons. We will keep the values generated by the Monte-Carlo process to estimate
the quantity of each scenario independently, as described in the �owchart in �gure 2.11.
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Figure 2.11: Monte-Carlo process �owchart for modelling wait time at the runway threshold

16
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Chapter 3

Results of the case study

3.1 Emissions reduction

3.1.1 Qualitative study

The study has been be done on one day in August on2021, for a speci�c time slot, here from 11am to 12pm.

Figure 3.1: Distribution of the different �ights on Sunday August 1st 2021

1. Without runway inspection : PFirst hypothesis, there is no runway inspection between 11am and 12pm,
so during the whole observed time the airport is in a single con�guration, the same as the real con�guration
observed that day,Westerly, the �ights take o� on the QFU 24 and land on the QFU 25.

Takeo�s - The following values are obtained:

17
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• 10 takeo�s over the period

• Total duration of the movements (taxiing and waiting at the threshold) : 3787 seconds

• Total taxiing distance : 20228 m

• Kerosene consumed : 2859 kg

• CO2 emitted : 9035 kg

• NOx emitted : 96 kg

Landings -The following values are obtained :

• 18 landings over the period

• Total duration of movements : 3357 seconds

• Total taxiing distance : 20143 m

• Kerosene consumed : 2142 kg

• CO2 emitted : 6770 kg

• NOx emitted : 67 kg

Total on all movements -We obtain the following values:

• 28 mouvements

• Total duration of the movements (taxiing and waiting at the threshold) : 7144 secondes

• Total taxiing distance : 40371 m

• Kerosene consumed : 5002 kg

• CO2 emitted : 15085 kg

• NOx emitted : 163 kg

We will assume that we will intersperse runway inspections of the maximum possible duration (of the 7
regulatory minutes and the 3 additional minutes, thus a total inspection duration of 10 minutes). The di�erent
values of kerosene, ofCO2 and NOX , distance and duration are expressed in relative terms compared to the
scenario without runway inspection.

V aluescenar io ÆV aluereal scenar io ¡ V aluescenar io? RW Y Inspect ion (3.1)

A positive value means that the scenario generates more quantity of the considered element than the scenario
without runway inspection. A negative value indicates that the inspection scenario generates less of the item
under consideration than the scenario without runway inspection. All values are rounded to the unit.

Inspection scenarios

Inspection of
07/25 runway

Fuel quan-
tity (kg)

CO2

quantity
(kg)

NOX

quantity
(kg)

Distance
(m)

Duration
(s)

Redirected
�ights

Impacted
�ights

11h00 - 11h10 17.6 55.8 0.5 0.0 37.0 0 2
11h10 - 11h20 67.3 212.9 2.1 436.0 109.0 1 2
11h20 - 11h30 122.0 385.6 3.7 1271.0 230.0 3 1
11h30 - 11h40 944.9 2985.8 29.9 5666.0 963.0 4 1
11h40 - 11h50 624.1 1972.1 20.0 6425.0 1108.0 5 2
11h50 - 12h00 669.2 2114.6 21.1 6138.0 1060.0 5 2

Table 3.1: Impact of different inspection scenarios

18
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Generally speaking, imposing a runway inspection tends to generate more emissions due to redirections and
additional waiting time at runway thresholds. However, not all situations are equal in terms of both operational
and environmental impact.

• Operational Impact : There are two types of metrics that can help to identify the impact of each
scenario. Redirected �ights are �ights initially scheduled on the QFU to be inspected, which must
therefore be switched to the single runway in use. Impacted �ights represent all �ights that do not require
to modify their runway but for which the runway is the single in use at the time of the movement (thus
generating more runway pressure, as the runway must absorb all the movements of the platform). The
distance and time metric measures the time and distance required to travel over and above what was
initially planned for the no inspection scenario.

• Environmental Impact : The distance and time metrics allow us to assess the quantity of kerosene over-
consumed by each scenario, and to deduce the quantity ofCO2 de NOX emitted. The time considered
here is associated with the time needed to cover the distance of the movement, but also the waiting time
at the runway threshold for take-o�s, as the turbojet engines generate emissions since they are always
running, even if the aircraft is stopped.

For an equivalent operational impact, it can be seen that disparities can occur, as is the case between
scenarios n°4 and n°5 in the table 3.1, where inspections take place respectively between 11:40AM and 11:50AM,
and between 11:50AM and 12:00PM on runway 07/25. This is explained by the destination of certain redirected
movements, in this case landings, which can be relatively distant compared to the initial destination.

In detail on �gure 3.2 2 trajectories are displayed. Here is the legend :

• The blue trajectory is the trajectory actually observed during this landing.

• The orange trajectory is the trajectory abstracted thanks to the learnt taxiing graph, taking the same
starting and ending points as the real trajectory. It is this trajectory that allows to compute the reference
scenario without runway inspection.

• The yellow corresponds to the trajectory resulting from the scenario with inspection on runway 07/25,
the landing being redirected to the QFU 24.

(a) Landing on the QFU 25,situation without inspection (b) Landing redirected to the QFU 24 due to the inspection

Figure 3.2: Comparison with low distance variation of two trajectories

In this scenario, the redirected �ight covered 400m more than the �ight that landed on the QFU 25, so it
took 66 seconds longer to cover this extra distance and according to the engine of the aircraft considered, here
an A320, which is considered to be equipped with 2 CFM56-5B4, the aircraft consumed 34,9 kg more kerosene
than the non-redirected landing, generating an extra emission amount of 110,2 kg ofCO2 and 1 kg ofNOX .
This �ight accounts for only 5.6% of this scenario overconsumption.
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