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Preface

For obtaining the degree Master of Science in Aerospace Engineering at the Delft University of Technology.
This thesis report discusses High-capacity Continuous Descent Operations at Amsterdam Schiphol Airport.
This thesis has been created under supervision of Prof. Dr. Ir. J.M. Hoekstra and Dr. Ir. J. Ellerbroek from the
faculty of Aerospace Engineering at the Delft University of Technology.

The report is structured as follows. First, the paper is presented of the final research conducted. Afterwards is
the preliminary report in which the initial procedures and experimental setup for the research are discussed.

K.A. ter Beek
Delft, April 2022
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High Capacity Continuous Descent Operations at Amsterdam Airport
Schiphol

Kars Andreas ter Beek

Delft University of Technology

Abstract

The International Air Transport Association (IATA) and the European Commission (EC) have stated their desire
for the aviation industry to reach net zero carbon emissions by 2050 and in addition these emissions must be reduced
by 45% in 2030. In order to reach these goals, all possible contributions to a reduction in carbon emissions are
considered. One of these is the Air Traffic Management (ATM) procedure of Continues Descent Operations (CDO).
These operations describe a flight path for the approach where there are minimum level flight segments. This paper
investigates the maximum possible impact of this procedure for maximum capacity operations. Four different days
have been analysed where the individual components of the procedure are investigated; vertical optimisation, lateral
optimisation and the combined case. Using ADS-B data from busy days in august of 2019, these procedures are
described and simulated using fast-time ATM simulation software Bluesky using Base of Aircraft Data (BADA)
performance data and total-energy model. Compared to current operations, vertical optimisation could possibly
safe 20% of fuel, lateral optimisation could theoretically safe 16% fuel and the combined case has the potential to
safe up to 27% fuel without negatively impacting capacity.

Collaborators: Prof. dr. ir. J.M. Hoekstra, dr. ir. J. Ellerbroek

1 Introduction

In October 2021, the IATA pledged to reach ‘net zero’
carbon emissions by 2050 which is aligned with the wishes
from the EC. Additionally, in 2030 the net carbon emis-
sions must be reduced by 45% compared to the baseline
set in 2019. In order to achieve this task, despite an ever
growing demand in aviation, a roadmap has been made
by Netherlands Aerospace Centre (NLR) and SEO Am-
sterdam Economics [6]. In this roadmap, it is projected
that absolute emissions are reduced by 92% while the
remaining 8% is removed from the atmosphere through
negative emissions. There are 4 main fields which are
key in the reduction of current carbon emissions. Ac-
cording to the roadmap, improvements in aircraft and
engine technology will account for 45% of the reduction,
improvements in ATM and aircraft operations will ac-
count for 7%, using Sustainable Aviation Fuel (SAF) will
account for 40% and the remainder will be due to carbon
removal projects. All fields must contribute to the even-
tual goal. In this research, the aircraft operations aspect
is determined in one specific field, a possible application
of Continues Descent Approach (CDA) at Amsterdam
Airport Schiphol (AMS) in high capacity circumstances.

International Civil Aviation Organization (ICAO) de-
fines a CDA as an “operating technique where aircraft
maintain a low engine thrust setting, low drag configu-
ration thereby reducing fuel burn and emissions during
descent with minimum level flight segments”. A study
from EUROCONTROL showed that the benefit of con-
tinuous descent and continuous climb operations included
fuel savings of up to 350,000 tonnes per year1. Where
the continuous descent phase has ten times the potential
benefit then continuous climb operations. This is due to

current operations more closely resembling continuous
climb operations. In a response to these potential ben-
efits, EUROCONTROL has created a Continues Climb
Operations (CCO)/CDO action plan in order to help
implement these procedures, showing the urgency of this
subject.

CDAs were originally theorised as a noise abatement
technique but are currently more widely considered as a
fuel saving technique. While CDAs have been shown to
be beneficial in numerous studies dating back to 2000[7],
it is still quite difficult to fully implement the proce-
dure at high capacity circumstances[9][4]. For example,
AMS only uses CDAs at night during low traffic hours
and at a starting altitude of 7,000ft. London Heathrow
Airport (LHR) is able to utilise CDAs “over 90% of
the time[1]” with the application of holding stacks to
sequence aircraft. This negates the fuel and carbon
emissions benefits of the CDA. The main consideration
for LHR for applying CDO is noise abatement for resi-
dents. In order to get a more detailed insight of the full
impact of CDAs on the fuel consumption, this research
focuses on the implementation of CDAs at AMS during
high capacity situations where runways are at their max-
imum capacity. Additionally, the CDAs will be analysed
from cruise altitude to determine the full benefit of the
energy saving procedure.
The impact of CDAs on fuel consumption have been anal-
ysed theoretically and also by using flight tests. These
experiments largely start the CDA at around 7,000 ft
[19], [16] and have potential energy savings of the order
of 40-50kg for medium sized aircraft [3] and upwards of
400kg for large sized aircraft [12].

1eurocontrol.int/concept/continuous-climb-and-descent-operations
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Figure 1: CDA of aircraft

2 Experimental Setup

2.1 Research objective

This research focuses on ‘designing a framework for CDO
at Amsterdam Airport Schiphol which minimises fuel
consumption while maintaining capacity and determin-
ing the maximum theoretical impact of the CDO proce-
dure in terms of fuel consumption at AMS’. This conse-
quently means the possibility of redesigning the airspace
surrounding AMS in order to fully accommodate the con-
tinues descent procedure. Additionally, new airborne and
ground systems may be required in order to implement
the procedure, so long as the CDO is able to be imple-
mented at high capacity.

2.2 Research setup

In order to analyse the CDO at AMS, the aircraft will
be simulated using a real time air traffic management
simulator Bluesky2. Bluesky is a complete open-source
simulation tool created to gain more insight in and to
implement new methods for research in ATM. For this
research, 5 scenarios are designed.

1. Base case: This scenario serves as the baseline to
analyse the impact of the other scenarios

2. CDA scenario: This scenario is the implementa-
tion of an optimised vertical path. The lateral path
however remains identical to the base case.

3. Lateral scenario: This scenario is the optimised lat-
eral path of the aircraft. The vertical path remains
identical to the base case. This means the shortest
possible lateral path to the runway.

4. Combined scenario: This scenario is the combined
optimised lateral path and the CDA path which is
a optimised vertical path.

5. Combined scenario with separation: This scenario
is the same as the combined scenario, however with
separation implemented for the aircraft.

These scenarios have been designed in order to separate
and asses the impact of the individual components of
each setup. Therefore, the impact of an optimal verti-
cal path and horizontal path are simulated and analysed
separately before they are combined in the last two sce-
narios.

2.3 Simulation setup

These scenarios will be simulated using Bluesky for four
different wind conditions (North, East, South, West) at

AMS. The aircraft will be simulated using actual data
from aircraft landing at AMS during a busy period in
the summer of 2019. The data is gathered from an ADS-
B recorder3 located at the faculty of Aerospace Engi-
neering at the Delft University of Technology. From the
busiest data, an arrival peak is chosen for simulation of
maximum capacity landing runway usage at AMS. An
example of such a peak can be seen in Figure 2 and the
corresponding wind vectors for that day in Figure 3.

Figure 2: Aircraft arrivals per hour for AMS

Figure 3: Wind vectors for 2019-08-034

The simulation border is defined by the Top of De-
scent (ToD) for the aircraft which is determined by the
flight path angle and the starting altitude for the descent.
The flight path angle is set globally for all aircraft. The
FPA has been set at 2.5◦similarly to the analysis done by
Wu et al [18] based on the ideal fuel minimum FPA and
is also based on the research done by Inaad[5] where the
fuel optimum FPA has been determined for different air-
craft types. This is assuredly not the definitive number
for the FPA, but for the consideration of fuel optimum
CDAs it is a valid starting point. The starting altitude
for the descent has been determined at 10km altitude,
around 33,000ft for all aircraft resulting in a ToD for the
aircraft at 229km distance from AMS. The simulation
dates and wind conditions are listed in Table 1.

Table 1: Dates, wind direction and times used for simulation

Wind direction Time and date # aircraft

North
2019-08-03
06:15-7:45

78

East
2019-08-09
6:15-7:45

80

South
2019-08-09
17:45-19:15

75

West
2019-08-05
17:45-19:15

82

2https://github.com/TUDelft-CNS-ATM/bluesky
3https://surfdrive.surf.nl/files/index.php/s/KYTR1ldO6vqCxXG
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2.4 ADS-B data

The ADS-B data is filtered, edited and transformed be-
fore being used as the data can have some inaccuracies.
The first data point of an aircraft must be at least 100km
from AMS, otherwise the extrapolation distance to the
ToD border of 229km gets too large causing inaccuracies
in the aircraft data. The final data point needs to be
within 20km distance from the centre of AMS too make
sure that aircraft are landing at AMS. Additionally the
data is edited to remove any outlying data points which
are obvious recording errors, such as latitude and longi-
tudinal coordinates around the equator which is too far
away from the ADS-B receiver to actually phyiscally reg-
ister. Finally, the aircraft types are added from the hex
ICAO code from open sources5. When the aircraft type
cannot be retrieved a random aircraft is picked from the
most prevalent aircraft at AMS[2]. +6

Figure 4: First point of contact with ADS-B receiver

Some aircraft, indicated in green, fall within the ToD
circle, indicated in orange, in Figure 4 due to the curva-
ture of the earth and the location of the ADS-B receiver.
These aircraft are extrapolated to the border of the ToD
for the simulation. Aircraft that are outside the ToD cir-
cle are cut-off such that the aircraft is created exactly
on the ToD border for all aircraft. Aircraft that are ex-
trapolated to the border are extrapolated based on data
from other aircraft within the same route. Occasionally
there is data available from aircraft that are flying higher
and therefore can send data to the ADS-B receiver from
farther away, this gives more insight into the track of
aircraft coming from that bearing which is used for ex-
trapolation.

2.5 BADA performance and fuel calcula-
tions

Bluesky has two performance models that it can use for
its calculations. One is OpenAP[13], an open source air-
craft performance database and the other is Eurocon-
trol’s Base of Aircraft Data (BADA v3.12). The BADA
model is one of the most used aircraft performance mod-
els but it is licensed. Due to the unusual nature of

the CDA approach, OpenAP is insufficient in its per-
formance calculations for this type of procedure and as
such, BADA is used as the performance model for the
simulations. BADA uses a Total-Energy Model which
“equates the rate of work done by forces acting on the
aircraft to the rate of increase in potential and kinetic
energy”. Which in the case of an ideal CDA should be as
low as possible as the goal is to maximise the potential
and kinetic energy that the aircraft has at the ToD.

The equation BADA uses is:

(T −D)VTAS = W
dh

dt
+mVTAS

dVTAS

dt
(1)

Where T = thrust [N ], D = drag [N ], m = aircraft mass
[kg], W = weight of the aircraft[N ], Vtas = true airspeed
[m/s], h = altitude [m], d

dt = time derivative [s]. BADA
uses fixed coefficients for the drag depending on the flight
phase and is a function of the lift coefficient

D = Cd ∗
1

2
ρV 2

TAS ∗ S (2)

Cd = Cd0 + k ∗ C2
l (3)

Where the values for Cd0
and k change depending on the

flight phase.

CL =
m ∗ g0

1
2ρV

2
TAS ∗ S ∗ cosθ

(4)

With θ the bank angle of the aircraft. Finally, fuel con-
sumption is calculated as follows:

η = Cf1

(
1 +

VTAS

Cf2

)
(5)

Where η = thrust-specific fuel consumption, Cf1 = TSFC
coefficient 1 and Cf2 = TSFC coefficient 2. Accordingly,
the fuel flow is determined using the actual thrust of the
aircraft using:

fnom = η ∗ Thr (6)

For the minimum fuel flow, the idle thrust descent condi-
tions are used and is determined using the geopotential
pressure Hp altitude by:

fmin = Cf3 ∗ (1 − Hp

Cf4
) (7)

This idle thrust part of the descent is generally stopped
when the aircraft switches to approach configuration
(8,000ft) and landing configuration (3,000ft). The nom-
inal fuel flow after these configurations are enabled is
determined using the nominal fuel flow expression given
by Equation 6 with a minimum fuel flow of Equation 7.

3 CDA scenario design

The main reason that CDA procedures are difficult to im-
plement is the inability for Air Traffic Control (ATC) to
properly space aircraft that are decelerating at different
rates, as well as gliding with different velocities due to dif-
fering aerodynamics and aircraft weights [9] [4]. At AMS,

5www.planespotters.net/
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this is currently negated by only implementing CDA pro-
cedures at night when there are less flights and hence
there is increased spacing between aircraft. Early studies
have shown that an ad-hoc implementation of CDA pro-
cedures at AMS starting at an altitude of 7,000ft could
reduce airport capacity by as much as 50% due to an
increase of the landing interval from 1.8min to 4min [7].

3.1 Governing Equations, solid body/-
mass

The situation of a descending or ascending flight is given
by Figure 5. The governing equations of F = ma for a
solid body is described for the horizontal and the vertical
plane by Equation 8 and Equation 9.

Figure 5: Free body diagram and kinetic diagram of aircraft

Where equilibrium in the horizontal plane is described
by:

T · cosαT −D −W · sin γ = m
dV

dt
(8)

And equilibrium in the vertical plane is described by:

L−W · cos γ + T · sinαT = mV
dγ

dt
(9)

Where αT = angle of thrust vector [-] is assumed small.
In Bluesky, the Thrust is determined from the resultant
of the forces of the aircraft. In the case of a CDA, this is
should technically be the other way as the Thrust should
be set to zero and the resulting of forces results in the
flight path of the aircraft. As this is currently not pos-
sible, the flight path is predicted preemptively in order
for the corresponding resulting Thrust to be zero. This
means that the flight path angle and deceleration are the
only components to compensate for the Drag, described
as following:

D = W · sin γd +m · ad (10)

Where γd = −γ is the negative flight path angle and
ad = −a is the deceleration.

3.2 Determining CDA profile

In Equation 10, it can be seen that there are three main
parameters that determine the horizontal flight path, the
amount of Thrust, the flight path angle (either positive

or negative) and change of velocity (either increasing, de-
creasing or steady). As for the CDA the Thrust setting is
equal to idle, the remaining components within the equa-
tion must be satisfied by either a steeper descent γd, or an
increase of the deceleration of the aircraft ad. This shows
the described issues with the CDA, the flight trajectory
for the aircraft (speed profile based on ad and altitude
profile based on γd) is mainly dependent on the aircraft
mass and aerodynamic drag. Thus, for each aircraft, the
flight trajectory can be determined based on these pa-
rameters. In Figure 6, the impact of these parameters is
analysed for a fixed altitude for an Airbus A320. From
this, the nominal impact of the amount of Thrust can be
observed and the significant impact of the deceleration of
the aircraft it has on the glide slope.

Figure 6: Aircraft FPA difference

For this research, the flight path angle is determined
globally for all aircraft based on research which showed
that for a decelerating flight from cruise, a flight path
angle of 2.5◦is beneficial for most aircraft[5][15][18]. In
previous studies it is stated that a constant FPA pro-
vides positive results as well [4][14]. Based on the FPA,
the ground distance required for descent from cruise to
the Final Approach Fix (FAF) can be determined by:

ddescent =
altcruise − altapproach

tanγ
(11)

3.3 Velocity profile

When the ground distance for descent is required, the ve-
locity profile can be determined. This in term determines
the moment to start descent along the aircraft track. For
the deceleration ad it is assumed that the aircraft has
a constant deceleration from the starting point of the
descent to the FAF. The deceleration can then be deter-
mined by:

a =
V 2
cruise − V 2

approach

2 ∗ ddescent
(12)

As mentioned, the flight trajectory must be determined
preemptively and then given as commands to aircraft in
Bluesky as described in Figure 1.

The descent starts at point i based on ddescent, the re-
quired deceleration across the descent is given by −a =
ad and the vertical speed must be determined for each
section between i and i+ n. The velocity at point i+ n
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is determined by:

Vi+1 =
√
V 2
i + 2 ∗ d ∗ a (13)

Therefore, the vertical speed can be determined by av-
eraging the speed along each segment and multiplying it
with the sine of the flight path angle. Because the verti-
cal speed is averaged along each segment and the velocity
is slowly decreasing along each segment, the actual FPA
of the aircraft is an approximation of the predetermined
FPA by being too shallow in the beginning of each seg-
ment and too steep at the end of each segment. However,
this variation is relatively small and the FPA hovers be-
tween 2.45◦and 2.55◦as a result. The difference between
the flight path and fuel consumption of the CDA scenario
and the base case is shown in Figure 7 and Figure 8. From
Figure 8, it is noticeable that during descent the fuel flow
is at idle levels and increases only with the geopotential
pressure as described in Equation 7. Compared to the
base case where each slight deviation from the vertical
slope is causing an increase in fuel flow. Conversely, the
extended cruise segment is also clearly noticeable in the
fuel flow and causes and increase of fuel consumption for
the CDA scenario in the beginning.

Figure 7: CDA Scenario comparison with Altitude and
Ground Speed

Figure 8: CDA Scenario comparison with Altitude and Fuel
Consumption

4 Lateral scenario design

In order to analyse the impact of a combined free flight
scenario and CDA, the individual impact of the lateral

shortest path must be determined. First, the FAF are es-
tablished for each runway. From the FAF, every aircraft
will have the same final approach path to the runway.
This is due to safety concerns which are mainly focused
on aircraft having non-idle thrust at the final approach
for possible a possible go-around and also to compensate
for mandatory flap settings that are required for landings.
Hence the analysis of the performance of the CDA are all
until the FAF is reached. After that the flight path will
continue with the current standard procedures. The FAF
is established at a 3◦glide slope in order to intercept the
ILS at an altitude of 3,500ft meaning it is 20.4km from
the start of the runway (radius R). This also means that
for the scenario with separation implemented, all aircraft
must be sufficiently separated at the FAF.

4.1 Route to FAF

The routes of aircraft to the FAF can be separated into
two variants, aircraft that can fly directly to the FAF and
aircraft that need to traverse along the FAF circle to the
FAF point. This difference is indicated in Figure 9. If
an aircraft has an angle to the FAF point of larger then
90◦, then the aircraft needs to traverse the FAF circle in
order to reach the FAF.

Figure 9: Example of route to FAF

Aircraft fly either directly to the FAF or the FAF cir-
cle. Every 1000m a waypoint is generated along this route
with the corresponding latitude and longitude. Along the
FAF circle, aircraft traverse the circle with radius R and
an angle change of 1◦per waypoint and these are then
plotted along the route on the FAF circle until the FAF
is reached. Correspondingly, aircraft need their respec-
tive altitude and velocity for each waypoint. The alti-
tude and velocity of aircraft are determined relative to
the track distance to AMS compared to the Base Case.
By doing so, horizontal flight sections are still part of the
flight trajectory as well as deceleration segments. This
is done intentionally to be able to analyse the impact of
decrease in flight distance on its own without altering the
altitude and speed profile too much.

When applied to the total traffic for a scenario, the
difference in tracks can be observed in Figure 10. Due to
the implementation of the new FAF, some aircraft have
an increased track distance for the flight to AMS. This
is due to the location of the FAF for the Base Case, for
RWY06 and RWY36R it is at 2,000ft, 11.5km away from
the runway. Thus aircraft in the Base Case that had no
path stretching from ATC are travelling a shorter path
then the approach proposed here.

5



Figure 10: Example of Lateral Case (green) compared to Base
Case (blue)

5 Combined scenario and separa-
tion

The combined scenario implements both the optimum
vertical path of the CDA and the optimum horizontal
path with the shortest path to the FAF. For separation,
Time-Based Separation (TBS) is used where aircraft are
separated based on their respective ETA to the FAF.
The separation time between aircraft is determined to be
120 seconds per aircraft. This is a simplification of cur-
rent practices using TBS where there are combinations
of wake-vortex categories which dictate the separation
time. LHR takes this even a step further by implement-
ing Enhanced Time-Based Separation (eTBS) with even
closer separation requirements increasing landing rates
during light wind conditions to 40-46 landings per hour
where pair wise separation is implemented creating a ma-
trix of 96x96 possible aircraft pair possibilities[1]. When
compared to regular conditions at AMS, 120 seconds on
average is a close approximation of the current maximum
sustained landing rate of 68 landings per hour for two
runways[8] and therefore a conservative estimate of the
potential capacity of the airport when applying TBS. It
must be noted that for TBS and potentially eTBS, the
aircraft mix of the airport is a major influence on the ca-
pacity which is unfavourable for AMS due to its relatively
large amount of small aircraft landing at the airport.

In Table 2, an example is given of this process. The
delay time must be added to each aircraft in order to
maintain separation at the FAF. Because the flight path
is pre-determined per aircraft, and the aircraft can not
be delayed after the descent has started at the ToD, the
aircraft must be delayed by extending its flight path dur-
ing the cruise phase. This extension is thus a delay of
the start of the descent. The distance to be added to
the track of the aircraft is then equal to the delay time
divided by the cruise speed.

Table 2: Aircraft ETA example

Aircraft ETA Delta [s] Delay [s] Net Delay [s]
AC1 14:05:20 - - -
AC2 14:06:00 40 (120-40) 80
AC3 14:06:30 30 (120-30)+80 170
AC4 14:08:30 120 (120-120)+170 170
AC5 14:13:50 320 (120-320)+170 -

The new extended path is determined based on the
two scenarios described in subsection 4.1. The distance
is added by either increasing the radius of the FAF circle
as shown in Figure 11, or by extending the FAF in the
runway direction as shown in Figure 12. For increasing
the radius, the distance added as determined by the net
delay time is described by the following:

D2 = Ω ∗R2 + (R2 −R1) + (
k

cosf
− k) (14)

With small angle assumption for f and assuming con-
stant velocity for the extended path and t1 is the regular
travel time for distance D1 and t2 is the required delay
time as determined by the ETA, the path can be de-
scribed as:

V (t1 + t2) = Ω ∗R2 + (R2 −R1) (15)

Solving for a new required radius for the FAF circle leads
to:

R2 = R1 +
V ∗ t2
1 + Ω

(16)

Where R2 is the new FAF circle radius and Ω the radial
travelled along the FAF circle. The new route is then
plotted for each degree change along the radial for the
new radius as described in subsection 4.1.

Figure 11: Extended path along FAF Circle

For the other situation, aircraft are extended by plac-
ing the FAF further backward. This path extension is
determined by choosing an appropriate angle α which
extends the path by D + k2 − K − 1. Along k2 and
D waypoints are created every 1000m. Along these way-
points the altitude, vertical speed, and velocity is created
as described in subsection 3.2.

6



Figure 12: Extended path by increasing FAF distance

In Figure 14, the overview of the new paths is shown.
In comparison with the overview of the aircraft routes for
the base case visualised in Figure 13, it is clear that the
tracks of the aircraft cover a larger area then the conven-
tional tracks. The path extension for separation can also
clearly be observed with clear corridors of aircraft for the
path extension described in Figure 12.

Figure 13: Aircraft routes for the Base Case. Altitude is in-
dicated by the color scheme.

Figure 14: Aircraft routes for the Combined Case. Altitude
is indicated by the color scheme.

6 Results

From the described design of the scenarios, the results
can be observed in Table 3, Table 4 and Table 5. Do note
that the handles are shortened: SCN1 through SCN5
are respectively the base case scenario, the CDA sce-
nario, the Lateral scenario, the Combined scenario and
the Combined scenario with separation. The scenarios
have been simulated with four different wind conditions,
North, East, South and West. The scenarios are analysed
on three parameters, total fuel consumption in order to

investigate the potential fuel savings and environmental
impact, total distance travelled to determine the relative
effectiveness of shortening the lateral path and total dis-
tance travelled below 7,000ft in order to analyse the im-
pact in terms of noise where it is considered a hindrance
when aircraft are flying below 7,000ft [1][17].

Table 3: Total fuel consumption per scenario

Fuel [kg] SCN1 SCN2 SCN3 SCN4 SCN5
North 52,967 44,795 47,839 45,203 56,190
East 56,696 45,711 45,894 39,591 47,075
South 69,207 50,478 56,150 44,345 56,288
West 56,890 47,631 46,698 42,149 51,738

Table 4: Total distance travelled per scenario

Distance
[km]

SCN1 SCN2 SCN3 SCN4 SCN5

North 19,640 19,405 18,176 18,773 20,786
East 21,102 21,004 18,514 19,411 20,852
South 21,838 21,755 19,038 20,040 21,868
West 22,553 22,477 19,995 21,006 22,719

Table 5: Total distance travelled below 7,000ft per scenario

Dist.<
7,000ft
[km]

SCN1 SCN2 SCN3 SCN4 SCN5

North 4,361 3,504 3,886 3,567 3,630
East 5,236 3,554 4,487 3,687 3,530
South 5,584 3,790 4,904 3,827 3,643
West 5,694 3,829 4,941 3,889 3,705

6.1 CDA Scenario

The CDA scenario compares the impact of an optimised
vertical path to the base case scenario. For this scenario,
the fuel consumption is on average decreased by 20% for
the analysed segment. For the total of 315 flights anal-
ysed for the different conditions this corresponds to an
average fuel savings of 150kg of fuel and 474kg of CO2

per flight for the simulated section. This corresponds
with the current findings from literature [5][10][4][16]. It
is noted however that the fuel savings is not distributed
evenly among aircraft types, some aircraft, such as the
B747-400, save a significant larger amount during the
descent phase then other aircraft as the B733. The dif-
ference between aircraft is further explained in detail in
Table 6.

In terms of total distance travelled, this scenario per-
forms almost identically to the base case due to travelling
the same lateral path. However, the distance travelled
below 7,000ft is decreased due to the more efficient verti-
cal path. The horizontal segments of the flight path have
been eliminated which leads to a 30% decrease of flight
segments below 7,000ft. This could have a potential sig-
nificant impact on noise for residents of the area near the
airport, however it is difficult to state the exact impact
of this due to the difficulty of determining specific noise
sources of an aircraft and the corresponding experience
of the noise on the residents. Separation has not been
taken into account for this scenario as this would impact

7



the analysis off the vertical path. As the only manner of
ensuring separation for this scenario would be adjusting
the flight speed during the descent which counters the
concept of an ideal CDA.

6.2 Lateral Scenario

The lateral scenario compares the impact of the shortest
lateral path to the base case scenario. For this scenario,
the fuel consumption is on average, decreased by 16%,
for the total number of flights this is corresponds to fuel
savings of 120kg of fuel and 379kg of CO2 per flight. The
lateral path is 11% shorter compared to the Base Case,
saving around 30km per aircraft. The main reason for
a larger decrease in fuel is the shortened cruise phase,
as the path is shortened the aircraft has to cruise for a
smaller distance before starting the descent. This means
that in general, a larger amount of fuel is saved then
purely related to the distance that is saved.

Figure 15: Fuel consumption Lateral Scenario

This process can clearly be seen in Figure 15, where
the segment at high altitude uses considerable fuel burn.
After this segment, fuel idles at some stages before a hor-
izontal segment is started. Fuel burn follows the same
pattern for the Lateral Scenario as the Base Case but
the main difference lies in the starting segment of the
aircraft. Separation for this scenario has also not been
taken into account to be able to independently analyse
the impact of the shortest lateral path. Ensuring separa-
tion with this scenario compared to the base case would
mean adjusting the velocity profile. This would impact
the fuel consumption for this scenario due to factors other
then the decrease in flight distance and would therefore
impact the comparison to the base case scenario.

6.3 Combined Scenario

The Combined Scenario is split into two different scenar-
ios, one with and one without separation applied. The
scenario without separation applied could be considered
as the ideal case for the future. As aircraft scheduling and
ATM concepts become more accurate for example with
the full deployment of SESAR6. This means that aircraft
could be accurately sequenced and spaced before they
even arrive in the airspace and once they arrive in the
TMA, the path to the FAF is the optimised lateral and

vertical path for the aircraft. No further path stretch-
ing or delays would be required in order to sequence and
space aircraft. Potential conflicts that may arise in air-
craft with vastly differing glide slopes and glide velocities
can easily be negated by small deviations in the lateral
path from ToD to the FAF. Although this is currently
not yet possible, it is considered the theoretical maxi-
mum possible benefit of an optimised vertical and lateral
path. This theoretical maximum benefit in terms of fuel
consumption is around 27%, or around 200kg of fuel and
around 632kg of CO2 per flight for the segment within
the TMA.

For the combined case with separation, aircraft are
spaced and sequenced based on the arrival schedule from
the Base Case scenario. The fuel savings for this sce-
nario are on average 10% which comes down to around
75kg of fuel and 237kg of CO2 per aircraft. The to-
tal distance travelled is almost 2% larger then the Base
Case. However, the total distance travelled below 7,000ft
is 30% smaller than the Base Case. Additionally, it can
be noted that the distance saved by creating a shortest
lateral path is negated by the distance added in order to
delay the aircraft for appropriate separation. Secondly,
due to this increase in distance during the cruise phase in
one instance the fuel consumption is larger then that of
the Base Case, namely for the North wind condition. As
explained in subsection 6.6, this can be explained by the
relatively straight path that aircraft traverses to the final
approach fix. The distance saved by the shortened lateral
path is minimal. The impact of this can be seen in the
distance added due to separation, around 2000km. The
main consideration is that the distance added in order to
delay the aircraft, is travelled at cruise speed. Whereas
cruise speed if often optimised for maximising the amount
of fuel burned per distance travelled kg

m . However, as the
goal of the path extension is to delay the aircraft, the
fuel per second must be minimised in order to delay the
aircraft with as little impact on fuel consumption as pos-
sible. As this is not the case in this scenario, the path
extension has a considerable impact on the total fuel con-
sumption.

Figure 16: Fuel Consumption Combined Scenario without
separation

This is best explained using one aircraft as an exam-
ple of this process. In Figure 16, the fuel consumption
is plotted for a B744 which shows a 22% fuel savings

6https://www.sesarju.eu/projects/start
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and a 7% savings in distance. When looking at the same
aircraft for the case of separation in Figure 17, the dis-
tance covered compared to the Base Case is increased by
5km, thus around 24km of distance is added to the cruise
phase of the flight in order to delay the aircraft. This has
considerable impact on the fuel consumption of the air-
craft and almost all benefits gained from implementing
the CDA and the optimised lateral path are negated by
this increase in cruise flight.

In terms of separation, the scenario ensures separa-
tion due to the differing lateral paths of the aircraft. Each
aircraft has an almost unique lateral path, as well as a
unique vertical path. As such, potential conflicts due to
significant differences in aircraft glide path and glide ve-
locity as described in [9] and [7] are negated while the
capacity can be maintained from the base case scenario.
While the current implementation of separation is an ad-
hoc implementation on current flights, the potential fuel
savings are even more significant when aircraft are bet-
ter spaced and separated before they enter the airspace.
The maximum benefit of this is described by the com-
bined CDA and lateral scenario without separation.

Figure 17: Fuel Consumption Combined Scenario with sepa-
ration

6.4 Fuel consumption per aircraft

Too gain more insight into the effect of the fuel savings,
the fuel savings per aircraft type are listed in Table 6
for the Base Case, CDA Scenario and the combined sce-
nario. This makes for easier comparison with literature
where CDAs have been analysed. When comparing the
fuel savings per aircraft type with previous studies us-
ing fuel optimum CDAs from cruise altitude[5], the fuel
savings are similar but appear to be relative conservative
to the theoretical fuel savings determined in the study.
Most aircraft save between 50 and 100kg of fuel for the
CDA scenario, except the larger aircraft which can save
over 400 kg of fuel during this phase. To give perspective
to these numbers, a Boeing 737-800 aircraft takes around
4600kg of fuel to travel to the south of Spain. The po-
tential fuel savings that could ideally be reached with the
proposed combined scenario therefore consists of around
2% of its total fuel consumption. When such an aircraft
has to taxi to runway 18R, it has to take around 200kg
of taxi fuel with it, a considerable amount as well in re-
gards to its total fuel consumption, there it once again
stipulates the importance of reducing fuel consumption

on all aspect of aircraft.

Table 6: Average fuel consumption in [kg] per aircraft type

AC type #AC SCN1 SCN2 SCN4
B738 94 490 427 378
B744 58 1,663 1,253 1,153
B737 31 414 353 316
A320 28 438 362 314
A319 18 467 405 355
B739 14 478 367 330
A333 12 690 526 540
E190 10 353 320 278
A332 7 846 785 728
B772 6 805 668 628

6.5 Travel time per aircraft

In Table 7 the travel time can be observed. While this has
no immediate impact on the performance of the scenarios,
it is interesting to note the significant time benefit that
the Lateral scenario generates but is fully compensated
when this scenario is combined with the CDA implemen-
tation. This indicates that the main benefit to the time
is the speed profile of the aircraft that matches the Base
Case.

Table 7: Average time travelled within the TMA

SCN1 SCN2 SCN3 SCN4
SCN4
SEP

time [s] 1,673 1,593 1,446 1,611 1,696

6.6 Differences between the simulation
days

From Figure 18 and Figure 19, the difference in days can
be observed. Whereas aircraft from Figure 19 are flying
relatively straight to the FAF, the aircraft in Figure 18
are vectored a considerable amount and the path stretch-
ing is considerable, this is especially clear at SUGOL. The
segments of horizontal flight, indicated in grey, is a logical
consequence of the increased vectoring of the aircraft and
has a large impact on the scenarios as well. The easier
aircraft are able to fly straight to the FAF, the lesser the
impact of lateral optimisation is. That the aircraft from
the day shown in Figure 19 are flying relatively straight
forward can be seen by the distance travelled per aircraft
for each scenario for the Base Case in Table 8.

Table 8: Overview of distance travelled per aircraft, Base
Case

Wind direction # aircraft Dist. [km] Dist.
ac [km]

North 78 19,640 252
East 80 21,838 273
South 75 21,102 281
West 82 22,553 275
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Figure 18: Base Case routes overview, East

Figure 19: Base Case routes overview, North

7 Discussion

7.1 CDA Scenario

In the generated CDAs of the aircraft, the ideal CDA
is not incorporated in this paper. Ideally, this would be
implemented by determining the ideal FPA for each seg-
ment based on the aircraft mass, drag at each altitude
and the deceleration. While it is not implemented in
this scenario, the proposed solution allows for this im-
plementation. It must be noted however that a vary-
ing glide slope per aircraft may introduce other difficul-
ties. Because smaller aircraft are generally descending
less steep then larger aircraft, they might travel below
the trajectory of a previous larger aircraft. Considering
wake-vortex categories used for TBS, this may induce
additional problems due to the nature of wake-vortices
travelling downwards. This could in turn mean addi-
tional time between these aircraft is required, or alterna-
tively, the smaller aircraft could maintain current sepa-
ration standards but the must follow the flight trajectory
of the leading aircraft.

Also, while wind is taken into consideration in the
runway layout of AMS, it is not taken into account dur-
ing the descent of the aircraft. As the data recorded by
the ADS-B receiver is ground speed, this can also be com-
pensated for. However, for full implementation of CDAs
in the future, it is required for ATC to have full wind data
across the different altitudes for the aircraft to account
for this during the calculations of the trajectory.

7.2 Lateral Scenario

As shown in Figure 10, some aircraft have an increased
flight path compared to the Base Case due to the distance
of the FAF compared to the runway. It could be argued to

decrease the distance of the FAF in order to more closely
match current operations. However, the FAF radius of
the Lateral Scenario has been determined in accordance
with the separation design for the combined case. When
the FAF radius becomes too small, aircraft will be flying
too close too each other and make the final merging to
the FAF too cramped in order for ATC too maintain a
appropriate separation.

7.3 Combined Scenario

As described in subsection 6.3, there are instances where
the added distance required for separation have a signifi-
cant impact on fuel consumption, even to the point where
it increase the total fuel consumption to be larger than
the Base Case. This is an unfortunate side-effect of stick-
ing with a fixed vertical trajectory for the aircraft, when
lateral flight is no option after the descent has started.
Either the velocity profile must be changed during the de-
scent, meaning the trajectory is no longer an ideal CDA
descent or the CDA must be aborted and segments of hor-
izontal flight must be adapted. Lastly, the delay could
be implemented differently as well by not simply adding
a distance at cruise velocity but by forcing the aircraft
to decelerate during this phase as well and therefore in-
creasing the delay time over a shorter distance travelled,
ideally creating a segment of flight which minimises fuel
flow over time.

Additionally, the corridors created for the situation of
path extension as described in Figure 12 could in some
cases create the scenario that aircraft with different ve-
locity profiles during the descent are running into each
other. The proposed lateral shortest path causes lateral
separation as well as vertical separation of the aircraft.
However, the corridors do not have lateral separation and
therefore may creating instances of aircraft running into
each other. It would therefore be more desirable to design
the corridors per aircraft type as defined by the wake-
vortex categories. As such, these aircraft have a similar
descent profile due to being in a similar weight class and
this effect can be negated again.

7.4 Fuel consumption

As discussed, the fuel consumption uses the BADA model
for fuel consumption. As the module for BADA uses
quite some assumptions for the flight phases of aircraft,
it could be argued that these calculations are not always
accurate. Especially when taking into account the flight
manoeuvres which are at the moment unconventional.
Due to assuming certain flap settings when the aircraft
flies below certain altitude, therefore increasing the drag,
the calculations stated in this research might be a conser-
vative estimate. It must be noted though that the main
impact on the fuel consumption for this research is the
descent from cruise altitude to the FAF at 3,500ft, thus
the impact of certain flight phases at 8,000ft is considered
limited but nonetheless not none.

Additionally, it can be noted that the impact of CDAs
during the descent is a nominal amount with respect to
the total fuel consumption of an aircraft. However, as
aviation has the goal to be sustainable in 2050m it has
to take any means necessary in order for it to reach this
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goal.

7.5 ATC and pilot execution

During the analysis of the current proposed flight trajec-
tory, departing flights are not taken into account. Also
arriving flights at neighbouring airports are not taken
into account. Due to the additional area that the air-
craft are covering in the proposed solution, this is an
import aspect to take into account. While the goal was
to look for an ideal solution for landing aircraft at AMS,
this may be hindered by other airports.

In the instance a go-around is required, the benefits of
the CDA are negated. While this is a safety concern that
is taken into account by having a final approach similar
to current procedures, re-entering the airspace to land a
second time is not as straight forward as it is more dif-
ficult to define standard procedures as aircraft are more
freely using the airspace. The same holds for the imple-
mentation of holdings stacks.

Similarly, pilots must be able to execute the proposed
procedure for CDO. While not straightforward, there
have been some studies which investigate the pilot work-
load during the CDA where the main focus point lay on
the communication between the projected aircraft track
and how the pilots can navigate this. Including verti-
cal speed commands. This has been studied in[11] where
’descriptive waypoints’ were implemented in order to pro-
vide the pilots targets and feedback along the CDA path
which resulted in a successful following of the CDA path
for the pilots.

8 Recommendations

This research has shown a proof of concept for the appli-
cation of CDAs during high capacity situations at AMS.
For future studies it would be recommended to imple-
ment the ideal fuel optimised CDA for each individual
aircraft based on the aircraft mass, drag and deceleration
instead of implementing a global solution. In addition, it
is recommended to implement RECAT-EU wake-vortex
categories for TBS. It is also recommended to implement
more corridors to the FAF such that aircraft with signifi-
cant different trajectories and speed profiles can overtake
and stay at their ideal glide path.

For future studies into CDAs it would be recom-
mended to get a more accurate basis for the aircraft data
as the ADS-B data can have quite some discrepancies
which need to be accounted for. Also it would be inter-
esting to gain the insight of an approach controller on the
current status of the design. While several meetings were
held with commercial pilots in order to get an insight on
the feasibility of the designed approach procedures, the
insight of an approach controller would be beneficial as
well.

Additionally, it would be interesting to further anal-
yse the potential trade-offs for delaying the aircraft in
the cruise phase of flight or between decelerating addi-
tionally during the descent as proposed by [9], where fuel
consumption is the key driver in the determination of the
proposed solution.

Finally, for AMS in the future the following is recom-
mended in order to implement these procedures. The air-

craft mix at AMS currently features quite some smaller
aircraft when compared to other large airports such as
LHR which has quite some success with implementing
CDAs, albeit from a limited altitude. Due to having a
large mix of aircraft types, separation using TBS will be
more difficult to implement due to more restriction in
the differing wake-vortex categories. When more aircraft
of a similar type are landing, the separation constraint
will be more favourable and thus the capacity can be in-
creased. This could be of considerable impact when large
scale CDAs are implemented. As AMS is already limited
by the number of movements per year, it would be a log-
ical step to shift the balance of these movements more
towards heavier aircraft.

In order to implement the proposed solutions for
CDAs, ATC needs to have more information available
then is possible at the moment. In order to fully calcu-
late the trajectory of the aircraft, ATC must known the
aircraft weight, wind vectors across the projected trajec-
tory and ATC must be able to communicate the proposed
trajectory clearly with the pilots. Not only must the FMS
be able to follow the commands to the way-points as if
they are programmed way-points, the pilots must know
the route as well in order to verify the flight path during
descent as an added layer of safety.

In order to do so, all aircraft within the TMA must
give feedback on wind speeds to ATC automatically such
that an accurate wind grid can be created with varia-
tions between the different flight levels. Technically, it
would already be possible to provide pilots with the corre-
sponding way-points for their trajectory using Controller-
pilot data link communications (CPDLC). However, this
would increase the workload of ATC significantly and
thus this should be automated.

9 Conclusion

This research analysed the theoretical possibility of the
impact of full CDA operations starting from cruise al-
titude at AMS during maximum capacity usage of the
runways. In order to analyse the problem, ADS-B data
was used from actual flights during peaks in the summer
of 2019. For these peaks, the aircraft have been opti-
mised on 2 levels, vertical optimisation by implementing
the CDA, lateral optimisation by navigating directly to
the FAF and the combined case. When aircraft are sep-
arated laterally, the implementation of CDAs becomes
much more feasible during high capacity circumstances
then previously determined as aircraft with significant
different speed profiles during their descent trajectory
are able to pass without causing a conflict. This in terms
means that implementing CDAs would not necessarily
negatively impact capacity of airports if this system is
used. However, when the ideal trajectory of the CDA
is not to be impacted, separation of aircraft at the FAF
must be maintained by path stretching before that ToD.
This path stretching at cruise altitude has significant im-
pact on the fuel consumption and may in some instances
negate the positive impact of CDAs on the fuel consump-
tion.

However, this paper concludes that when aircraft are
separated and sequenced before they enter the TMA, the
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ideal case fuel savings would be in the order of 27% for
the descent flight, averaging at around 200kg of fuel and
632kg of CO2 per flight. In the case of less ideal separa-
tion before the TMA, the aircraft must extend its path in
order to be properly separated at the FAF. This imple-
mentation would entail fuel savings of 10% on average,
around 75kg and 237kg of CO2 per flight.

AMS Amsterdam Airport Schiphol

ATC Air Traffic Control

ATM Air Traffic Management

BADA Base of Aircraft Data

CCO Continues Climb Operations

CDA Continues Descent Approach

CDO Continues Descent Operations

CPDLC Controller-pilot data link communications

EC European Commission

eTBS Enhanced Time-Based Separation

FAF Final Approach Fix

IATA International Air Transport Association

ICAO International Civil Aviation Organization

LHR London Heathrow Airport

NLR Netherlands Aerospace Centre

SAF Sustainable Aviation Fuel

TBS Time-Based Separation

ToD Top of Descent
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1
Introduction

Even amidst a global pandemic such as the one as the time of writing, the global aviation industry remains
fairly optimistic about future growth, albeit somewhat delayed. Eurocontrol projects that the 2019 level of
air traffic will return in 2024 or later [5] and in the long run, growth is expected to return to pre-COVID levels
[6]. Simultaneously, the Dutch government is working on a plan on redesigning the Dutch airspace for the
ever changing demand of the airspace. The key components of this are to increase efficient use of the limited
Dutch airspace and to help make aviation more sustainable [7]. So, even though it is a less pressing issue at
the time, it remains ever important in the future to further reduce fuel and noise emissions from aircraft.

In order to decrease the impact of aviation on the environment, several measures can be taken. Designing
more sustainable aircraft, using bio-fuels or electric propulsion but also from an operational perspective im-
provements can be made. Most likely, a combination of all of the above will be the best solution in order
to reduce the most emissions. In this research, the operational perspective will be investigated in order to
decrease emissions from the aviation industry in the future. The main focus of this research will be on the
Terminal Control Area (TMA) and the descent and approach manoeuvres of aircraft. More specifically, the
Continues Descent Operations (CDO) and the Continues Climb Operations (CCO). CDO is used interchange-
ably with CDA and this procedure is defined by International Civil Aviation Organisation [18] as the following:

"CDO is an aircraft operating technique aided by appropriate airspace and procedure design and
appropriate Air Traffic Control (ATC) clearances enabling the execution of a flight profile opti-
mised to the operating capability of the aircraft, with low engine thrust settings and, where pos-
sible, low drag configuration, thereby reducing fuel burn and emissions during descent. The
optimum vertical profile takes the form of a continuously descending path, with a minimum of
level flight segments only as needed to decelerate and configure the aircraft or to establish on a
landing guidance system (e.g. Instrument Landing System (ILS))".

CDO is frequently mentioned in literature and Air Traffic Services (ATS) as a promising method to reduce both
emissions and noise nuisance during the landing phase of the aircraft [7] [17]. This maneuver is said to be
beneficial for residents living in close proximity to the airport due to a reduction in pollution and noise, but
also for airliners as it can potentially save on average 174 kg of fuel per flight compared to current operations
[11]. However,this approach procedure is not yet the industry standard and is not widely implemented for
high capacity operations at the moment due to the complexities concerning this maneuver because of sepa-
ration concerns and corresponding capacity at the airport. Currently at Amsterdam Airport Schiphol (AMS),
CDO are used during the night when there are few aircraft. According to early studies, the uncertainties dur-
ing the approach phase require an increase in separation time from 1.8 minutes to 4 minutes; a decrease in
capacity of over 50% [13]. While airliners have an intrinsic motivation to safe fuel and thus money, they are
often limited in performing the CDA in the TMA due to restrictions imposed by ATC.

CCO are more widely used and are mainly limited by speed restrictions and levelling off sections due to
airspace restrictions. When these restrictions are lifted, aircraft could more steadily climb towards their cruise
phase, saving on average around 40kg of fuel per flight at AMS [12].

While the research on CDO / CCO operations is promising in terms of fuel savings, procedure wise it encoun-
ters more difficulties. This research will focus on the complexities of implementing these two manoeuvres at
AMS and will aim to design procedures facilitating these manoeuvres in order to maximise fuel savings while

1



2

Figure 1.1: Basic principle of a CDA

maintaining key Key Performance Indicator (KPI)’s for AMS such as capacity and safety. Simultaneously rec-
ommendations will be made for future systems, both airborne and on the ground which may facilitate the
proposed procedures. As the outcome of this research may be relevant to designing future procedures at
AMS, transparency is of the utmost importance. As such only open source software, data and tools are used
to ensure that every reader is able to reproduce the results presented in this research.
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Background and Literature Review

In this chapter, more information is provided on the intricacies of operations at AMS. Similarly, relevant
research is presented which may aid in a possible solution. In section 2.1, more background information is
given on current operations at AMS. In section 2.2 more information is given on recent literature on CDO.

2.1. Background AMS
This research focuses on a practical implementation of CDO and CCO at AMS. As such, it is important to
identify what makes AMS different from other airfields around the world. AMS is one of the few airports that
does not make use of Standard Terminal Arrival route (STAR). In order to get a better grasp on the complexities
of designing routes for AMS, an interview was setup with someone at Luchtverkeersleiding Nederland (LVNL)
who is involved in the current process of redesigning the Dutch airspace. The interviewee highlighted some
core operation parts and related issues which highly influenced the design process of AMS. Among these
issues are (in no specific order): the varying wind direction and velocity, the runway layout, AMS its hub
function and corresponding inbound and outbound peaks, noise restrictions for residents nearby meaning 14
to 17 runway changes per day, the amount of flights per day and the opening of Lelystad airport. Accounting
for all of these factors during the redesign of AMS for CDO and CCO are considered out of scope, but the
factors that are considered within scope will be described in the following sections.

2.1.1. Wind directions and runway layout
AMS has a unique and to some extend dated runway layout. The most common used runway layout at AMS is
the parallel layout, as this makes dealing with traffic easier as less aircraft routes are crossing when changing
the active runways. However, the disadvantage is that aircraft are more heavily influenced by cross-winds.
Therefore, airport runways are always built in the most predominant wind direction for that area. AMS has
three parallel runways (18L, 18C and 18R (and the other way around)) and three additional runways covering
most other directions. As such, during heavy winds, there is always an airstrip available which lets aircraft
land relatively close to a full on headwind leading to a decreased amount of crosswind and a more safe and
easy approach.

However, there are quite a few limitations in the runway usage of AMS. The most prominent limitations will
be described, with the main focus on noise nuisance from residents. To decrease the amount of noise that
residents are exposed to per day or per week, AMS must vary the usage of runways accordingly, to distribute
noise more evenly. Therefore, it is not always possible to use the runway that has the best orientation with
respect to the wind. Due to this requirement, AMS must switch runways resulting in increased complexity in
terms of aircraft arrivals.

When observing and comparing the wind roses from some large airports around the world with AMS, a few
interesting things can be noted. When comparing AMS to Los Angeles International Airport (LAX) as seen in
Figure 2.1 and Figure 2.2, AMS has substantial more varying wind directions and more intense wind veloci-
ties. Compared to LAX, the runways have a less logical orientation with respect to the wind. Also, the wind
intensity at LAX is significantly lower. When comparing this further with Figure 2.4 and Figure 2.3, the same
uniformity in wind directions can not be noted for London Heathrow Airport (LHR) as aircraft land more
often with crosswinds.

3
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Figure 2.1: Runway layout and Wind rose of AMS ©Iowa Environ-
mental Mesonet

Figure 2.2: Runway layout and Wind rose of LAX ©Iowa Environ-
mental Mesonet

Figure 2.3: Runway layout and Wind rose of LHR ©Iowa Environ-
mental Mesonet

Figure 2.4: Runway layout and Wind rose of CDG ©Iowa Environ-
mental Mesonet

2.1.2. Inbound and outbound peaks and approaches
Another difficulty at AMS is the main function as a HUB airport resulting in large inbound and outbound
peaks. These consist of two morning peaks (one inbound and outbound), two afternoon peaks and one
evening peak. During a large inbound peak, for example between 7 am and 9 am, there are often more than
60 landing aircraft and during an outbound peak, for example between 9 am and 11 am, there are the same
amount of departing aircraft. This means that the runway configuration must change quickly during this
switch between inbound and outbound.

Currently, AMS uses no fixed approaches. ATC vectors the aircraft from their final point from the STAR and
guides to aircraft to the Final Approach Fix (FAF). In Figure 2.5, this is visualised from the different directions.
However, it should be noted that for the airspace redesign, a 4th approach fix is considered from the south-
east that passes Utrecht. Before FAF, the aircraft often has a section of level flight as this is easier for ATC, and
makes interception of the ILS more easy as the ILS is intercepted from below. In the charts of the instrument
approaches, this level segment is given in Figure 2.6.

2.2. Literature Review
This section will explain the intricacies of the use of CDO, possible solutions and the current research gap.

2.2.1. Benefits of CDO and CCO
CDA is a procedure which has been described for some time. In the past it was mainly described as a noise
abatement technique [13], but over the last 10 years or so, it is also increasingly mentioned as a fuel saving
technique [11]. Most recently, Eurocontrol widely supports this procedure in order to get more airports in
Europe to adapt this approach technique [15].

The benefits of implementations of CDO throughout Europe are well-defined by Eurocontrol and are
identified as :

1. A decrease of 340,000 tonnes of fuel
2. A reduction of over 1 million tonnes of CO2 emissions
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Figure 2.5: Current STAR at AMS ©LVNL

Figure 2.6: Instrument Approach chart VOR runway 18C ©LVNL

3. A reduction of 1 to 5 dB noise pollution around the airport due to decrease in level flight segments
4. A saving of around 150 million euros on fuel

Currently however, according to Eurocontrol, only 41% of flights in Europe are a CDO from FL75 (the top of
the noise CDO) and only 24% fly a CDO from Top of Descent (ToD) (the top of fuel CDO). Deployment of
optimised CCO and CDO throughout Europe will be beneficial to all European ATM system stakeholders and
will help the network to address the environmental challenges it faces.
To further encourage and help airports implement CDA as a standard, Eurocontrol has published a European
CDO / CCO Action Plan [15] to "call for and commit to, a step change in the facilitation, promotion and
implementation of CCO/ CDO with the objective of significantly reducing noise and CO2 emissions".
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2.2.2. Difficulties of CDO and CCO
This method of approach for aircraft is however not yet the industry standard, due to a number of complex-
ities concerning this maneuver. The problem of spacing during the descent phase consists of three parts:
varying wind conditions, aircraft with different deceleration/glide profiles, and inconsistent pilot behaviour.
They all contribute to the uncertainty in the approach trajectory and in the long run, this makes it particularly
challenging for air traffic controllers to place aircraft in space [17].

Studies at AMS have shown that an ad hoc implementation of CDA reduced airport capacity by as much
as 50% [13]. Due to the increased uncertainty during the approach, more spacing is required between aircraft
which decreases the capacity significantly. As wind is of major influence on the optimum FPA, AMS is rela-
tively more influenced by this which makes implementation more difficult [17]. A Three-degree Decelerating
Approach (TDDA) is proposed, which is mainly focused on noise abatement by creating a flap scheduling
algorithm to decrease noise. However, the procedure requires an altered screen for the pilot in order to know
when to deploy flaps or additional thrust. Additionally, the pilot workload was considered too high in cases
of more severe wind conditions.

LHR is one of the airfields that is able to fully implement CDO and is able to successfully facilitate CDO in
87% of the time [3]. In order to do this, LHR uses some advanced systems in place which help ATC implement
CDA at almost all times. LHR uses Time-Based Separation (TBS) or Enhanced Time-Based Separation (eTBS)
instead of Distance Based Separation (DBS), that is currently used at most airports. This is due to the fact
that it is harder for the controller to ’see’ the separation if it is based on time than a fixed distance on the
screen [30]. Because of this, a special screen has been developed for ATC to help assist with the maneuver.
LHR also uses Recat-EU, a re-categorisation of wake vortex classes for aircraft and separation requirements
between categories. LHR uses pairwise separation identifying more then 96 aircraft categories to further aid
in maintaining an as safe as possible and close distance between aircraft further increasing capacity [4]. Fur-
thermore, LHR makes extensive use of holding stacks in order to properly sequence aircraft and starts the
CDA at 6,000ft or 7,000ft altitude. It should be noted that the benefits of the CDA in terms of fuel may be
offset by the increased fuel usage in the holding stacks. In terms of noise, this type of operations is still ben-
eficial. Lastly, it should be noted that LHR is one of the busiest two runways airports in the world. Due to
this, the slots for landing are quite expensive and the types of aircraft landing at LHR are generally more of
the same larger categories then other airports.

2.2.3. Different types of CDO
There are also different types of CDO that can be performed, the simplest of which would be a standard fixed
three degree FPA approach. This approach is an extension of the ILS, where the Flight Management Sys-
tem (FMS) can follow both the designed vertical and horizontal path. However, this is not a 100% optimal
CDO as each aircraft has a different aerodynamic flight path and wind is a major factor in this. If aircraft
have a less steep aerodynamic FPA they cannot fly with idling engines and are therefore consuming more fuel
than would be considered optimal. The added benefit would be the possibility of decelerating the aircraft by
decreasing thrust resulting in more control for ATC.

An alternative to this is the Aerodynamic Flight Path Angle approach. This approach causes a FPA for the
aircraft for which the descent is optimum in terms of fuel consumption and the relative aerodynamic FPA to
the aircraft. This optimum FPA is unique for each aircraft due to various aerodynamic differences between
aircraft types, flight configuration, wind speed, but also across one single aircraft type due to the differing
weights of the aircraft during landing. All of these factors combined determine the actual FPA of the aircraft.
Part of the difficulty with this is that not all these factors are known to ATC and therefore currently unable
to accurately be determined by ATC. A benefit to this aerodynamic FPA is that it results in a more predictive
ground speed and therefore eliminating part of the extra required separation that is currently in place for
constant FPA CDA [19].

While most of the above mentioned factors influencing the aerodynamic FPA can be known or estimated,
the aircraft weight is very difficult to determine as this is not yet communicated between tower and pilot.
An aircraft can be almost empty during the landing phase and close to Operational Empty Weight (OEW) or
can have almost full tanks and close to Maximum Take-Off Weight (MTOW). This creates difficulty for the air
traffic controller as any speed or altitude commands during the glide phase would contradict the benefits of
a optimum CDO.
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2.2.4. Proposed solutions
Separation in the sky has been proposed by Veldt, 2004 [30], with the addition of an extra screen and a wind
prediction algorithm [17]. This would aid the pilot in maintaining the three degree glide slope while the pilot
is also able to decelerate using control surfaces and thus maintaining separation with other aircraft. This
would require all aircraft to be retro-fitted with such a display, pilot training and of course the requirement
to have this display when an aircraft wants to land at AMS. Pilot workload appeared to be a large concern for
the authors due to the addition of an additional display. However, workload for the controller was not found
to be a limiting factor [17].

From a more technical and airspace design approach, Alam 2011 [8] proposed a discretisation of the TMA
into concentric cylinders with artificial way-points and proposes to use an elimination algorithm based on
the aircraft performance envelope from one way-point to another to identify all possible routes. From these
resulting possible routes, the final route is selected based on a trade-off on noise, emission and fuel con-
sumption. This has been simulated in an air traffic simulator for Sydney Australia TMA. The proposed routes
show a 15% reduction in noise, 11.6% reduction in NOx emission and 1.5% reduction in fuel. The relatively
smaller fuel consumption can be explained by the fact that aircraft are flying a longer distance, as it flies in
circles above the runway, instead of a more direct path to the runway.

In Sáez, 2020 [28] the authors proposed a mixed-integer programming approach to compute aircraft arrival
routes in a TMA creating Merge Trees with proper separation and time to the runway arrival. In this merge
tree, all aircraft are assumed to be flying their optimal CDA and do not use any speedbrakes. This study is
very interesting and poses an interesting solution to the problem. In terms of a more optimum solution, this
approach leads to less distance being flown and has a focus on robustness. The previously mentioned prob-
lems however of not knowing weights is not yet solved though and also computing time using this solution is
an issue and makes actual implementation not yet possible.

Part of possible solutions to a more efficient airspace at AMS as currently recommend in [7] is the fourth
approach fix that would aid the TMA of AMS and proposes fixed arrival routes instead of radar vectoring. This
would allow for a more structured approach of the TMA, less workload for ATC and more efficient approaches,
but also decreasing flexibility for controllers. The complete opposite of this concept would be a complete free
flight. To be able to implement this, complete airborne separation of aircraft would be done from the cockpit
with new systems in place. ATC would only be there for monitoring. This has been elaborately described by
[27].

Point Merge systems could also be a key in maintaining separation between aircraft, while also being able to
implement CDA at AMS. This could be implemented in the arrival management as recommended by [10],
who proposes a point merge system based arrival management for AMS for one single and one dual runway
configuration. A fuel reduction is seen, due to the implementation of CDA, between 14% and 33% com-
pared to the current situation while simultaneously also increasing capacity marginally with around 2 to 9%.
Another proposed point merge technique from [14] is a methodology for automated generation of efficient
curved CDA trajectories supported by arrival flow merging techniques, resulting in considerable fuel con-
sumption benefits of up to 30%. In addition to this, Ground Based Augmentation System (GBAS) could also
be used as an added accurate and more technologically advanced landing system at airports [16]. GBAS is,
even compared with ILS, more beneficial to implement at small airports [2] and worth the financial invest-
ment compared to ILS, while also having more benefits in terms of technological advancements.

Ideally, this research proposes a combination of techniques and systems that would be required for AMS
to be able to use almost 100% CDO at 100% capacity. Additionally, this research would indicate the maximum
achievable benefits of CDO implementation at AMS in terms of fuel consumption at the peak level of flight in
2019.



3
Research Plan and Methodology

A primary part of this research is to execute and report the research in such a way that it can easily be re-
produced by people reading this research. Therefore, it is imperative to make use of open source data and
tools. This originated during redesigning the Dutch airspace called Programma Luchtruimherziening [7] and
the desire to gain insight on the theoretical maximum benefits and disadvantages of CDO compared to cur-
rent operations. To gain more insight into the impact that this has on both fuel consumption and capacity,
this research was founded. The main research question and sub-questions are explained in section 3.1, the
scenarios that are designed to answer the questions are explained in section 3.2 and finally more in-depth
knowledge about the intricacies of CDO is given in section 3.3.

3.1. Research Question, Aim/Objectives and Sub-goals
In this section the main research question is posed as well as the sub-questions which are required to answer
the main research question. Additionally the research objective is formulated.

3.1.1. Research Question
The main research question of this thesis is:

"What is the maximum achievable efficiency in terms of fuel savings and maximum achievable
capacity by implementing CDA approaches at Amsterdam Schiphol Airport from the beginning
of the TMA using the latest Air Traffic Management (ATM) concepts and airborne systems".

In order to answer the research question, several sub-questions need to be answered:

1. What is the current level of fuel consumption at AMS during peak arrival hours and the corresponding
capacity?

2. What is the impact on implementing fuel optimum CDO while maintaining the current lateral path at
AMS during peak arrival hours and the corresponding capacity?

3. What is the impact of an optimal horizontal path on the fuel consumption while maintaining the cur-
rent vertical path at AMS during peak arrival hours and the corresponding capacity?

4. What is the impact of a 4th approach fix, as proposed by the Programma Luchtruimherziening [7], on
the fuel consumption and capacity at AMS?

5. What airport requirements must be met in order to implement maximum efficient Continues Descent
Operations at AMS?

6. What are the airborne requirements that must be met in order to implement maximum efficient Con-
tinues Descent Operations at AMS?

These questions will be evaluated on the parameters: fuel consumption, capacity, robustness and separation.
Robustness will be determined based on a differing arrival schedule then previously assumed and the corre-
sponding variations in arrival times in the TMA and the impact it has on the capacity and fuel consumption.

8
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3.1.2. Research Objective
The main research objective of this thesis is:

“To design a framework for CDO / CCO at Amsterdam Schiphol Airport which minimises fuel
consumption while maintaining capacity in the TMA by means of open source tools in order to
be able to fully reproduce the results presented in this thesis to aid policy makers in their decision
making”.

To achieve this goal, a baseline must be set for current fuel consumption levels during an inbound peak of
traffic at AMS. From this baseline, extensions must be made in terms of implementing CDA procedures in
order to determine the maximum possible efficiency if all flight utilised CDO, this will serve as the maximum
achievable fuel savings, and subsequently likely reduced capacity at AMS. After this, separation and proper
procedures must be closely investigated in order to stay as close a possible to this maximum achievable fuel
savings while simultaneously increasing capacity. Safety, remains a primary condition at all times.

Finally, a trade-off will be made in terms of maximum efficiency of fuel savings and capacity. The research
’gap’ is that so far, there is no real analysis on hypothetical potential fuel benefits at AMS and the correspond-
ing capacity. In literature is often stated that CDO will be a benefit in terms of emissions and noise, but this
can range from 1% to 20% and is often not specific on the corresponding capacity. This research may aid
policy makers to set more clear targets in terms of fuel reductions at AMS and the corresponding capacity as
well as give more insight to the trade-off between these that is inherent to the problem. This research also
seeks to help create clearer targets for the operational side of the aviation industry to achieve zero emissions
by 2050.

3.2. Scenario setup
The research question and sub-questions posed can be answered using real-time simulation in Bluesky1.
Bluesky is a complete open-source simulation tool created to gain more insight in and to implement new
methods for research in ATM developed by Prof. Dr. Ir. J.M. Hoekstra and Dr. Ir. J. Ellerbroek from the Delft
University of Technology. In this thesis, 5 scenarios are designed in order to answer the above mentioned
research questions. These scenarios consist of the following:

• Scenario 0: This is the baseline scenario and is simply a simulation of real life air-traffic based on ADS-
B data of a busy day in the summer of 2019. This will serve as the baseline scenario and is a scenario
where the airport is functioning at almost 100% capacity.

• Scenario 1: This scenario is a vertical optimisation of the baseline scenario. It is vertically optimised by
implementing CDO and keeping the same lateral path as the baseline scenario. This scenario will be
split into two separate sub scenarios: First, an optimum sub scenario where separation will be ignored
to purely look at the potential benefit of an optimal CDA. Second, a sub scenario where separation will
be maintained between aircraft to look at the practical implementation of CDO for the scenario. The
second sub scenario will also give relevant information on capacity.

• Scenario 2: This scenario is a horizontal optimisation of the base case scenario and keeps the same
vertical path as the base case scenario.

• Scenario 3: This scenario implements a 4th approach fix as proposed in the Programma Luchtruimherzien-
ing [7]. The vertical path will remain the same as the base case scenario.

• Scenario 4: The ideal case. This scenario will be an optimisation of both the horizontal and vertical
path while maintaining proper separation in order to give an estimate of the performance of CDO and
CCO at AMS.

A large influence on the eventual capacity is the actual implementation of maintaining separation. This
mainly relies on the implementation of point merge techniques and the possibility of implementation of
airborne separation systems and more accurate time-based prediction methods for ideal CDO / CCO at AMS.
During testing of the scenarios it will be determined whether these techniques and systems will be beneficial,
and to what capacity, for the eventual fuel consumption and capacity.

1https://github.com/TUDelft-CNS-ATM/bluesky

https://github.com/TUDelft-CNS-ATM/bluesky
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Figure 3.1: Range vs Endurance for jet engine aircraft [21]

3.2.1. Expected Research Results
The results of the research will be formulated as a maximum achievable amount of fuel saved by implement-
ing CDO and CCO at AMS. Correspondingly the capacity will be determined for the scenarios with these fuel
savings. Eventually, a trade-off must be made between the fuel savings and the capacity at AMS, as earlier
research has determined that fully implementing CDO at AMS will cause a decline in capacity of 50%[13].
This is an infeasible implementation of CDO at AMS and therefore it is likely a trade-off must be made. This
trade-off will be done based on the results of scenario 4 whereby the capacity and fuel savings will be varied
throughout this scenario. Eventually based on these results, a Pareto front will be established for this scenario
to determine the trade-off between fuel savings and capacity.

Additionally, two variables are of significant impact on the simulation results namely: wind and aircraft
weight. As it falls out of the scope of this research to vary these parameters for each scenario, the impact
of these parameters will be analysed for one scenario specifically. This will be done in order to determine the
impact of the parameters individually.

3.3. Methodology
As this research focuses on minimising the impact of aviation on the environment, the main goal is to reduce
fuel consumption. To minimise fuel consumption, the aircraft must fly at a velocity and descent profile which
minimises total fuel consumption. It might be intuitive to assume that this would occur at the maximum
glide ratio as this would be the most efficient flight in terms of Drag. This is certainly the case for gliders
which must maximise their energy potential at any given altitude and velocity by minimising their drag [22]
[20]. However, for civil aviation it is not possible to shut down the engines during descent due to the inability
to maneouvre sufficiently if required. As the engines can not be shut down, they will consume fuel when idle
and also produce a small amount of thrust. The idle thrust amount is assumed to be around 7%, based on the
International Civil Aviation Organisation recommendation for the average ground and taxi idle thrust levels.

However, as aircraft are continuously burning fuel, even when the engines are idle, it is imperative to
take the time in the sky into account and therefore also accounting for the velocity increase generated by the
increase in Thrust and thus fuel consumption. Or simply said, the Drag over Velocity must be maximised in
this case as can be seen in Figure 3.1.

In order to get a better understanding of the fundamentals of this flight phase, the equations of motions
for this flight phase are analysed. The corresponding assumptions are mentioned in the respective steps.It
should be noted that this is not a formal derivation for the specific case of a civil aircraft decelerating gliding
flight with partial thrust. The cases presented here are for parts of this flight manoeuvre which are then com-
bined to give an overview of the impact of all the individual components of this specific manoeuvre. Firstly,
the fundamental case of a pure glider is explained. After this the case where fuel consumption is taken into
account in order to maximise range. Finally the decelerating aspect is taken into account. The resulting im-
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pact of each of these individual components is shown in Figure 3.2.

The general equations of motion for symmetric flight are given by Equation 3.1 and Equation 3.2.

T cosαT −D −W si nγ= m
dV

d t
(3.1)

L−W cosγ+Tsi nαT = mV
dγ

d t
(3.2)

Where for gliders the Thrust T is zero. The acceleration is assumed to be zero both in horizontal and vertical
direction. γ is the FPA which is negative for descending flights and will be replaced by its negative counterpart
γd , D is the drag force exerted on the aircraft given by:

D =CD
1

2
ρV 2S (3.3)

CD =CD0 +
C l 2

πAe
(3.4)

Where CD0 is the zero lift drag coefficient and the second term is the lift induced drag. Thus, for steady
descending flight for a glider:

CD
1

2
ρV 2S =W si nγd (3.5)

L =CL
1

2
ρV 2S =W cosγd (3.6)

Dividing the above equations results in:

t anγd = CD

CL
(3.7)

Using Equation 3.6 and Equation 3.7 the rate of descent (RD) can be found:

RD =V si nγd =V
CD

CL
cosγd =

√√√√W

S

2

ρ

C 2
D

C 3
L

cos3γd (3.8)

These quantities, V , γd , RD are mainly influenced by the angle of attack of the aircraft. As can be seen in
Equation 3.8, in order to minimise the rate of descent, C 2

D /C 3
L must be minimised, or C 3

L/C 2
D must be max-

imised. This is of most importance if the pilot wants to maximise endurance. If the pilot wants to maximise
range, the FPA must be minimised and thus, as can be seen from Equation 3.7, CL/CD must be maximised.
Although weight is of no influence to this term in itself, it is of influence on the airspeed and lift coefficient.

In the instance that there is a T hr ust component, the derivation is not similar. First, the equations for range
for steady horizontal flight are investigated for jet aircraft, for which it is assumed that T hr ust is equal to the
Dr ag . Fuel consumption is then defined as:

f = ηT = ηD (3.9)

Where η is the thrust-specific fuel consumption and f the fuel flow. To maximise range, the fuel flow per unit
velocity must be minimised. Thus: ( F

V

)
mi n = ηD

V
=⇒ (D

V

)
mi n (3.10)

Assuming steady horizontal flight, this can be rewritten to:

(D

V

)
mi n = (D

L
L

1

V

)
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CL
W

1

V

)
mi n (3.11)

(D

V

)
mi n = W√

W
S

2
ρ ( CL

C 2
D

)max

=⇒ ( CL

C 2
D

)
max (3.12)

However, for a CDA this is not applicable and the situation more complex. First of all, Thrust is neither neg-
ligible like the glider example, nor equal to the amount of Drag that the aircraft encounters like the cruise
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example above. Second, the aircraft will also be decelerating along its descending path from ToD to the FAF.
This deceleration has a significant effect on the FPA.

In order to further investigate the impact of these parameters on the gliding performance of an aircraft,
a numerical example is provided of the A320, one of the most prevalent aircraft types at AMS to implement
decelerating flight, without Thrust T , Equation 3.1 reduces to:

D =W si nγd −m
dV

d t
=⇒ W si nγd =CD

1

2
ρV 2S +m

dV

d t
(3.13)

For the vertical equations of motion, there are no changes compared to the glider case described in Equa-
tion 3.6. When small angle approximation is applied for FPA up to 3°, cosγd = 1 and thus, the equation can be
solved for the corresponding velocity when iterated over a range of CL . In order to solve Equation 3.13 for the
FPA, the deceleration must be determined. In this instance, the deceleration is assumed to be constant for a
flight from cruise speed to the final approach speed. This results in the corresponding FPA for this deceler-
ating flight path at different velocities. When Thrust T is applied, the simplification is made that the Thrust
is 10% of the Drag D . Finally, the combined case is made where both a decelerating descent with Thrust is
plotted. The resulting FPA can be found in Figure 3.2.

Figure 3.2: FPA comparison

Therefore, the FPA chosen in this research will be determined based on literature. As the focus of this
research is on a practical implementation of CDO in a future scenario, further optimisation of the specific
trajectories is considered out of scope. A difference will be made however between the different types of
aircraft as this is of large impact on the FPA. There have been multiple studies on the matter of optimum
FPA for fuel consumption such as Turgut, 2019 [29], who state that the highest fuel savings are noted at a
FPA of 2.5°. Similarly, Inaad, 2016 [11] found a similar figure with the FPA varying between 2.0° and 2.6° for
most aircraft. Research finds that fuel optimum FPA is most often more shallow then the current baseline
implementation of ILS systems at Airports which mainly use a FPAof 3°. Comparing these numbers for the
FPA corresponding the FPA for (CL/CD )max of most civil aviation aircraft, (CL/CD )max of most civil aviation
aircraft lies between 15-18, which corresponds to a FPA of 3.8° and 3.2°.



4
Experimental Setup

This chapter will discuss the experimental setup that will be created in order to simulate the different scenar-
ios described in section 3.2. Additionally, the parameters, data analysis and input to the simulation will be
further explained. First, section 4.1 explains the setup of the simulation, followed by section 4.2 where the
process of filtering and editing the Automatic Dependent Surveillance-Broadcast (ADS-B) data is explained.
Finally, the used simulation parameters are given in section 4.3.

4.1. Simulation Set-up
The main set-up for this experiment consists of making use of the real-time Air Traffic Management Software
Bluesky1. In order to simulate actual traffic, actual operations of aircraft must be extracted and processed
in order to simulate this and to create a baseline of air-traffic at AMS on a busy day and the corresponding
flight paths. Additionally, the simulation software can make use of multiple aircraft performance databases.
In order to be fully transparent, the author will use OpenAP2 [24]. This is an open source aircraft performance
database which is able to accurately model most common aircraft at AMS. It was also considered to use Eu-
rocontrol’s Base of Aircraft Data (BADA), one of the most used aircraft performance models in the world. This
is a total energy model and can be used for implementation in Bluesky. BADA is licensed under Eurocontrol
and therefore not open source.

4.1.1. OpenAP usage
For this research, the OpenAP database will be used [24] which is compatible with Bluesky. It contains aircraft
data based on open aircraft surveillance data and open literature models. The models consist out of four
core components: aircraft and engine properties, dynamic performance, utilities such as navigation, and
kinematic performances [26]. It should be noted that not all aircraft are part of this database and as such,
in some instances a comparable aircraft must be chosen to simulate instead. For the research results this
will be of limited impact as the research is about the relative difference between the base case scenario and
the other scenarios. If an aircraft is replaced by an alternative, it is assumed that the relative change in fuel
consumption will be similar.

4.1.2. Extension of Simulation Software
In order to successfully implement CDO procedures, the simulation software Bluesky needs to be extended
where the aircraft are able to vary the FPA to the optimal aerodynamic FPA, compensating for current wind
conditions. Additionally the desired acceleration during the descending flight must be added as a vari-
able, currently Bluesky uses a default fixed acceleration or deceleration. The minimum thrust must also
be changed as for a descending flight the default value in OpenAP is considered to be 15% of the thrust in
flight. According to previous experiments done with Bluesky, the thrust parameter in Bluesky can be larger
then it is in reality based on FMS data and must be decreased, as well as the corresponding fuel flow [9]. The
autopilot module must be updated as well in the descent module where the current rate of descent is put to
a default value of 3000 ft per 10 nm. This must be updated to reflect the actual corresponding rate of descent
determined by the aerodynamic FPA, current wind conditions and aircraft weight

4.1.3. Simulation border
In order to evaluate the proper impact of the simulation, the simulation must start at a distance such that all
aircraft are able to implement a full CDA from the start of the TMA and such that it can be evaluated what

1https://github.com/TUDelft-CNS-ATM/bluesky
2https://github.com/junzis/openap
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the impact of CCO is. Due to speed restrictions, the main limiting factor is currently the levelling-off of these
aircraft during climb at an altitude of 10,000ft. The border of the simulation has been determined by two
factors, the minimum FPA for aircraft that land at AMS and the new upper border of the TMA of the Nether-
lands as proposed by Programma Luchtruimherziening. The minimum FPA from research was found to be
around 2° [9] [11] [29]. The upper border of the TMA has been determined to be at 7,500m or around 25,000
ft. Therefore, using the minimum FPA and the upper border of the TMA results in a border with a radius of
215km centered around AMS. Do note, this does not mean that all aircraft start their descent immediately
at the border, if an aircraft has a steeper geometric flight path than 2°, the aircraft will continue flight at its
cruising altitude and starts the descent later such that the aircraft can follow its ideal descent path.

Due to the range of the ADS-B receiver, it was considered to place the border further away. However, this
was deemed infeasible due to the large amount of extrapolation that would be required for the aircraft data.
This will be explained in further detail in section 4.2. A figure of the borders that were considered can be
seen in Figure 4.1, where the two additional borders that have been plotted, one for a FPA of 2° at an altitude
of 35,000ft (the blue line) and one with the same FPA at an altitude of 21,000ft. The yellow dashed border
indicates the chosen border for the simulation with a FPA of 2° at an altitude of 25,000ft.

4.1.4. Weight distribution
As the aircraft weight is an important factor in the glide velocity and thus the maximum range of the aircraft,
it is important to take variations of the aircraft weight into account. The aircraft weight estimation is based
on literature. Where the weight distribution is based on the OEW and Maximum Landing Weight (MLW)
and is based on the work in Bouwels, 2021 [1]. The mass of the aircraft is also very important for the fuel
consumption, as it has been reported that a 500kg difference in takeoff mass can account for an additional
40kg of fuel consumption for narrow-bodied aircraft [23]. The selection of aircraft types fall within 95% of all
aircraft types at AMS and is further explained in subsection 4.2.1. The final table of the weight distribution
per aircraft type and distribution can be found in Bouwels, 2021 Table A.1.

4.1.5. Wind implementation
Wind is a large factor and one of the main uncertainties for implementation of CDO [17] [30]. Therefore it is
important that wind is incorporated in the simulations and that different wind conditions and corresponding
changes in runway layout are analysed. Wind is a large factor due to the notion of an ideal FPA that is required
for fuel optimal CDO. This is an aerodynamic angle, with respect to the aircraft and not with respect to the
ground which is currently used for the ILS. This makes the approach procedure more complex.
For implementation of the wind conditions at each corresponding day, Global Forecast System (GFS) data
is used. The wind conditions per scenario will be roughly similar and no large variations across different
latitude and longitudinal positions will be used. The same holds for variations of wind speeds at different
altitudes.

4.2. ADS-B Data processing
The ADS-B data used for this research is gathered from an ADS-B receiver on the roof of the faculty of Aerospace
Engineering at the Delft University of Technology. The data from this receiver is freely accessible for anyone3.
ADS-B data reports through semi-regular interval the following of an aircraft: Latitude, Longitude, ICAO iden-
tification number, Unique aircraft ID, Ground Speed, Track, Altitude, Rate of Climb and callsign.

Using ADS-B Data has the benefit of being freely accessible, unfortunately the quality of the data can
sometimes vary significantly. Both in the accuracy of the data in terms of latitude, longitude and irregular
time-steps. Similarly there are discrepancies with the values reported for Altitude and Ground Speed of which
for some aircraft this is rarely received correctly. Therefore, the received data must be filtered and processed
before it is useful for the simulation, this process is explained in subsection 4.2.2.

Additionally, the receiver has a limited range. Being located to the south of AMS, means aircraft coming
from the North and more specifically using STAR EELDE - ARTIP and NARSO ARTIP as can be seen in Fig-
ure 2.5, are detected too late in order to stay outside of the simulation border. These aircraft must be extrap-
olated to the border of the simulation, this process is described in subsection 4.2.3. This effect is increased
due to the lower altitude of aircraft at these points and the curvature of the earth, decreasing the range at
which the signal of these aircraft is received even further. For one day during the summer of 2019, the points

3https://surfdrive.surf.nl/files/index.php/s/KYTR1ldO6vqCxXG

https://surfdrive.surf.nl/files/index.php/s/KYTR1ldO6vqCxXG
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at which aircraft make first contact with the receiver are plotted in Figure 4.1. Where in general, the aircraft
that are closer to AMS are flying at a lower altitude. This is for all aircraft that land at AMS that day, not taking
departing aircraft into account.

Figure 4.1: Example of ADS-B data: First point of contact of all aircraft landing at AMS in one day

4.2.1. Identifying aircraft types
The ADS-B data reports two types of identities, the ICAO identification number which is directly linked to
the acADS-B receiver on the aircraft, and the unique aircraft identifier given by the receiver. This is beneficial
when working with the data as some aircraft will have multiple return flights to AMS, this can be avoided
by sorting on the unique aircraft identifier [25]. The aircraft unique identifier must be linked to ICAO iden-
tification number from which the aircraft type can be retrieved. As for the simulation it is required for the
correct aircraft to be simulated. In order to map the ICAO identification numbers to the correct aircraft type,
two databases are used. One is the Open Sky database4 and contains over 460 thousand aircraft frames. The
other is the Junzi Sun World Aircraft Database 5 and contains over 160 thousand frames. Unfortunately the
latter has stopped updating in 2018 but the data recorded is still useful for the frames flying around right now.
Using the data of multiple days, with around 630 unique aircraft per day, the Opensky Database can iden-
tify around 93% of all aircraft. The Junzi Sun World Aircraft Database can identify around 87% of all aircraft.
When both databases are combined, the resulting is able to identify almost 96% of all aircraft. The remaining
aircraft that cannot be identified by the ICAO identification number, will be assigned a random aircraft from
the top six most common aircraft types at AMS currently [9], consisting of: B738, E190, A320, B737, A319,
E75L. Together these aircraft cover over 60% of all incoming flights at AMS.
During simulation runs, it is also possible that the identified aircraft are not in the database from OpenAP, as
this is a limited database, and as such are replaced by the closest similar aircraft type. For a typical simulation
run, B77L is replaced by a B77W and B763 is replaced as well by a B77W. No other changes have been noticed
so far in the assigning of the aircraft type.

4https://opensky-network.org/datasets/metadata/
5https://junzis.com/adb/

https://opensky-network.org/datasets/metadata/
https://junzis.com/adb/
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4.2.2. Filtering data
Only relevant data is required for the simulation, meaning aircraft departing from and landing at AMS. Air-
craft are sorted on their unique aircraft id and by time, additionally aircraft are filtered according to the fol-
lowing criteria:

• Only aircraft that have more then 300 data points recorded
• Only aircraft whose first point of contact with the ADS-B receiver is more then 100km away.
• Only aircraft whose last point of contact is below 3000ft and first point of contact is above 5000 ft.
• Lastly, to make sure the aircraft is landing at or departing from AMS. Aircraft are filtered on their final

or first data point and its proximity to AMS.

Filtering the data based on the requirement that the aircraft is at least 100km away is required as the sim-
ulation border is around 215km from AMS. If aircraft are less then 100km away, often indicating extremely
short flights, small aircraft, or insufficient data, the aircraft will not be used for the simulation. Extrapola-
tion to the border of the simulation of these aircraft is considered too volatile. The number of aircraft (also
helicopters) that fall in this category is limited, around 25 aircraft on a busy day amounting to around 5%
of all incoming flights. The impact on the maximum capacity for the simulation is therefore limited. It can
also be noted that with the planned opening of Lelystad Airport6 these type of aircraft will shift more towards
Lelystad due to the limited capacity at AMS.

4.2.3. The extrapolation process
In order to simulate the benefits of implementing CDA procedures within the border of the TMA, some air-
craft must be extrapolated to the edge of one of the border. The circles displayed in Figure 4.1, represent the
distance from AMS if aircraft were to start their CDA at an FPA of 2.0°, the lowest possible FPA observed in
literature, at differing altitudes. The lowest possible FPA has been chosen in order to give room for all aircraft
to fully optimise their CDA to AMS, the FPA is relative to the aircraft and thus differing wind conditions can
have impact on this. The blue line indicates an altitude of 35,000 ft, the typical cruise altitude, the orange
dotted line is at an altitude of 25,000ft or 7.5km as indicated as the upper boundary of the TMA per the new
proposal for luchtruimherziening NL [7]. The green line indicates the start of a CDA at an altitude of 21,000
ft. Hence, the further away the start of the CDA, the larger distance aircraft within this border will have to be
extrapolated, which create additional uncertainty.

As can be seen in Figure 4.1, all aircraft that are within the large circle are within the border of the simulation.
In order to solve for this, these aircraft will be extrapolated back towards the edge of the border. This will be
done by comparing the aircraft to similar aircraft types and their relative path.

In order to extrapolate the position of the aircraft, the relative bearing θ is used between the first known
point and five points later. This is done in order to determine the relative bearing on route to AMS. It has also
been tested with the bearing between the first known point and AMS, but the results were deviating too much
with respect to the path and heading of current aircraft routes. The difference between these two bearings
can be seen in Figure 4.2 and Figure 4.3. The bearing is determined through Equation 4.1.

θ = at an2(lon5 − lon1, l at5 − l at1) (4.1)

Then, the corresponding new position is iterated with steps of size n in km, in this instance 1 km, to determine
the new latitude and longitude position for each iteration step. Simultaneously, every 5 iteration steps, the
coordinates are placed in the data set for the simulation of the aircraft in order to have the same interval of
data points as the simulation. To determine the new latitude and longitude, the following equations are used
where Re is the mean radius of the earth, 6371km:

newl at = asi n(si n(l at1/180∗π)∗ cos(
n

Re
)+ cos(l at1)∗ si n(

n

Re
)∗ cos(θ)) (4.2)

newlon = lon1 +at an2(si n(θ)∗ si n(
n

Re
)∗ cos(l at1),cos(

n

Re
)− si n(l at1)∗ si n(newl at )) (4.3)

As can be seen from Figure 4.4, not only aircraft whose first way-point is within the border needs to be placed
on the border. As some aircraft have a sparse set of data at the border, these aircraft need some interpolation
to be placed exactly on the border, similarly to the other aircraft. Otherwise there would still be a difference
in distance from AMS per aircraft depending on the quality of the ADS-B data received. When this is done, all
aircraft from Figure 4.1 are placed on the border wall as can be seen in Figure 4.5.

6https://www.rijksoverheid.nl/onderwerpen/luchtvaart/ontwikkeling-lelystad-airport

https://www.rijksoverheid.nl/onderwerpen/luchtvaart/ontwikkeling-lelystad-airport
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Figure 4.2: Extrapolation of aircraft to the simulation border using
bearing with respect to AMS

Figure 4.3: Extrapolation of aircraft to the simulation border using
bearing with respect to its own route

Figure 4.4: All aircraft initially outside of border, first way-point
placed inside the border

Figure 4.5: All aircraft placed on border as starting point for the
simulation

After the position of the aircraft on the border has been determined with the corresponding way-points by
extrapolation, the velocity and altitude needs to be determined at those way-points. In order to do this, the
border of the simulation is divided into several radials, each corresponding roughly to the current STARs in
place for AMS. The exact radials that have been determined are to some extent chosen arbitrarily and can
easily be adapted to fit other values if the reader deems that more suitable. The division of the currently
used radials can be seen inFigure 4.6. The radials have been created in order to more accurately simulate a
scenario for which the aircraft operate based on the entry points of the aircraft on their bearing. Meaning,
aircraft coming from the East might have a different altitude and velocity due to commands from ATC in
Germany compared to aircraft coming from the West whom have been given altitude and speed commands
from other controlled airspace. Each section collects the data from aircraft on the border. Only aircraft that
had data points outside of the border were used for this. For each sector, the altitude and ground speed for the
aircraft was averaged, this had been done for all aircraft in one day. After this, the aircraft that are extrapolated
to the border use a linear scale from their current ground speed and altitude to the average ground speed and
altitude at the border.

4.3. Simulation Parameters
Simulations will take place on multiple different days to account for different wind conditions and runway
layouts. The days to be simulated will be picked from busy days during the summer of 2019 to be as close to
peak capacity as possible. As the requirement to carry an ADS-B receiver was only mandatory from January
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Figure 4.6: Radials determined for extrapolation of aircraft altitude and velocity

1st, 2020 onward and the decrease in air traffic that follows from that period, it is determined to use a peak
period as close to January 1st, 2020 in the presumption that most aircraft would have an ADS-B receiver on
board.

Therefore, the parameters that will be varied are: wind speed, aircraft weight, runway layout and the
different scenarios defined. The scenarios that will be tested are described in section 3.2.

Additionally, wind will be varied for one specific scenario to determine the impact of a southern wind
of 10kts or 20kts in terms of capacity and fuel consumption. Wind is also taken into account in regard to
runway layout and the day the simulation takes place. But it will not be part of further analysis for each
specific scenario. Aircraft weight will be varied as well, this will be done according to the method described
in subsection 4.1.4. Similarly to the variation wind, the impact of differing weight will be analysed for one
specific case to determine the impact of this variation. It will not be a core part of each analysis on the
scenarios.

4.3.1. Scenario runs
All scenarios where separation is taken into account, will be simulated in real time in order to be able to vector
the aircraft. This will be done using point merge and late merge techniques first and foremost, after which
speed commands are considered if no alternatives are viable along the aircraft path. Ideally this process
would be automated, however for this research such an application was considered to be out of scope. In
order to ensure separation, an Airborne Separation Assurance System tool already implemented in Bluesky
will be used in order to monitor the aircraft. If a conflict is detected, aircraft will be vectored.

4.3.2. Simulation flowchart
In Figure 4.7, a flowchart is presented which shows the process of the simulations. First, based on wind data,
weight distribution of aircraft and on ADS-B data from some relevant days in the past, a time-based prediction
will be made per aircraft to determine the order of their arrival and possible conflicts during the descent. After
this, if aircraft have a lateral path optimisation, aircraft will take the shortest path to AMS, if not the aircraft
will follow the lateral path as defined by the ADS-B data. All of these will generate the corresponding scenario
file. This scenario file will be run in Bluesky for which it must be determined if separation is of influence for
this run or if it is only necessary to determine the theoretical optimal fuel savings. If separation is required, the
simulation will be run real-time in order to vector the aircraft and maintain separation where the researcher
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will act as the ATC. The resulting simulation run will generate the relevant output in terms of capacity and
fuel. In Figure 4.7 an overview of this process is shown.

Figure 4.7: Code flowchart



5
Preliminary simulation results

In order to verify the correct implementation of the ADS-B data, the ADS-B data as input is compared to the
Bluesky data as output. In section 5.1 the two are compared. In section 5.2, the extrapolation of the ADS-B
data is analysed as well as the approach path from the ToD from the different radials from AMS. Finally, in
section 5.3 the first results of the fuel consumption of aircraft is presented as well as the impact of wind on
the total fuel consumption.

5.1. ADS-B Data comparison
To analyse the resulting ADS-B Data input to the corresponding Bluesky output, a plot was made per aircraft
comparing the altitude and ground speed input to the output from Bluesky. As can be seen from the example
in Figure 5.1 for an B737; the input matches the output very similarly. There are examples where this is not the
case. For example in Figure 5.2 where the ADS-B data is inaccurate and as a result gives conflicting input to
Bluesky. The resulting flight path in Bluesky is one that the aircraft is not able to follow and as such the aircraft
does not make the final approach path to AMS. This means that the data needs to be filtered additionally for
consistency errors.

Figure 5.1: Example of accuracy in some instances of the simula-
tion

Figure 5.2: Example of sensitivity of ADS-B data

5.2. Comparison of ADS-B data extrapolation to Bluesky
In this section, the altitude between Bluesky and the ADS-B data per sector is compared as shown in Fig-
ure 4.6. As aircraft coming from the east are extrapolated more often, the results are verified in order to make
sure aircraft are able to follow the commands given and the way-points that were extrapolated as explained in
subsection 4.2.3. When looking at the figures in Appendix B and more specifically Figure 5.3 and Figure 5.4,
two things stand out. Firstly, the aircraft for the radial between 60° and 80°, and similarly for the radial be-
tween 190° and 240°, show an over representation of a linear altitude decrease for the first section of the
descent. This corresponds with the number of aircraft from these tracks that have been extrapolated back to
the border. Secondly, it is noticed that there is some error in the data with some outliers exceeding an altitude
of 45,000ft at the border of the simulation. This must be investigated further for additional filtering of the
ADS-B data.

20
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Figure 5.3: Comparison of ADS-B data and Bluesky sim for track 0
- 60 degrees, containing 21 aircraft

Figure 5.4: Comparison of ADS-B data and Bluesky sim for track 60
- 80 degrees, containing 19 aircraft

5.3. Fuel consumption preliminary figures
The fuel consumption of the flight in Figure 5.1 is shown in Figure 5.5 and Figure 5.6. In these figures, it can be
observed that during the level-off phase at around 7,000 ft, the fuel consumption increases. This is a typical
behaviour for aircraft at AMS as after the final way-point from the STAR, they are often levelled-off quickly at
7,000ft or 3,000ft for the final approach. This shows the impact of a longer section of level flight in terms of
fuel consumption. It should be noted that the distance to AMS is the absolute distance from the point and
not the along track distance. Thus for the final approach where aircraft turn towards the runway, this means
there is a longer section of flight with the same distance from AMS. In Figure 5.6, the fuel consumption for
the same flight is plotted but in this scenario also wind was taken into account. In this instance there was a
10 kts headwind for the approach to runway 18R. The total fuel consumption for the scenario with a 10kts
headwind was 800kg of fuel compared to a total fuel consumption of 730kg of fuel for the scenario without
wind.

Figure 5.5: Cumulative fuel consumption for descending flight to
AMS

Figure 5.6: Cumulative fuel consumption for descending flight to
AMS with a 10kts headwind

In Figure 5.7 and Figure 5.8 the instantaneous fuel consumption for the same two scenarios, with a 10kts
headwind and without wind, is plotted along the distance from AMS. In this comparison it can be seen that
due to the headwind, the levels of fuel and thus additional thrust, that was required for the aircraft to maintain
its path increased during the initial phase of the descent. After this initial descent phase, it can not be deter-
mined from this figure whether the fuel consumption after this increased more heavily as well. Its mainly
interesting to note how it influences the initial descent phase and thus highlighting the impact of wind on the
initial descent phase.

For this simulation, in total 148 aircraft where simulated over a period of 3.5 hours where it starts at the
beginning of the morning arrival peak and ends near the end of the departure peak. Two separate versions
of this were run as mentioned above, one scenario with no wind conditions and one with a 10kts headwind.
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Figure 5.7: Cumulative fuel consumption for descending flight to
AMS with a decrease in FPA

Figure 5.8: Instantaneous fuel consumption for descending flight
to AMS with a decrease in FPA

The scenario with no wind had a total fuel consumption of 175 thousand kg. The scenario with a 10kts head-
wind had a total fuel consumption of 205.5 thousand kg, meaning an increase of over 17% of fuel due to the
differing wind conditions. For the continuation of this research, more differing wind conditions will be tested
as well as the specific added benefits of the different CDA implementations.
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Preliminary results Aircraft Extrapolation

Figure B.1: Comparison of ADS-B data and Bluesky sim for track 80
- 120 degrees, containing aircraft

Figure B.2: Comparison of ADS-B data and Bluesky sim for track
120 - 160 degrees, containing aircraft

Figure B.3: Comparison of ADS-B data and Bluesky sim for track
160 - 190 degrees, containing aircraft

Figure B.4: Comparison of ADS-B data and Bluesky sim for track
190 - 240 degrees, containing aircraft
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Figure B.5: Comparison of ADS-B data and Bluesky sim for track
240 - 270 degrees, containing aircraft

Figure B.6: Comparison of ADS-B data and Bluesky sim for track
275 - 310 degrees, containing aircraft

Figure B.7: Comparison of ADS-B data and Bluesky sim for track
310 - 360 degrees, containing aircraft
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